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BSM is as old as the standard model, giving 
rise to dominant paradigms (technicolor -> the 
MSSM & WIMPS -> …) that fill lectures such 
as these. 

We are in an era rich with data that is 
challenging these paradigms: keep an eye on 
promising alternatives.
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Prologue: the SM as an 
EFT
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The SM
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SM  = all possible renormalizable interactions, 
allowed by gauge redundancy and field content 

          (“totalitarian principle”)
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Irrelevant?
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Interacting quantum fields

We were able to completely solve the free scalar quantum field

theory, but nothing interesting happens in this theory. Most impor-

tantly, the particle excitations do not interact with each other. Now

we will discuss more complicated theories with interaction terms,

which in particular will lead to non-linear field equations.

6.1 Dimensional analysis of interactions

We can add the following terms to the free Lagrangian

L =
1

2
@µ�@µ� � 1

2
m2�2 � �3 �3 � �4 �4 � �5 �5 + . . .

We call the coe�cients of the higher order terms �n coupling

constants. The equations of motion now contain non-linear terms

and they cannot be solve by Fourier analysis as the free Klein-

Gordon equation.

When are these additional terms small perturbations? Which

terms should we include? What about �15 �15 ? I have restricted the expansion
to powers of � but we could have
equally added terms of the form

1

M4�4n�m
(@µ�@µ�)n�m

with integer n, m. In particular, we
could have added

�L =
1

M4
(@µ�@µ�)2

Here you can see explicitly how the
’typical energy scale’ E appears if
you replace @µ ⇠ pµ ⇠ E. We obtain
for the typical size of the interaction

⇠
E4

M4

that it is clearly an irrelevant pertur-
bation.

Recall our discussion in Sec. 5.3.1, where we derived the mass

dimension of [�] = 1 and of the action [S] = 0 from which we

immediately conclude [L] = 4. We obtain for the coupling constants

[�n] = 4 � n, e.g. [�3] = 1, [�4] = 0, [�5] = �1

So for all but �4 we cannot just ask for �n ⌧ 1, since this only

makes sense for dimensionless quantities. We will introduce mass

scales Mi for the dimensionful couplings to write

L =
1

2
@µ�@µ� � 1

2
m2� � �̃3M3 �3 � �̃4�

4 � �̃5

M5

�5 + . . .

Now the statement of �̃n ⌧ 1 makes sense but it has be accom-

panied by discussion of the typical energy E of the process under

consideration vs. the mass scale Mi of the interaction.

We distinguish three classes of interactions Note here, that the meaning of
relevant, marginal and irrelevant
is tied to the number of space-time
dimensions. In D = 2 for example,
[�]=0 and all the �n terms are
relevant!

• Relevant perturbation: �L = ��3 �3 = ��̃3M3 �3 and

[�3] = 1. The dimensionless parameter is

�3

E
= �̃3

M3

E

Example: scalar field theory in 4D
Z

d4x

✓
1

2
@µ�@

µ�� 1

2
m2�2 � �3 �

3 � �4 �
4 � �5 �

5 + . . .

◆
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dimension of [�] = 1 and of the action [S] = 0 from which we

immediately conclude [L] = 4. We obtain for the coupling constants

[�n] = 4 � n, e.g. [�3] = 1, [�4] = 0, [�5] = �1

So for all but �4 we cannot just ask for �n ⌧ 1, since this only

makes sense for dimensionless quantities. We will introduce mass

scales Mi for the dimensionful couplings to write

L =
1

2
@µ�@µ� � 1

2
m2� � �̃3M3 �3 � �̃4�

4 � �̃5

M5

�5 + . . .

Now the statement of �̃n ⌧ 1 makes sense but it has be accom-

panied by discussion of the typical energy E of the process under

consideration vs. the mass scale Mi of the interaction.

We distinguish three classes of interactions Note here, that the meaning of
relevant, marginal and irrelevant
is tied to the number of space-time
dimensions. In D = 2 for example,
[�]=0 and all the �n terms are
relevant!

• Relevant perturbation: �L = ��3 �3 = ��̃3M3 �3 and

[�3] = 1. The dimensionless parameter is

�3

E
= �̃3

M3

E

Example: scalar field theory in 4D
Z

d4x

✓
1

2
@µ�@

µ�� 1

2
m2�2 � �3 �

3 � �4 �
4 � �5 �

5 + . . .

◆

<latexit sha1_base64="vnLxS65nHOUVP3KheWHQhkEMV0M="></latexit>

Keep canonical kinetic term: 
Z

d4x
1

2
@µ�@

µ� !
Z

d4x
1

2
l2@µ�@

µ�
<latexit sha1_base64="jaVmUM2sRqlJ9kTYeQzG5NSs8Ic=">AAACXnicjVFNS8MwGE6rztk5V/UieAkOwdNo50CPQy8eJ7gPWLuSpukWln6QpOIo+5PexIs/xXQrfmwefCHw5HneJ3nzxE8ZFdKy3jR9Z3evsl89MGqH9aOGeXwyEEnGMenjhCV85CNBGI1JX1LJyCjlBEU+I0N/fl/ow2fCBU3iJ7lIiRuhaUxDipFUlGdmDo0lDCadF+iEHGG7DZ0UcUkR85woU5sZ/WIm34xMINy2skneXv7D75lNq2WtCm4DuwRNUFbPM1+dIMFZRGKJGRJibFupdPPiWMzI0nAyQVKE52hKxgrGKCLCzVfxLOGlYgIYJlwtNfGK/enIUSTEIvJVZ4TkTGxqBfmXNs5keOvmNE4zSWK8vijMGFThFFnDgHKCJVsogDCnalaIZ0hFJdWPGCoEe/PJ22DQbtnXrfZjp9m9K+OognNwAa6ADW5AFzyAHugDDN41TTO0mvahV/S63li36lrpOQW/Sj/7BMIvtEU=</latexit>

) �0(x) = l�1�(x)
<latexit sha1_base64="VXkIhfAVWh1qxSk3IKG5WbjS99o=">AAACDnicbZC7TsMwFIadcivlFmBksagqykCVFCRYkCpYGAuiF6kJleM6rVUnjmwHqKI+AQuvwsIAQqzMbLwNbpoBCr9k6dd3ztHx+b2IUaks68vIzc0vLC7llwsrq2vrG+bmVlPyWGDSwJxx0faQJIyGpKGoYqQdCYICj5GWNzyf1Fu3REjKw2s1iogboH5IfYqR0qhrlpwr2h8oJAS/g040oHvl+314CtlNcmCPU6JB1yxaFSsV/GvszBRBpnrX/HR6HMcBCRVmSMqObUXKTZBQFDMyLjixJBHCQ9QnHW1DFBDpJuk5Y1jSpAd9LvQLFUzpz4kEBVKOAk93BkgN5GxtAv+rdWLln7gJDaNYkRBPF/kxg4rDSTawRwXBio20QVhQ/VeIB0ggrHSCBR2CPXvyX9OsVuzDSvXyqFg7y+LIgx2wC8rABsegBi5AHTQABg/gCbyAV+PReDbejPdpa87IZrbBLxkf332LmnY=</latexit>

!
Z

d4x

✓
1

2
@µ�

0@µ�0 � 1

2
m2l2�02 � �3 l�

03 � �4 l
0�04 � �5 l

�1�05 + . . .

◆

<latexit sha1_base64="wupyPwkSc1M2ynE3xd2tYntqZO0="></latexit>

Study theory at long distances in scaling limit 

xµ ! lxµ, l ! 1, d4x ! d4x l4
<latexit sha1_base64="iTcZeletZ8p2CAbVXYznD/SSBUU=">AAACKXicbZBNS8MwGMfT+TbnW9Wjl+AQPIzRzoEeh148TnAvsG4jTdMtLE1rksrG2Nfx4lfxoqCoV7+IaVdBNx8I/PN7nofk/3cjRqWyrA8jt7K6tr6R3yxsbe/s7pn7B00ZxgKTBg5ZKNoukoRRThqKKkbakSAocBlpuaOrpN+6J0LSkN+qSUS6ARpw6lOMlEZ9szbuOUEMHRVCBlNdgs5djDx9TaBDua8mP8zrVccpnosS61X7ZtEqW2nBZWFnogiyqvfNF8cLcRwQrjBDUnZsK1LdKRKKYkZmBSeWJEJ4hAakoyVHAZHdaep0Bk808aAfCn24gin9vTFFgZSTwNWTAVJDudhL4H+9Tqz8i+6U8ihWhOP5Q37MoPaaxAY9KghWbKIFwoLqv0I8RAJhpcMt6BDsRcvLolkp22flyk21WLvM4siDI3AMToENzkENXIM6aAAMHsATeAVvxqPxbLwbn/PRnJHtHII/ZXx9AzWGpLo=</latexit>
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Irrelevant!
In long distance / low energy limit, 

!
Z

d4x

✓
1

2
@µ�

0@µ�0 � 1

2
m2l2�02 � �3 l�

03 � �4 l
0�04 � �5 l

�1�05 + . . .

◆

<latexit sha1_base64="wupyPwkSc1M2ynE3xd2tYntqZO0="></latexit>

Relevant operators:
importance grows 

l ! 1
<latexit sha1_base64="4AjhoDp/r9TlIeZnk4CuajmGvJE=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmlM120y7dbMLuRAilf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx3czvPHFtRKIeMU95ENOhEpFgFK3kS+JjQnyhIsz7lapbc+cgq8QrSBUKNPuVL3+QsCzmCpmkxvQ8N8VgQjUKJvm07GeGp5SN6ZD3LFU05iaYzG+eknOrDEiUaFsKyVz9PTGhsTF5HNrOmOLILHsz8T+vl2F0E0yESjPkii0WRZkk9s9ZAGQgNGcoc0so08LeStiIasrQxlS2IXjLL6+Sdr3mXdbqD1fVxm0RRwlO4QwuwINraMA9NKEFDFJ4hld4czLnxXl3Phata04xcwJ/4Hz+AJogkWc=</latexit>

marginal
constant

irrelevant
shrinks

Since [�5] = �1
<latexit sha1_base64="Kb+oX6qQwSmqzc1pHYEezpikmII=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHcWJKq6EYounFZwT4gDWEymbZDJ5MwMymU0D9x40IRt/6JO//GaZuFth4YOJxzLvfOCVPOlHacb2tldW19Y7O0Vd7e2d3btw8OWyrJJKFNkvBEdkKsKGeCNjXTnHZSSXEcctoOh/dTvz2iUrFEPOlxSv0Y9wXrMYK1kQLb9rrcpCMcXPnoFp27gV1xqs4MaJm4BalAgUZgf3WjhGQxFZpwrJTnOqn2cyw1I5xOyt1M0RSTIe5Tz1CBY6r8fHb5BJ0aJUK9RJonNJqpvydyHCs1jkOTjLEeqEVvKv7neZnu3fg5E2mmqSDzRb2MI52gaQ0oYpISzceGYCKZuRWRAZaYaFNW2ZTgLn55mbRqVfeiWnu8rNTvijpKcAwncAYuXEMdHqABTSAwgmd4hTcrt16sd+tjHl2xipkj+APr8wdoj5Iz</latexit>

with dimensionless coupling       and scale M 

� �̃5

M
l�1�05 + . . .

<latexit sha1_base64="nKY3Kym7Bbdluu6f3c8/rNcHqCU="></latexit>

�̃5
<latexit sha1_base64="XSBfqpICQr64lKeVCNOagAniQnk=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAiuSlIVXRbduKxgH9CEMJlM2qGTSZi5KZTQP3HjQhG3/ok7/8Zpm4W2Hhg4nHMP984JM8E1OM63tba+sbm1Xdmp7u7tHxzaR8cdneaKsjZNRap6IdFMcMnawEGwXqYYSULBuuHofuZ3x0xpnsonmGTMT8hA8phTAkYKbNsDLiKGPWEyEQmuA7vm1J058CpxS1JDJVqB/eVFKc0TJoEKonXfdTLwC6KAU8GmVS/XLCN0RAasb6gkCdN+Mb98is+NEuE4VeZJwHP1d6IgidaTJDSTCYGhXvZm4n9eP4f41i+4zHJgki4WxbnAkOJZDTjiilEQE0MIVdzciumQKELBlFU1JbjLX14lnUbdvaw3Hq9qzbuyjgo6RWfoArnoBjXRA2qhNqJojJ7RK3qzCuvFerc+FqNrVpk5QX9gff4A59mTLg==</latexit>

for

can also see as small effective coupling

l � 1/M
<latexit sha1_base64="dMe6tDI9LsVx5R5Nx18z5KLiVMk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh6LXrwIFeyHtEvJptltaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0g408Z1v53Cyura+kZxs7S1vbO7V94/aOk4VYQ2Scxj1QmwppxJ2jTMcNpJFMUi4LQdjG6mfvuJKs1i+WDGCfUFjiQLGcHGSo8c9aIIeWd3/XLFrbozoGXi5aQCORr98ldvEJNUUGkIx1p3PTcxfoaVYYTTSamXappgMsIR7VoqsaDaz2YHT9CJVQYojJUtadBM/T2RYaH1WAS2U2Az1IveVPzP66YmvPIzJpPUUEnmi8KUIxOj6fdowBQlho8twUQxeysiQ6wwMTajkg3BW3x5mbRqVe+8Wru/qNSv8ziKcATHcAoeXEIdbqEBTSAg4Ble4c1Rzovz7nzMWwtOPnMIf+B8/gAyzo9b</latexit>

�e↵
5 =

�̃5

lM
⌧ 1

<latexit sha1_base64="pTG7BZIU+T2XPP2hl8vbFPZ0dHc="></latexit>

 term is irrelevant
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Renormalizable
renormalizable?

theories with only marginal & relevant operators are renormalizable. 
historically impose renormalizability in order to preserve predictivity.

loops introduce divergences, removed w/ counterterms. fix counterterms with data. 
renormalizability = finite # of counterterms = predictive  

(i.e. use some data to fix counterterms, make predictions for other measurements)

2.2 Relevant, Marginal, Irrelevant Operators

In QFT, typically it is length scale – or equivalently mass dimension – that determines
power counting.

E.g. scalar field theory in d dimensions.

S[�] =

Z
d

d
x(

1

2
@

µ
�@µ��

1

2
m

2
�

2
�

1

4!
��

4
�

1

6!
⌧�

6)

Relativistic power counting: [x] = �1, [S] = 0, so

[dd
x] = �d [�] =

d� 2

2
[m2] = 2 [�] = 4� d [⌧ ] = 6� 2d

Say we want to study h�(x1) . . . �(xn)i at long distance, in scaling limit x
µ = sx

0µ

where s !1, x
0µ fixed. Let �(x) = s

(2�d)/2
�
0(x0) to normalize kinetic term.

S
0[�0] =

Z
d

d
x
0

1

2
@

µ
�
0
@µ�

0
�

1

2
m

2
s
2
�
02
�

1

4!
�s

4�d
�
04
�

1

6!
⌧s

6�2d
�
06
�

and
h�(sx0

1) . . . �(sx0
n
)i = s

n(2�d)/2
h�

0(x0
1) . . . �

0(x0
n
)i

For d = 4, as s !1 (long distance),

• m
2 term becomes more and more important; positive mass dimensions

• � is equally important at all scales; zero mass dimension (classically)

• ⌧ term is less important; negative mass dimension

For finite s, dimension of parameters/operators tells us their importance. For a
scale ⇤new, generically expect

m
2
⇠ (⇤new)2

� ⇠ (⇤new)0
⌧ ⇠ (⇤new)�2

Large distance sx
0 means small momentum p ⌧ ⇤new

Note that relevant operators can upset power counting set by kinetic term (e.g.
Higgs fine tuning)

Divergences: Take m small, m
2
s
2
⇠ 1.

⇠ �
2
R

d
d
k

(2⇡)d
1

(k2�m2+i")((k+p)2�m2+i") (1)

8

⇠ �2

Z
d4k

k4
⇠ �2 log⇤

��4

1

⇠ ⌧2
Z

d4k

k4
⇠ ⌧2 log⇤

in our example, only 
divergence from 

marginal/relevant 
operators is ��

⇒need counterterm

renormalizes the 
marginal operator

but irrelevant 
operator φ6 

generates ⇒need counterterm ⇢�8

�⇢

renormalizes new 
irrelevant operator

adding φ8 operator then generates φ10 operator, and so on ad infinitum.

need infinite # of measurements to fix all coefficients.

Historically, imposed renormalizability to preserve predictivity. 

If only marginal and relevant operators: counterterms to absorb 
infinities are also only from marginal & relevant set. 

Recall: 1) loops introduce divergencies, 2) remove with counter-terms, 
3) fix counterterms with data. 

�5
<latexit sha1_base64="3UDKZZ+k90xliKi+8B4lrHGxKv0=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBVUmqosuiG5cV7AOaWCaTSTt08mBmIpQQ8FfcuFDErd/hzr9xmmahrQcuHM65d+7c4yWcSWVZ38bS8srq2nplo7q5tb2za+7td2ScCkLbJOax6HlYUs4i2lZMcdpLBMWhx2nXG99M/e4jFZLF0b2aJNQN8TBiASNYaWlgHmZO8UgmqJ8j5CQj9nCRD8yaVbcKoEVil6QGJVoD88vxY5KGNFKEYyn7tpUoN8NCMcJpXnVSSRNMxnhI+5pGOKTSzYrNOTrRio+CWOiKFCrU3xMZDqWchJ7uDLEayXlvKv7n9VMVXLkZi5JU0YjMFgUpRypG0yyQzwQlik80wUQw/VdERlhgonRiVR2CPX/yIuk06vZZvXF3Xmtel3FU4AiO4RRsuIQm3EIL2kAgg2d4hTfjyXgx3o2PWeuSUc4cwB8Ynz8kK5WX</latexit>

�2
5

<latexit sha1_base64="BVMjeieNZwj/9RJ07bZ6N+EE/eU=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFclZmq6LLoxmUF+4DpWDKZTBuaSYYkI5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMuufeEKWfauO63s7K6tr6xWdoqb+/s7u1XDg7bWmaK0BaRXKpuiDXlTNCWYYbTbqooTkJOO+Hodup3nqjSTIoHM05pkOCBYDEj2FjJ73EbjXD/8rHer1TdmjsDWiZeQapQoNmvfPUiSbKECkM41tr33NQEOVaGEU4n5V6maYrJCA+ob6nACdVBPlt5gk6tEqFYKvuEQTP190SOE63HSWiTCTZDvehNxf88PzPxdZAzkWaGCjL/KM44MhJN70cRU5QYPrYEE8XsrogMscLE2JbKtgRv8eRl0q7XvPNa/f6i2rgp6ijBMZzAGXhwBQ24gya0gICEZ3iFN8c4L8678zGPrjjFzBH8gfP5A5lmkM0=</latexit>

�2
5

<latexit sha1_base64="BVMjeieNZwj/9RJ07bZ6N+EE/eU=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFclZmq6LLoxmUF+4DpWDKZTBuaSYYkI5Shn+HGhSJu/Rp3/o1pOwttPRA4nHMuufeEKWfauO63s7K6tr6xWdoqb+/s7u1XDg7bWmaK0BaRXKpuiDXlTNCWYYbTbqooTkJOO+Hodup3nqjSTIoHM05pkOCBYDEj2FjJ73EbjXD/8rHer1TdmjsDWiZeQapQoNmvfPUiSbKECkM41tr33NQEOVaGEU4n5V6maYrJCA+ob6nACdVBPlt5gk6tEqFYKvuEQTP190SOE63HSWiTCTZDvehNxf88PzPxdZAzkWaGCjL/KM44MhJN70cRU5QYPrYEE8XsrogMscLE2JbKtgRv8eRl0q7XvPNa/f6i2rgp6ijBMZzAGXhwBQ24gya0gICEZ3iFN8c4L8678zGPrjjFzBH8gfP5A5lmkM0=</latexit>

�6�
6

<latexit sha1_base64="xBcSLKp3DdsaNwpBN1GG4+wRLm8=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaRKdVl047KCfUATw2QybYdOJmFmUiihf+LGhSJu/RN3/o3TNgttPTBwOOdc7p0Tppwp7Tjf1tr6xubWdmmnvLu3f3BoHx23VZJJQlsk4YnshlhRzgRtaaY57aaS4jjktBOO7mZ+Z0ylYol41JOU+jEeCNZnBGsjBbbtcROOcFBHXjpkT/XArjhVZw60StyCVKBAM7C/vCghWUyFJhwr1XOdVPs5lpoRTqdlL1M0xWSEB7RnqMAxVX4+v3yKzo0SoX4izRMazdXfEzmOlZrEoUnGWA/VsjcT//N6me7f+DkTaaapIItF/YwjnaBZDShikhLNJ4ZgIpm5FZEhlphoU1bZlOAuf3mVtGtV97Jae7iqNG6LOkpwCmdwAS5cQwPuoQktIDCGZ3iFNyu3Xqx362MRXbOKmRP4A+vzB4tckvI=</latexit>

Adding ɸ5 operator, generates ɸ6,  and so on ad infinitum. Infinite
measurements needed to fix all counterterms… ?! 8



Can we live with a 
non-renormalizable theory?

� �̃5

M
l�1�05 + . . .

<latexit sha1_base64="nKY3Kym7Bbdluu6f3c8/rNcHqCU="></latexit>

��̃5
E

M
�05 � �̃6

E2

M2
�06 + . . .

<latexit sha1_base64="LMAvNLi6VjzPNk8HOkIRuMmzrlg="></latexit>

with energy of experiment 

all is not lost

[d4x] = �4 [�] = 1 [m2] = 2 [�] = 0 [⌧ ] = �2

τ has mas dimension -2. at some scale Λ, τ∼1/Λ2. 

at energies E≪Λ, effects of φ6 on 

marginal/relevant physics are O(E2/Λ2) 

φ8 effects are O(E4/Λ4), and so on.

if we only study physics at E≪Λ, can include some 

irrelevant operators & neglect φn operators as 

long as we only work to O(EN/ΛN) precision. 

finite # of irrelevant operators = O(EN/ΛN) predictive

good for E≪Λ. as we approach Λ all operators 

equally important, need uv completion 

Λ

E

p
r

e
d

ic
t

iv
it

y

can we live with a nonrenormalizable theory?

M
<latexit sha1_base64="LYKb6VVKloxBSLpM78v6ttRQbOI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkmal7F2UK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ZbjNU=</latexit>

As long as we work with 

E =
1

l
<latexit sha1_base64="P6CxQoW7CpYW/L8hNE86pp6R16A=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mqoBehKILHCqYttKFstpt26WYTdjeFEvJPvHhQxKv/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZKa+sbm1vl7crO7t7+gX141FJxKgn1SMxj2QmwopwJ6mmmOe0kkuIo4LQdjO9mfntCpWKxeNLThPoRHgoWMoK1kfq2je7RDeqFEpPMzTOe9+2qU3PmQKvELUgVCjT79ldvEJM0okITjpXquk6i/QxLzQineaWXKppgMsZD2jVU4IgqP5tfnqMzowxQGEtTQqO5+nsiw5FS0ygwnRHWI7XszcT/vG6qw2s/YyJJNRVksShMOdIxmsWABkxSovnUEEwkM7ciMsImBW3CqpgQ3OWXV0mrXnMvavXHy2rjtoijDCdwCufgwhU04AGa4AGBCTzDK7xZmfVivVsfi9aSVcwcwx9Ynz8lp5K2</latexit>

E ⌧ M
<latexit sha1_base64="llxDB5oSqOMer+D8o7V2eH3l7KE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FgUwYtQwX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lZXVvf2CxsFbd3dvf2SweHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt1LolXSnJfa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/8TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdKsVrzzSvXholy7zuMowDGcwBl4cAk1uIM6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz8mW47K</latexit>

can ignore ɸ6 term, relative to leading ɸ5  

expansion in (E/M)n
<latexit sha1_base64="X+ymiPUnVDDxtnEoHcKNp/yXfrU=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS92tgh6LIngRKtgPaNeSTbNtaDYbkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL5CcaeO6387S8srq2npuI7+5tb2zW9jbb+g4UYTWScxj1QqwppwJWjfMcNqSiuIo4LQZDK8nfvOJKs1i8WBGkvoR7gsWMoKNlZqlm9O7k0fRLRTdsjsFWiReRoqQodYtfHV6MUkiKgzhWOu250rjp1gZRjgd5zuJphKTIe7TtqUCR1T76fTcMTq2Sg+FsbIlDJqqvydSHGk9igLbGWEz0PPeRPzPaycmvPRTJmRiqCCzRWHCkYnR5HfUY4oSw0eWYKKYvRWRAVaYGJtQ3obgzb+8SBqVsndWrtyfF6tXWRw5OIQjKIEHF1CFW6hBHQgM4Rle4c2Rzovz7nzMWpecbOYA/sD5/AHoXo6i</latexit>

<- powercounting
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Standard model as an EFT

The SM is not UV complete! 

Why worry about non-renormalizable operators in SM? Reason:

1) Gravity requires UV completion

SEH = �
M2

pl

2

Z
d4x

p
�gR ⇠

Z
d4x

✓
1

2
@µh@

µh� 1

Mpl
h2⇤h+ . . .

◆

<latexit sha1_base64="32VOEaHdb5z3vs5YGiJXggRBNJQ="></latexit>

irrelevant op. 

2)  We know we need to add more fields to SM, given evidence on 
dark matter, inflation, … 
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Bottom-up EFT

effective field theory
two kinds:

High energy theory is understood, 

but useful to have simpler theory 

at low energies.

t0p-down eft

Theory 1
#

Theory 2

Integrate out & match (matrix 

elements) at intermediate scale

LHigh !
X

n

L(n)
low

E.g. theory of weak interactions 

(fermi effective theory). Waaaay 

easier to compute qcd corrections.

bottom-up eft

Underlying theory is unknown 

or matching is too difficult to 

carry out

???
#

Theory 2

X

n

L(n)
low

write down all interactions 

consistent w/ symmetries. 

couplings not predicted, but 

fit to data.

E.g. chiral lagrangian, quantum 

einstein gravity, or standard model 11



LEFT = LSM +
1

⇤2
LD=6 + . . .

EFT contains most general departure from SM at low-E,

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

Buchmüller, Wyler ‘86 
B. Grzadkowski et al’10, etc 

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4

2499 distinct operators (at D <= 6):
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X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3
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(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.

4
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Include gravity: GRSMEFT
Ruhdorfer, Serra, AW ‘19

with y = {v, w, z1, z2} being the variables that parameterize the SU(3)C ⇥SU(2)W ⇥U(1)Y

gauge group. The characters �a for the single particle modules of the spurions are a compo-

sition of the characters for the conformal and gauge group representation R of the spurions,

�a(D; x, y) = �[�a,la](D; x) · �U(1)Y

Ra
(v) · �SU(2)W

Ra
(w) · �SU(3)C

Ra
(z1, z2) . (64)

The explicit form of the group measures and characters is given in appendix A. Note that

in order to fully describe the flavor structure of the SM we would have to work with three

independent instances of each fermion to implement the three fermion generations. This

would increase the number of terms in the generating function at each order exponentially.

However, we can still get some information about the number of invariants with Nf flavors

by simply suppressing the flavor indices and adding the same fermion spurion Nf times,

i.e. we can write the complete PE as

PE

⇢
�a

D�a

��
=

Y

b

PE

⇢
�b

D�b

��Y

f

PEF

⇢
�f

D�f

��Nf

, (65)

where the index b runs over all bosons and f over all fermions. Next we expand the Hilbert

series according to the mass dimension of the operators. We will neglect all pure SM con-

tributions to the Hilbert series, which are given in [1]. The first gravity operators appear at

dimension 6, the Hilbert series being

H6 = C3

L
+C3

R
+B2

L
CL+B2

R
CR+HC2

L
H†+HC2

R
H†+CLG

2

L
+CRG

2

R
+CLW

2

L
+CRW

2

R
. (66)

This includes the pure gravity contributions discussed in section IVA plus mixed SM-gravity

terms. Note that at this mass dimension, the latter operators only contain SM bosons. An

explicit operator basis is given by

L6 =
c1
⇤2

Cµ⌫
⇢�Cµ⌫↵�C↵�⇢� +

c̃1
⇤2

Cµ⌫
⇢�Cµ⌫↵�C̃↵�⇢�

+
c2
⇤2

H†HCµ⌫⇢�C
µ⌫⇢� +

c̃2
⇤2

H†HCµ⌫⇢�C̃
µ⌫⇢�

+
c3
⇤2

Bµ⌫B⇢�Cµ⌫⇢� +
c̃3
⇤2

Bµ⌫B⇢�C̃µ⌫⇢� +
c4
⇤2

Gµ⌫G⇢�Cµ⌫⇢� +
c̃4
⇤2

Gµ⌫G⇢�C̃µ⌫⇢�

+
c5
⇤2

W µ⌫W ⇢�Cµ⌫⇢� +
c̃5
⇤2

W µ⌫W ⇢�C̃µ⌫⇢� . (67)

There are no new gravity operators at mass dimension 7. However, there is a multitude of

terms in the Hilbert series at mass dimension 8. This is the first order where operators with

25

Additionally, there are the so-called dimensionally dependent tensor identities, which are

obtained by antisymmetrizing tensor indices [28], and can be used to simplify tensor con-

tractions. Once all the redundancies in the gravitational sector are removed, it is clear that

field redefinitions of the matter fields can be used to simplify the matter Lagrangian, just

as in flat spacetime.

Let us finally briefly comment on spacetimes with torsion. If one is not restricted to a

torsion-free spacetime, coupling fermions to gravity will in general induce a non-vanishing

torsion tensor Tµ⌫
⇢. However, even if we chose to include the torsion tensor explicitly as a

building block of the EFT, torsion vanishes in vacuum, i.e. in the free theory, and at the

lowest order in derivatives, i.e. from the leading EOM. Therefore, we conclude that in the

presence of matter one can use field redefinitions and work with a torsion-free theory, with

shifted coe�cients in the matter action [34, 35]. In other words, no generality is lost in our

EFT by considering a torsion-free spacetime.

B. Building Blocks for the Gravity EFT

The Riemann tensor does not transform in an irreducible representation of the Lorentz

group. It can be decomposed as

Rµ⌫⇢� ⇠ (1, 1)� (2, 0)� (0, 2)� (0, 0) , (38)

where the (1, 1) is a symmetric rank-two traceless tensor, identified with the traceless part of

the Ricci tensor Rµ⌫ , the singlet (0, 0) is the Ricci scalar R, and the component transforming

as (2, 0)� (0, 2) is the Weyl or conformal tensor Cµ⌫⇢�. The Weyl tensor is the traceless part

of the Riemann tensor and is given by

Cµ⌫⇢� ⌘ Rµ⌫⇢� �
�
gµ[⇢R�]⌫ � g⌫[⇢R�]µ

�
+

1

3
gµ[⇢g�]⌫R , (39)

where the brackets denote index antisymmetrization, e.g. A[µ⌫] =
1

2
(Aµ⌫ �A⌫µ) for arbitrary

tensors A. It possesses the same symmetries as the Riemann tensor and satisfies the cyclicity

and Bianchi identity of Eqs. (36) and (37) up to terms involving Rµ⌫ and R. As discussed in

the previous section, any occurrence of Rµ⌫ andR can always be eliminated by an appropriate

field redefinition. This leaves the Weyl tensor as the only independent object for constructing

gravitational EFT operators. The Einstein equations do not directly constrain the traceless

16

Parametrization of all the physically distinct low-energy 
deviations from fundamental interactions known to date:

Rµ⌫ = R = 0
<latexit sha1_base64="tUMlGl63rY9KgG1PEss5a0qneIE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0I1QdOOyFvuAJoTJdNIOnUzCPIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feE6aMSuU431ZpbX1jc6u8XdnZ3ds/sA+PujLRApMOTlgi+iGShFFOOooqRvqpICgOGemFk9uZ33skQtKEP6gsJX6MRpxGFCNlpMCutoPcizX0uJ7Ca9g25QR2zak7c8BV4hakBgq0AvvLGyZYx4QrzJCUA9dJlZ8joShmZFrxtCQpwhM0IgNDOYqJ9PP58VN4apQhjBJhiis4V39P5CiWMotD0xkjNZbL3kz8zxtoFV35OeWpVoTjxaJIM6gSOEsCDqkgWLHMEIQFNbdCPEYCYWXyqpgQ3OWXV0m3UXfP6437i1rzpoijDI7BCTgDLrgETXAHWqADMMjAM3gFb9aT9WK9Wx+L1pJVzFTBH1ifPznRky8=</latexit>

*Use Weyl-tensor instead of Riemann, since in vac:   

 15



Vµ

Full theory EFT

Vµ

with 

gqgf
�igµ⌫

q2 �m2
V + im�

Enormous reduction of complexity (& loss of information)

q2 ⌧ m2
V

c̃ = �gqgf
m2

V

=
c

⇤2

c̃ (q̄�µq)(l̄�µl)

Top-down EFT
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EFT Exercise

• Lorentz structure? Integrate out a scalar field and 
vector field (interaction D<=4) coupled to fermions 
and derive the EFT. 

• Bonus: do it in two different ways! (Feynman 
matching and EOM method).
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Power of indirect searches
• Using EFT, can catch new physics by its tail 
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Power of indirect searches
• Using EFT, can catch new physics by its tail 
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If scale of new physics beyond kinematic reach,  
EFT systematically captures information about BSM 
in a model-independent way. Easy to recast.

Only requirement: ⇤ � Eexperiment
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• For a given process, only a small number of EFT 
operators contribute 

• Ignore those already very constrained:  
    LEP Z-Pole, low-energy precision experiments  

• Find convenient parametrization which makes 
poorly constrained directions obvious

Which operators are important?

 20



How can we test EFTs?

• Precision 

• Energy

 21



Precision
Measure at fixed energy scale:

E ⇠ µSM
�

�SM
=

����1 + c
µ2
SM

⇤2

����
2

Focus on EW sector:  
- Higgs, Z, t decays  
- Inclusive SM x-sec’s
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Precision
Measure at fixed energy scale:

E ⇠ µSM
�

�SM
=

����1 + c
µ2
SM

⇤2

����
2

If we can reach 1% precision in         , translates to* �

�SM

� ⇠
⇣mh

⇤

⌘2
⇤ ⇠ 1.2TeV

Ultimately limited by systematics, but useful for 
poorly constrained directions (e.g. pp->HH).

Focus on EW sector:  
- Higgs, Z, t decays  
- Inclusive SM x-sec’s

 22



Energy
Look into high-E tails of distributions, e.g. mll, pT(H), …  

�

�SM
=

����1 + c
E2

⇤2

����
2

E ⇠ mll � µSM
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Energy
Look into high-E tails of distributions, e.g. mll, pT(H), …  

�

�SM
=

����1 + c
E2

⇤2

����
2

E ⇠ mll � µSM

Can reach large scales, even if precision is low,

� ⇠
✓
E

⇤

◆2

E = 1TeV

� ⇠ 10%
⇤ ⇠ 3TeV

Additional benefit: often probes new directions
 23



Example: single Higgs
�(pp ! h+X)
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+

t NP

⇡ 0

T 0, t̃, . . .

… motivates deviations in

see e.g. Low, Vichi, Rattazzi

The hierarchy problem… 
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+

t NP

⇡ 0

T 0, t̃, . . .

… motivates deviations in … but we actually measure:

/ lim
p!0

|SM+NP|2

see e.g. Low, Vichi, Rattazzi

The hierarchy problem… 
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Inclusive Higgs

1 Introduction

With the discovery [1,2] last year of a new resonance that is identified as the long sought-after

Higgs boson with a probability better than 1�10�13, a new era started in the understanding

of the Standard Model (SM) of particle physics. In the absence of any evidence for any other

new degree of freedom at the weak scale, a mass gap is likely to separate the SM particles

from the dynamics generating and stabilizing the Higgs potential. Our ignorance about

the New Physics sector can thus be conveniently parametrized in terms of a set of higher

dimensional operators built of the SM blocks and obeying the simple SM symmetries laws.

Assuming the most conservative flavor hypothesis, there are 59 independent ways to deform

the SM [3]. Of particular interest are the 18 CP-invariant deformation directions a↵ecting

the Higgs physics [4, 5]. Actually, 8/2 of them were already constrained at the per-mil/cent

level, before the Higgs discovery itself, thanks to electroweak measurements involving massive

gauge bosons. The Higgs data collected by the ATLAS and CMS experiments (as well

as by the 2 Tevatron experiments) start putting interesting bounds on the remaining 8

directions [5]. In this regard, the mass of the Higgs around 125 GeV o↵ers remarkable

opportunities to have access to these directions since it opens numerous decay channels with

a rate accessible with the current luminosity delivered by the LHC. Among these 8 directions,

2 are particularly important since they control the main production channel of the Higgs via

gluon fusion and they are associated to the 2 dimension-6 operators:

Ot =
yt
v2

|H|
2Q̄LH̃tR , Og =

↵s

12⇡v2
|H|

2Ga

µ⌫
Gaµ⌫ , (1.1)

added to the SM Lagrangian with appropriate Wilson coe�cients 1

L = LSM + (1� ct)Ot + kgOg . (1.2)

1
yt is the SM top Yukawa coupling, G

a
µ⌫ is the QCD gauge field strength and ↵s is the QCD coupling

strength, H is the SM Higgs doublet and H̃ = i�2H
⇤
, v is the SM Higgs vacuum expectation value related

to the Fermi constant by v = (2GF )
1/2

' 246 GeV, and finally QL and tR are the SU(2)L quark doublet

and charged-2/3 quark singlet of the third generation. The unity factor introduced in the Wilson coe�cient

of the Ot operator ensures that the linear coupling of the top quark is directly proportional to ct (ct = 1 for

the SM), i.e., the e↵ective Lagrangian yields a linear interaction of the Higgs boson to the top quark of the

form Lht̄t = ct (mt/v)ht̄t.

1

to use the reported numbers as an estimate for our analysis. In order to reduce background

a reconstructed higgs mass between 100 and 300GeV was demanded and its e↵ect is already

included in the e�ciencies.

To break the degeneracy of the inclusive cross section in the ct-kg-plane we need at least

two observables. On the one hand we take the inclusive cross section normalized by its SM

value

µincl(ct, kg) =
�BSM
incl (ct, kg)

�SM
incl

= (ct + kg)
2 (2.9)

to constrain the plane on a band where (ct + kg)2 is constant. On the other hand we take

the ratio

R(ct, kg) =
�650GeV

�150GeV
(ct, kg)

K650

K150
(2.10)

which has the advantage that the uncertainties in the K-factors Kp
min
T

and the scale variation

cancel at least partially. The K-factors were calculated using MCFM [23] and included in the

definition of R to take NLO corrections approximately into account. MCFM can calculate

the SM cross section for pp ! h+ jet with the higgs decaying to a pair of ⌧s and having at

least a given pmin

T
at both, LO and NLO 2. However, this computation is performed only in

the heavy top limit and can therefore not be used for our analysis. Yet, by taking the ratio

of the LO and NLO cross section for pmin

T
= 150GeV and 650GeV we get a result for the

two K-factors needed in R.

Combining these two observables µincl and R we get the following expression for �2:

�2(ct, kg) =

✓
R(ct, kg)�R

⇤

�R

◆2

+

✓
µincl(ct, kg)� µ⇤

incl

�µincl

◆2

(2.11)

This function is determined by choosing an initial value for µ⇤
incl and for the top yukawa

modification c0
t
= 0.8, 1.0 or 1.2 corresponding to the colors blue, red and black in figures

2(a)-(c). These two choices fix the initial value for kg to k0
g
=

p
µ⇤
incl � c0

t
and thus R

⇤ =

R(c0
t
, k0

g
). For the uncertainty of µincl we assumed only a systematic uncertainty of 10%, i.e.

�µincl = 0.1µ⇤
incl. The uncertainty for R is a combination of 10% systematic uncertainty on

each of the two cross sections and a statistical uncertainty given by 1/
q
Np

min
T

where Np
min
T

=

�p
min
T

(c0
t
, k0

g
)Kp

min
T

✏tot L is the number of expected events for the integrated luminosity L,

2
process 204

7

Precision only : a degenerate direction!

ct ⇡ �kgComposite Higgs predicts:
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]

X

helicities

��M1
gg

��2 = 32↵3
S
↵

3

s4 + t4 + u4 +m8
h

s t um2
W

X

helicities

��M1
qq̄

��2 = 16↵3
S
↵

9

t2 + u2

sm2
W

(2.3)

where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
p

m2
h
+ p2

T
, where mh

is the higgs mass and p2
T
= t u

s
its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals

were obtained from LoopTools-2.8. [19]

The partonic cross section for the production of a higgs with a transverse momentum of

at least pmin

T
from any of the initial states is then given by

�̂p
min
T

(ct, kg, ŝ) /
1

16 ⇡ ŝ2

tmaxZ

tmin

dt |ct MIR + kg MUV |
2 (2.4)

where theMs have to be chosen according to the initial state and the limits of the integration

4

are given by

tmin
max

=
1

2

✓
m2

h
� ŝ⌥

q
m4

h
� 2 ŝ (m2

h
+ 2 (pmin

T
)2) + ŝ2

◆
(2.5)

Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart

�p
min
T

(ct, kg) =

1Z

smin/s

d⌧ Lpart(⌧) �̂p
min
T

(ct, kg, ⌧ s) (2.6)

with smin = m2
h
+2 (pmin

T
)2+2

p
m2

h
(pmin

T
)2 + (pmin

T
)4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula

�p
min
T

(ct, kg)

�SM

p
min
T

= (ct + kg)
2 + � ct kg +  k2

g
(2.7)

which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find

✏tot = BR(h ! ⌧⌧)

 
X

LL,LH,HH

BR(⌧⌧ ! i) ✏i

!
= 2.03⇥ 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z 0 of 2TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us
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of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]
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where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
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T
, where mh
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its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals
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of the pT cut (see section 3). The corresponding matrix element MUV is obtained from the

matrix element with the full top mass dependence MIR in the limit where the top mass

becomes infinite. In the case of two gluons or a quark and anti-quark in the initial state it

is given by [15]
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where averaging factors are omitted.

Combining the matrix elements MIR with the top loops and MUV with the e↵ective

interaction we find an expression to obtain the partonic cross section in dependence of the

tt̄h-coupling ct and the coe�cient of the e↵ective operator kg. For the calculation we set the

factorization and renormalization scale to the transverse mass mT =
p
m2

h
+ p2

T
, where mh

is the higgs mass and p2
T
= t u

s
its transverse momentum squared expressed in Mandelstam

variables. The calculation of the strong coupling constant ↵S and the convolution with the

PDFs was done using the MSTW 2008 LO PDFs [18] and the values of the scalar integrals

were obtained from LoopTools-2.8. [19]

The partonic cross section for the production of a higgs with a transverse momentum of

at least pmin

T
from any of the initial states is then given by

�̂p
min
T

(ct, kg, ŝ) /
1

16 ⇡ ŝ2

tmaxZ

tmin

dt |ct MIR + kg MUV |
2 (2.4)

where theMs have to be chosen according to the initial state and the limits of the integration
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are given by

tmin
max

=
1

2

✓
m2

h
� ŝ⌥

q
m4

h
� 2 ŝ (m2

h
+ 2 (pmin

T
)2) + ŝ2

◆
(2.5)

Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart

�p
min
T

(ct, kg) =

1Z

smin/s

d⌧ Lpart(⌧) �̂p
min
T

(ct, kg, ⌧ s) (2.6)

with smin = m2
h
+2 (pmin

T
)2+2

p
m2

h
(pmin

T
)2 + (pmin

T
)4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula

�p
min
T

(ct, kg)

�SM

p
min
T

= (ct + kg)
2 + � ct kg +  k2

g
(2.7)

which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find

✏tot = BR(h ! ⌧⌧)

 
X

LL,LH,HH

BR(⌧⌧ ! i) ✏i

!
= 2.03⇥ 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z 0 of 2TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us

5

pmin

T
[GeV] �SM

p
min
T

[fb] � 

100 2200 0.016 0.023

150 840 0.069 0.13

200 350 0.20 0.31

250 160 0.39 0.56

300 75 0.61 0.89

350 38 0.86 1.3

400 20 1.1 1.8

450 11 1.4 2.3

500 6.3 1.7 2.9

550 3.7 2.0 3.6

600 2.2 2.3 4.4

650 1.4 2.6 5.2

700 0.87 3.0 6.2

750 0.56 3.3 7.2

800 0.37 3.7 8.4

Table 1: SM cross section and coe�cients for the semi-numerical formula (2.7) calculated

for
p
s = 14TeV.

6

are given by

tmin
max

=
1

2

✓
m2

h
� ŝ⌥

q
m4

h
� 2 ŝ (m2

h
+ 2 (pmin

T
)2) + ŝ2

◆
(2.5)

Finally, the hadronic cross section is obtained by combining the partonic cross section with

the appropriate parton luminosity Lpart

�p
min
T

(ct, kg) =

1Z

smin/s

d⌧ Lpart(⌧) �̂p
min
T

(ct, kg, ⌧ s) (2.6)

with smin = m2
h
+2 (pmin

T
)2+2

p
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h
(pmin

T
)2 + (pmin

T
)4. From equation (2.4) it follows directly

that the cross section can always be expressed in terms of the semi-numerical formula

�p
min
T

(ct, kg)

�SM

p
min
T

= (ct + kg)
2 + � ct kg +  k2

g
(2.7)

which avoids lengthy integrations once the coe�cients � and  are determined. For a center

of mass energy of
p
s = 14TeV and various choices for the minimal transverse momentum

of the higgs they are listed in table 1.

2.2 ⌧⌧ channel

While a full analysis would definitely have to include all possible decay channels of the higgs,

an estimate of the possibilities of searches with a boosted higgs can be obtained looking at

one channel only. A good compromise between branching ratio and e�ciency was found in

the decay of the higgs to ⌧⌧ .

The branching ratios for the higgs decay were taken from [20] and the ones for the

subsequent decay of the ⌧ ’s to leptons (L) or hadrons (H) from [21]. Modifications of the

branching ratios due to e↵ects of new physics are neglected in the calculation. Together with

the e�ciencies ✏i for the reconstruction for boosted ⌧ ’s we find

✏tot = BR(h ! ⌧⌧)

 
X

LL,LH,HH

BR(⌧⌧ ! i) ✏i

!
= 2.03⇥ 10�2 (2.8)

The e�ciencies were estimated in [22] for a heavy resonance Z 0 of 2TeV decaying to Zh and

thus producing a very boosted higgs which then decays into a pair of ⌧s. Due to the high

mass of the resonance the pT of the higgs is in a similar range as in our process, enabling us

5
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in

ν2ν1 ν3

d s b

u c t

e µ τ

meVµeV eV keV MeV GeV TeV

fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.

The energy frontier

h

W±
Z

LHC

What can we expect to discover?
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Before LHC

Supersymmetry is right  
around the corner 

Dark matter is a WIMP 
and we’ll produce it at LHC

Extra-dimensions will 
manifest itself through KK-states

We’ll have a portal 
to hidden sectors

We’ll see non-SM CP and  
flavor violation

theorists’ statements
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Good time for BSM?
• Fundamental scalars abound (Higgs, inflation) 

• Are we done?

DM is an axion? Susy at 100 TeV?
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Fermi theory
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Fermi theory
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o Weak interactions are gauge interactions ⇒ symmetry

o Weak interactions are short range ⇒ symmetry broken

MZ

LEP
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SM without the Higgs

Effective Standard Model
What effective theory describes our present

understanding of strong/electroweak physics?

Not the standard model! We haven’t found the Higgs...

Le� = LSM(h0, Aµ, W
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Coupling strength grows with Energy, longitudinally polarised EW bosons

44 3 Scattering Amplitudes of Massive Vector Bosons

bosons are not part of the physical spectrum. To compute observable S-matrix
elements, one should project on the observable vector bosons and fermions.
Nevertheless, one can compute S-matrix elements with Goldstone bosons as
external states. They are not directly measurable, but they contain important
information about Goldstone boson interactions, the window into the physics
of electroweak symmetry breaking.

To access these S-matrix elements, one makes use of the Goldstone boson
equivalence theorem [2]. The wa fields in the effective Lagrangian have the
same quantum numbers as the divergence of the vector boson fields ∂ · W a.
Depending on the gauge, there is a mixing term wa(∂ · W a) in the effec-
tive Lagrangian, which by partial integration can also be read as W a · ∂wa.
Heuristically, this implies that a (unphysical) one-particle state wa|0⟩ has
some overlap with the one-particle state ∂ · W a|0⟩:

⟨0|wa∂ · W a|0⟩ ̸= 0. (3.3)

This can be formally proven by using the BRS transformation properties of
the external fields [3].

According to the general S-matrix equivalence theorem [4, 5], two fields
which have a nonvanishing overlap can be traded for each other in S matrix
calculations. In the present case, an S matrix element with wa as an asymp-
totic external field is thus equal to the analogous S-matrix element with the
asymptotic external field ∂ ·W a. Again, this state (the scalar polarization state
of the vector boson) is unphysical, but one can look instead at longitudinally
polarized W bosons. For those, the polarization vector takes the form

ϵL =
1
M

(
|p|; E p

|p|

)
, (3.4)

which has the properties

ϵ2L = − 1 and ϵL · p = 0. (3.5)

For E ≫ M this polarization vector becomes aligned with the momentum
vector:

ϵL =
p

M
+ O(

M

E
). (3.6)

Since polarization states are projected onto by contracting matrix elements
involving W a

µ with the appropriate polarization vector, scalar and longitudi-
nally polarized matrix elements are equal up to corrections of order M/E.

This argument requires that the leading term does not vanish, i.e., the con-
traction with the four-momentum p does not yield zero. In fact, this would
be the case if the gauge symmetry was exact such that the current associated
with it was conserved. However, since the symmetry is broken, the scalar ma-
trix elements are nonzero. We can conclude that S-matrix elements involving
Goldstone bosons and S-matrix elements involving longitudinally polarized
vector bosons become equal in the high-energy limit, the corrections being
suppressed by the factor M/E.

⇠ E

v
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Br(WW/ZZ) >> Br(tt)
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3.1 Goldstone Boson Scattering 45

3.1.2 Quasielastic Scattering at Leading Order

The Goldstone-boson equivalence theorem is easily verified by explicit calcu-
lations using the Feynman rules derived from the chiral Lagrangian (2.80) and
any parameterization of the Goldstone multiplet Σ. In applying it to scatter-
ing processes one should take some care that there is only a single scale in
the problem. For instance, the theorem holds for 2 → 2 scattering at a fixed
angle (such that s, t, u all are going to infinity), but not for s → ∞ holding t
fixed. In the forward region vector boson scattering amplitudes are dominated
by photon and transversal W, Z exchange. The equivalence theorem has no
prediction for these parts of the scattering amplitude.

Leaving this complication aside, one can measure scattering amplitudes of
longitudinally polarized vector bosons, apply the equivalence theorem and de-
rive the structure of Goldstone boson interactions at high energies. Vice versa,
one can adopt a model for Goldstone boson scattering amplitudes at high en-
ergies and use it to predict the limiting behavior for S-matrix elements of
longitudinally polarized vector bosons. The interactions of transversally po-
larized vector bosons will not be affected by the details of the electroweak
symmetry breaking sector to leading order. So, projecting out the longitudi-
nal states of W and Z bosons (which is done using angular distributions of
their decay products) will always be advantageous for isolating signatures of
electroweak symmetry breaking.

The lowest-order effective Lagrangian (2.80) provides a prediction for the
quasielastic 2 → 2 scattering amplitudes of W and Z bosons. Projecting onto
longitudinal states and taking the high-energy limit, one arrives at the Low-
Energy Theorem (LET) [6]:

A(W−
L W−

L → W−
L W−

L ) = − s

v2, (3.7)

A(W+
L W−

L → W+
L W−

L ) = −u

v2, (3.8)

A(W+
L W−

L → ZLZL) =
s

v2, (3.9)

A(ZLZL → ZLZL) = 0. (3.10)

The cross sections for on-shell scattering are calculated by squaring the am-
plitudes, inserting phase space factors and dividing by a symmetry factor of
two for like-sign W and for ZZ final states. This symmetry factor will not be
included in the amplitude in any of the relations given here.

Using the equivalence theorem, the LET amplitudes (3.7– 3.10) are easily
obtained by expanding the mass-generating operator −v2

4 tr [VµV µ] in terms of
Goldstone fields, cf. (2.72). The quartic coupling has two derivatives in it which
translate into factors of s, t, and u. The four-Z amplitude is proportional to
s+t+u which vanishes in the given approximation. A direct computation of the
amplitudes in terms of vector bosons, taking the high-energy limit in the end,
is more involved. There are contributions from the four-boson vertex as well

Amplitude grows with energy,  
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Amplitude grows with energy,  

⇤ ⇡ 4⇡v ⇡ 3TeV

New physics to show 
up below this scale
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Pre-LHC : unitarity problem => 
safe path towards new discoveries
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Post-LHC Higgs discovery => 
no clear experimentally-driven scale of new physics
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Adding SM-like Higgs
SM works up to ⇤ � LHC
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Adding SM-like Higgs
SM works up to ⇤ � LHC
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Adding a SM-like Higgs
What if the coupling is not exactly like in the SM?

⇤ ⇡ 4⇡v �! 4⇡vp
1� a2
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⇤ ⇡ 4⇡v �! 4⇡vp
1� a2

Even if we measure          ,  weaker guarantee for new 
physics in reach of LHC. 

a < 1

Example: composite pseudo-Goldstone Higgs:  

a =
q
1� (v/f)2 ⇡ 0.8 . . . 0.9

⇤ > 6 . . . 8TeV
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Where is the next scale?
• 14 TeV enough to reveal fundamental physics? 

• First time in history without guarantee for a nearby 
new scale: all couplings dimensionless (marginal) 
or of positive mass dimension (relevant)  

• Remaining hopes? 

• Landau pole of hyper charge U(1)Y  

• Gravity scale (MPlanck)
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Hyper-charge is not asymptotically free, will blow up 
at (very) high energies — Landau Pole

SM Hyper-charge

1/↵Y (MZ) = 1/↵Y (⇤) +
bY
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Gravity
• Strong coupling problem, e.g. graviton-graviton 

scattering  

Gravity

Including gravity in the Standard Model allows for 
graviton-graviton scattering which has a big unitarity 

problem at high energies.

Mpl � 1019 GeV� � En

Mn+2
pl

(galactic core)

5
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End of lecture 1
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Open questions of the SM
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The SM is incomplete
SM matter Dark matter?
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The SM is incomplete

P H Y S I C S W O R L D M A Y 2 0 0 2p h y s i c s w e b . o r g38

rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in

ν2ν1 ν3

d s b

u c t

e µ τ

meVµeV eV keV MeV GeV TeV

fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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Masses on a Log-scale
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SM quark masses: mostly small & hierarchical. 
Origin of this structure?

Compare to:   gs ~1,  g ~ 0.6,  g’ ~ 0.3,  λHiggs ~ 1
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Analog to mysterious spectral lines before QM

Explained by Bohr

Is there an analogue to the Bohr atom, we might 
discover at the LHC?
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Flavor dynamics @ 
LHC ?

Possible, but … 

1) Lack of scale

2) Very strong constraints from flavor physics: 
Generic flavor dynamics >> 100 TeV

Lflavor = [Y U ]ij Q̄iHcuj + . . .

dim            0 +   3/2+1+3/2 = 4

TeV? 103 TeV? 1016 GeV?
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If metastable: How did we end up in the 
energetically disfavoured vacuum?

You are here?!
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FIG. 3: Schematic of the effective potential Veff as a function
of the Higgs field h. This is not drawn to scale; for a Higgs
mass in the range indicated by LHC data, the heirarchy is
vEW ≪ E∗

≪ MPl, where each of these 3 energy scales is
separated by several orders of magnitude.

in Fig. 3. The plot is not drawn to scale; the 3 energy
scales satisfy the hierarchy vEW ≪ E∗ ≪ MPl for a Higgs
mass as indicated by LHC data mH ∼ 125 − 126GeV.
Note that the local maximum in the potential occurs at
a field value that is necessarily very close to E∗ (only
slightly smaller) and so we shall discuss these 2 field val-
ues interchangeably.
In this situation, the electroweak vacuum is only meta-

stable. Its quantum mechanical tunneling rate can be es-
timated by Euclideanizing the action and computing the
associated bounce action S0. This leads to the following
probability of decaying in time TU through a bubble of
size R [13]

p ∼ (TU/R)4e−S0. (6)

The computation of the rate is rather involved, and we
shall not pursue the details here. Suffice to say that for
the central values of Higgs mass and top mass from LHC
data, it is found that the lifetime of the electroweak vac-
uum is longer than the present age of the universe [14, 15].
It is conceivable that it is an acceptable situation for

the electroweak vacuum to be meta-stable. However, here
we would like to present an argument that such a situ-
ation is statistically disfavorable. We imagine that in
the very early universe, the Higgs field was randomly

distributed in space. For instance, during cosmological
inflation the Higgs field could have been frozen at some
value as the universe rapidly expands (if high scale in-
flation) until after inflation when the field will oscillate
and its initial value could plausibly have been random
and uniformly distributed. If this is the case, then what
is the probability that the Higgs field began in the meta-
stable region h ! E∗, rather than the unstable region
h " E∗? The answer depends on the allowed domain the
Higgs can explore. Here we estimate the allowed domain
to be Planckian, i.e., 0 < h < MPl, but our argument
only depends on the upper value being much larger than
E∗. Naively, this would lead to a probability ∼ E∗/MPl,
however we should recall that the Higgs is a complex
doublet, composed of 4 real scalars, and each one would
need to satisfy h ! E∗ in the early universe to be in the
meta-stable region. Hence, we estimate the probability
as

Prob (Higgs begins in meta-stable region) ∼
(

E∗

MPl

)4

.

(7)
For instance, for mH ≈ 125.5GeV and mt = 173.1GeV,
we have E∗ ∼ 1011 GeV, leading to a probability ∼
(1011 GeV/1019GeV)4 = 10−32, which indicates that the
chance of randomly landing in the meta-stable region in
the early universe is exceedingly unlikely. Instead it is
far more likely to land in the unstable region indicated
in Fig. 3. Here the effective potential is negative leading
to a catastrophic runaway instability, perhaps to a new
VEV that is close to Planckian. This would in turn lead
to a plethora of problems for the formation of complex
structures, etc, so we can safely assume such a regime is
uninhabitable and irrelevant. This leads us to examine
a scenario in which new physics enters and removes this
problem.

IV. PECCEI-QUINN DYNAMICS AND
DISTRIBUTION

One of the phenomenological reasons for new physics
beyond the Standard Model is the fine tuning of the CP
violating term in the QCD Lagrangian. The following
dimension 4 operator is gauge invariant and Lorentz in-
variant and should be included in the QCD Lagrangian
with a dimensionless coefficient θ

∆L =
θ

32π2
ϵµναβF a

µνF
a
αβ . (8)

From bounds on the electric dipole moment of the neu-
tron, this term is experimentally constrained to satisfy

v
|�|

Ve↵

⇤instability
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mass as indicated by LHC data mH ∼ 125 − 126GeV.
Note that the local maximum in the potential occurs at
a field value that is necessarily very close to E∗ (only
slightly smaller) and so we shall discuss these 2 field val-
ues interchangeably.
In this situation, the electroweak vacuum is only meta-

stable. Its quantum mechanical tunneling rate can be es-
timated by Euclideanizing the action and computing the
associated bounce action S0. This leads to the following
probability of decaying in time TU through a bubble of
size R [13]

p ∼ (TU/R)4e−S0. (6)

The computation of the rate is rather involved, and we
shall not pursue the details here. Suffice to say that for
the central values of Higgs mass and top mass from LHC
data, it is found that the lifetime of the electroweak vac-
uum is longer than the present age of the universe [14, 15].
It is conceivable that it is an acceptable situation for

the electroweak vacuum to be meta-stable. However, here
we would like to present an argument that such a situ-
ation is statistically disfavorable. We imagine that in
the very early universe, the Higgs field was randomly

distributed in space. For instance, during cosmological
inflation the Higgs field could have been frozen at some
value as the universe rapidly expands (if high scale in-
flation) until after inflation when the field will oscillate
and its initial value could plausibly have been random
and uniformly distributed. If this is the case, then what
is the probability that the Higgs field began in the meta-
stable region h ! E∗, rather than the unstable region
h " E∗? The answer depends on the allowed domain the
Higgs can explore. Here we estimate the allowed domain
to be Planckian, i.e., 0 < h < MPl, but our argument
only depends on the upper value being much larger than
E∗. Naively, this would lead to a probability ∼ E∗/MPl,
however we should recall that the Higgs is a complex
doublet, composed of 4 real scalars, and each one would
need to satisfy h ! E∗ in the early universe to be in the
meta-stable region. Hence, we estimate the probability
as

Prob (Higgs begins in meta-stable region) ∼
(

E∗

MPl

)4

.

(7)
For instance, for mH ≈ 125.5GeV and mt = 173.1GeV,
we have E∗ ∼ 1011 GeV, leading to a probability ∼
(1011 GeV/1019GeV)4 = 10−32, which indicates that the
chance of randomly landing in the meta-stable region in
the early universe is exceedingly unlikely. Instead it is
far more likely to land in the unstable region indicated
in Fig. 3. Here the effective potential is negative leading
to a catastrophic runaway instability, perhaps to a new
VEV that is close to Planckian. This would in turn lead
to a plethora of problems for the formation of complex
structures, etc, so we can safely assume such a regime is
uninhabitable and irrelevant. This leads us to examine
a scenario in which new physics enters and removes this
problem.

IV. PECCEI-QUINN DYNAMICS AND
DISTRIBUTION

One of the phenomenological reasons for new physics
beyond the Standard Model is the fine tuning of the CP
violating term in the QCD Lagrangian. The following
dimension 4 operator is gauge invariant and Lorentz in-
variant and should be included in the QCD Lagrangian
with a dimensionless coefficient θ

∆L =
θ

32π2
ϵµναβF a

µνF
a
αβ . (8)

From bounds on the electric dipole moment of the neu-
tron, this term is experimentally constrained to satisfy
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Just the SM?

What if there is only the SM ?
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V (�) = �µ2|�|2 + �|�|4
Higgs potential

quantum fluctuations  
 destabilise Higgs mass^2 

The hierarchy problem
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Principle: UV insensitivity
Naturalness : absence of special conspiracies 
between phenomena occurring at very different 
length scales.  

Planets do not care 
about QED.

QED at E ~ me does not care 
about the Higgs.
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The hierarchy problem
• The SM is a great success also because of its accidental 

symmetries, all null-tests successful so far 

• B,L, CP and flavor are conserved or only broken by tiny 
amounts 

• Broken by irrelevant operators of SM fields, suppressed  
by mass scale. Success of SM means hierarchy of scales!

Energy

weak 
scale (SM)

flavor & CP B violation

e.g.
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10 The Standard Model of elementary particles
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.

property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get

�m
2
h

=
dm2

h

d log µ̄
=

3m2
h

8⇡2

⇣
2�+ y2

t
� 3g2

4
� g02

4

⌘
, (2.19)

i.e. the running of the mass parameter m2
h
is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get

�m2
h
= Re ⇧hh|p2=m

2
h

=
y2

2(4⇡)2
Re

⇥
�✏ + (m2

h
� 4M2)B0(mh;M,M) � 2A0(M)

⇤

=
y2

2(4⇡)2

⇣
�✏ + (6M2 � m2

h
) log

m2
h

µ̄2
+ f(mh,M)

⌘
, (2.20)

where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h
,M2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

(SM)

Running of mH2
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property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
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The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
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sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.
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where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
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Add new Dirac fermion of mass M >> mh and 
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renormalization scale and f is some function. Very similar equations hold for scalar
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2.3. The hierarchy problem: is Nature natural? 11

together with the divergence in a suitable renormalization scheme – anyway it drops
out from mass di↵erences between di↵erent scales. The logarithm, on the other hand,
contributes to the beta function of the running Higgs mass as

�m
2
h

=
dm2

h
(µ̄)

d log µ̄
=

y2

(4⇡)2
(m2

h
� 6M2) + · · · . (2.21)

The renormalization group running thus generates a mass term mh ⇡ M2, even if one
sets this term to zero at a given scale, if the running is done over a su�ciently large
energy range. Fixing the boundary conditions for the renormalization group equation at
the high scale ⇤NP, where one imagines some UV-completion to determine the masses and
couplings, the relation between the Higgs mass at the two scales ⇤NP and ⇤SM then reads

m2
h
(⇤SM) ' m2

h
(⇤NP) � #⇤2

NP log
⇤NP

⇤SM
. (2.22)

where # is a numerical factor which includes also coupling constants. The hierarchy
problem can now be stated in the following way: if the scale ⇤NP is much higher than
mh, then the two contributions in (2.22) have to balance out with a very high accuracy
in order to generate a Higgs boson mass much smaller than ⇤NP.

This can better be formalized in terms of the amount of fine-tuning

� =
d logm2

h
(⇤NP)

d logm2
h
(⇤SM)

/ ⇤2
NP

m2
h
(⇤SM)

, (2.23)

which is the precision to which the initial conditions at the high scale have to be given
in order to have the Higgs mass at the low scale determined up to a factor of order 1.
Let us see some explicit example to get an idea of the numbers we are talking about:
if we take ⇤NP to be, say, of the order of the Planck scale, then we get � ⇠ 1034 for
a Higgs mass of about 125 GeV. If we accept an amount of fine tuning at the percent
level, namely an accidental cancellation between the initial conditions mh(⇤NP) and the
quantum corrections of the order of one percent, then the scale of new physics cannot be
much higher than the TeV.

A simple way to reformulate the hierarchy problem is to consider the Standard Model
as an e↵ective field theory (EFT), valid up to the maximum energy scale ⇤NP. Its La-
grangian can then be written in the form

LSM,e↵ =
X

i

Ci(µ̄)⇤
4�di

NP Oi, (2.24)

where the Oi are operators of dimension di and Ci(µ̄) are their Wilson coe�cients, which
in an e↵ective field theory are not predicted, and are usually of order 1 unless some
symmetry is operative. The Higgs mass term is an operator of dimension two, and thus
comes with a factor ⇤2

NP. If the cut-o↵ scale is very big, the only way to get a small mass
is to have a large suppression of the Wilson coe�cient at the Fermi scale: a fine-tuning.
On the other hand, a large cut-o↵ in (2.24) seems to be preferred by the experimental
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.

property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get

�m
2
h

=
dm2

h

d log µ̄
=

3m2
h

8⇡2

⇣
2�+ y2

t
� 3g2

4
� g02

4

⌘
, (2.19)

i.e. the running of the mass parameter m2
h
is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get

�m2
h
= Re ⇧hh|p2=m

2
h

=
y2

2(4⇡)2
Re

⇥
�✏ + (m2

h
� 4M2)B0(mh;M,M) � 2A0(M)

⇤

=
y2

2(4⇡)2

⇣
�✏ + (6M2 � m2

h
) log

m2
h

µ̄2
+ f(mh,M)

⌘
, (2.20)

where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h
,M2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

Add new Dirac fermion of mass M >> mh and 
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.

property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get
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i.e. the running of the mass parameter m2
h
is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get
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where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h
,M2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted

2.3. The hierarchy problem: is Nature natural? 11

together with the divergence in a suitable renormalization scheme – anyway it drops
out from mass di↵erences between di↵erent scales. The logarithm, on the other hand,
contributes to the beta function of the running Higgs mass as

�m
2
h

=
dm2

h
(µ̄)

d log µ̄
=

y2

(4⇡)2
(m2

h
� 6M2) + · · · . (2.21)

The renormalization group running thus generates a mass term mh ⇡ M2, even if one
sets this term to zero at a given scale, if the running is done over a su�ciently large
energy range. Fixing the boundary conditions for the renormalization group equation at
the high scale ⇤NP, where one imagines some UV-completion to determine the masses and
couplings, the relation between the Higgs mass at the two scales ⇤NP and ⇤SM then reads

m2
h
(⇤SM) ' m2

h
(⇤NP) � #⇤2

NP log
⇤NP

⇤SM
. (2.22)

where # is a numerical factor which includes also coupling constants. The hierarchy
problem can now be stated in the following way: if the scale ⇤NP is much higher than
mh, then the two contributions in (2.22) have to balance out with a very high accuracy
in order to generate a Higgs boson mass much smaller than ⇤NP.

This can better be formalized in terms of the amount of fine-tuning

� =
d logm2

h
(⇤NP)

d logm2
h
(⇤SM)

/ ⇤2
NP

m2
h
(⇤SM)

, (2.23)

which is the precision to which the initial conditions at the high scale have to be given
in order to have the Higgs mass at the low scale determined up to a factor of order 1.
Let us see some explicit example to get an idea of the numbers we are talking about:
if we take ⇤NP to be, say, of the order of the Planck scale, then we get � ⇠ 1034 for
a Higgs mass of about 125 GeV. If we accept an amount of fine tuning at the percent
level, namely an accidental cancellation between the initial conditions mh(⇤NP) and the
quantum corrections of the order of one percent, then the scale of new physics cannot be
much higher than the TeV.

A simple way to reformulate the hierarchy problem is to consider the Standard Model
as an e↵ective field theory (EFT), valid up to the maximum energy scale ⇤NP. Its La-
grangian can then be written in the form

LSM,e↵ =
X

i

Ci(µ̄)⇤
4�di

NP Oi, (2.24)

where the Oi are operators of dimension di and Ci(µ̄) are their Wilson coe�cients, which
in an e↵ective field theory are not predicted, and are usually of order 1 unless some
symmetry is operative. The Higgs mass term is an operator of dimension two, and thus
comes with a factor ⇤2

NP. If the cut-o↵ scale is very big, the only way to get a small mass
is to have a large suppression of the Wilson coe�cient at the Fermi scale: a fine-tuning.
On the other hand, a large cut-o↵ in (2.24) seems to be preferred by the experimental

(SM)

The hierarchy problem

SM + Dirac fermion of mass M >> mh and yukawa y

Two contributions in have to balance out with very high accuracy  
to generate a Higgs boson mass much smaller than
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Figure 2.2. Feynman diagrams contributing to mh at one loop in the Standard Model.

property holds also in absence of a gauge symmetry, because of the chiral symmetry which
is broken by the mass term. In general any point of the parameter space with an enhanced
symmetry is stable under renormalization group (RG) running.

The same property does not hold for scalar particles. The mass of the Higgs boson
mh is an arbitrary parameter of the model, not protected by any approximate symmetry,
which is additively renormalized: it gets radiative corrections proportional to the mass of
any particle which couples to it. In that sense the point mh = 0 is UV-unstable. This
is easily seen in the Standard Model, where the one-loop corrections to the Higgs mass
are generated by the diagrams in figure 2.2 and are given in appendix D. However, if we
compute the beta function for the running mass we get
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i.e. the running of the mass parameter m2
h
is proportional to itself. This is true in the

pure SM because the masses of the particles are all proportional to the EWSB scale v.
Suppose now that the SM is modified at some energy ⇤NP > ⇤SM, where ⇤SM ' 4⇡mW

is the typical energy scale of the SM. If the Higgs boson is coupled to the new physics
sector, then its mass will get a correction also from loops of the new heavy particles, which
will be quadratic in their mass M ⇡ ⇤NP. If we want a UV completion of the Standard
Model in which the Higgs mass is a predictable quantity, this constitutes a problem.

To make the statement more precise, let’s calculate explicitly the one-loop correction
to the Higgs pole mass arising from a fermion with Dirac mass M and Yukawa coupling y.
From a diagram analogous to the first one of figure 2.2, using dimensional regularization
we get
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where �✏ is the pole which has to be subtracted by a counterterm, A0 and B0 are the
finite parts of the Passarino-Veltman one-loop functions defined in appendix D, µ̄ is the
renormalization scale and f is some function. Very similar equations hold for scalar
and vector particles circulating in the loop (see eq. (D.5) in the appendix). The term
f(m2

h
,M2) in (2.20) is unphysical since it does not depend on µ̄ and it can be subtracted
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together with the divergence in a suitable renormalization scheme – anyway it drops
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The renormalization group running thus generates a mass term mh ⇡ M2, even if one
sets this term to zero at a given scale, if the running is done over a su�ciently large
energy range. Fixing the boundary conditions for the renormalization group equation at
the high scale ⇤NP, where one imagines some UV-completion to determine the masses and
couplings, the relation between the Higgs mass at the two scales ⇤NP and ⇤SM then reads
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where # is a numerical factor which includes also coupling constants. The hierarchy
problem can now be stated in the following way: if the scale ⇤NP is much higher than
mh, then the two contributions in (2.22) have to balance out with a very high accuracy
in order to generate a Higgs boson mass much smaller than ⇤NP.

This can better be formalized in terms of the amount of fine-tuning
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which is the precision to which the initial conditions at the high scale have to be given
in order to have the Higgs mass at the low scale determined up to a factor of order 1.
Let us see some explicit example to get an idea of the numbers we are talking about:
if we take ⇤NP to be, say, of the order of the Planck scale, then we get � ⇠ 1034 for
a Higgs mass of about 125 GeV. If we accept an amount of fine tuning at the percent
level, namely an accidental cancellation between the initial conditions mh(⇤NP) and the
quantum corrections of the order of one percent, then the scale of new physics cannot be
much higher than the TeV.

A simple way to reformulate the hierarchy problem is to consider the Standard Model
as an e↵ective field theory (EFT), valid up to the maximum energy scale ⇤NP. Its La-
grangian can then be written in the form

LSM,e↵ =
X

i

Ci(µ̄)⇤
4�di

NP Oi, (2.24)

where the Oi are operators of dimension di and Ci(µ̄) are their Wilson coe�cients, which
in an e↵ective field theory are not predicted, and are usually of order 1 unless some
symmetry is operative. The Higgs mass term is an operator of dimension two, and thus
comes with a factor ⇤2

NP. If the cut-o↵ scale is very big, the only way to get a small mass
is to have a large suppression of the Wilson coe�cient at the Fermi scale: a fine-tuning.
On the other hand, a large cut-o↵ in (2.24) seems to be preferred by the experimental
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For ⇤ = MPlanck , MGUT , 10 TeV : ✏ ⇠ 10�32, 10�28, 10�4
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• The hierarchy problem needs a ‘hierarchy of 
scales’. The SM alone (no gravity, nothing 
else) if fine → no hierarchy, no problem! 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Famous naturalness disaster
• We don’t understand the cosmological 

constant
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d4x

p
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CC = ⇤0 ⇡ (10�3 eV)4

�⇤0 ⇡ ⇤4 → new physics at              
~ few mm !?!
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Supersymmetry

particles

10 CHAPTER 2. THE STANDARD MODEL AND ITS SUSY EXTENSION

In this case, the integral of the D component is invariant. The component vµ(x)
will act as a gauge field, and the neutral fermion λ is known as gaugino. A
composite term that transforms like a vector superfield is given by

Φ∗ exp (2gAV
a
AT

a
A)Φ (2.18)

where we have generalized to an arbitrary semisimple gauge group with gauge
couplings gA and generators T a

A. Furthermore it is useful to define the chiral
spinor fields

2gAT
a
AW

a
A =

1

4
D̄D̄ exp (−2gAT

a
AV

a
A)D exp (2gAT

a
AV

a
A) (2.19)

where now

W a
A(θ, y) = λa

A(y) +
(
Da

A(y)−
i

2
σµσ̄νvaAµν

)
θ + iθθσµ∂µλ̄

a
A(y). (2.20)

The most general gauge and supersymmetry invariant action is then given via

S =
∫

d4x
(
d2θd2θ̄Φ∗

i exp (2gAT
a
AV

a
A)Φi +

{
d2θ

[
W({Φi}) +

1

4
W a

AW
a
A

]
+ h.c.

})
.

(2.21)
We remark that the D and F component fields are auxiliary since they do not
have a kinetic term, so they can be eliminated in favor of polynomials in the
scalar fields φ by the equations of motion. Before doing this, in order to interpret
the terms in (2.21), we spell them out in terms of component fields. First,

∫
d2θd2θ̄Φ∗

i exp (2gAT
a
AV

a
A)Φi =

∑

i

|Dµφi|2 + iψiσ
µDµψi − g

√
2
(
φ∗
iT

a
Aλ

a
Aψi + λ̄a

AψiT
a
Aφi

)

+F ∗
i Fi + gAD

a
Ad

a
A (2.22)

where
daA = φ∗

iT
a
Aφi (2.23)

Thus this term describes gauge kinetic terms for the scalars and fermions of
the chiral multiplets. Furthermore, it contains a coupling between a fermion, a
sfermion and a gaugino. There is also a contribution to the scalar potential.

The superpotential term gives Yukawa couplings between fermions and sfermions
as well as another contribution to the scalar potential:

∫
d2θW({Φi})

∣∣∣∣
θθ

= −Yij({φi})ψiψj + Fifi (2.24)

where

Yij({φi}) =
∂2W

∂Φi∂Φj
({φi}), (2.25)

fi =
∂W
∂Φi

({φi}). (2.26)
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SUSY
• Supersymmetry is generalisation  

• Rotates bosons into fermions and vice versa 

• Generators are fermionic,  
anti-commuting 

• Algebra

35

The systematic cancellation of the dangerous contributions to ∆m2
H can only be brought about by

the type of conspiracy that is better known to physicists as a symmetry. Comparing eqs. (1.2) and
(1.3) strongly suggests that the new symmetry ought to relate fermions and bosons, because of the
relative minus sign between fermion loop and boson loop contributions to ∆m2

H . (Note that λS must
be positive if the scalar potential is to be bounded from below.) If each of the quarks and leptons of the
Standard Model is accompanied by two complex scalars with λS = |λf |2, then the Λ2

UV contributions of
Figures 1.1a and 1.1b will neatly cancel [3]. Clearly, more restrictions on the theory will be necessary to
ensure that this success persists to higher orders, so that, for example, the contributions in Figure 1.2
and eq. (1.4) from a very heavy fermion are canceled by the two-loop effects of some very heavy
bosons. Fortunately, the cancellation of all such contributions to scalar masses is not only possible,
but is actually unavoidable, once we merely assume that there exists a symmetry relating fermions and
bosons, called a supersymmetry.

A supersymmetry transformation turns a bosonic state into a fermionic state, and vice versa. The
operator Q that generates such transformations must be an anticommuting spinor, with

Q|Boson⟩ = |Fermion⟩, Q|Fermion⟩ = |Boson⟩. (1.5)

Spinors are intrinsically complex objects, so Q† (the hermitian conjugate of Q) is also a symmetry
generator. Because Q and Q† are fermionic operators, they carry spin angular momentum 1/2, so it is
clear that supersymmetry must be a spacetime symmetry. The possible forms for such symmetries in
an interacting quantum field theory are highly restricted by the Haag-Lopuszanski-Sohnius extension
of the Coleman-Mandula theorem [4]. For realistic theories that, like the Standard Model, have chiral
fermions (i.e., fermions whose left- and right-handed pieces transform differently under the gauge group)
and thus the possibility of parity-violating interactions, this theorem implies that the generators Q and
Q† must satisfy an algebra of anticommutation and commutation relations with the schematic form

{Q,Q†} = Pµ, (1.6)

{Q,Q} = {Q†, Q†} = 0, (1.7)

[Pµ, Q] = [Pµ, Q†] = 0, (1.8)

where Pµ is the four-momentum generator of spacetime translations. Here we have ruthlessly sup-
pressed the spinor indices on Q and Q†; after developing some notation we will, in section 3.1, derive
the precise version of eqs. (1.6)-(1.8) with indices restored. In the meantime, we simply note that the
appearance of Pµ on the right-hand side of eq. (1.6) is unsurprising, since it transforms under Lorentz
boosts and rotations as a spin-1 object while Q and Q† on the left-hand side each transform as spin-1/2
objects.

The single-particle states of a supersymmetric theory fall into irreducible representations of the
supersymmetry algebra, called supermultiplets. Each supermultiplet contains both fermion and boson
states, which are commonly known as superpartners of each other. By definition, if |Ω⟩ and |Ω′⟩ are
members of the same supermultiplet, then |Ω′⟩ is proportional to some combination of Q and Q†

operators acting on |Ω⟩, up to a spacetime translation or rotation. The squared-mass operator −P 2

commutes with the operators Q, Q†, and with all spacetime rotation and translation operators, so
it follows immediately that particles inhabiting the same irreducible supermultiplet must have equal
eigenvalues of −P 2, and therefore equal masses.

The supersymmetry generators Q,Q† also commute with the generators of gauge transformations.
Therefore particles in the same supermultiplet must also be in the same representation of the gauge
group, and so must have the same electric charges, weak isospin, and color degrees of freedom.

Each supermultiplet contains an equal number of fermion and boson degrees of freedom. To prove
this, consider the operator (−1)2s where s is the spin angular momentum. By the spin-statistics
theorem, this operator has eigenvalue +1 acting on a bosonic state and eigenvalue −1 acting on a

5
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an interacting quantum field theory are highly restricted by the Haag-Lopuszanski-Sohnius extension
of the Coleman-Mandula theorem [4]. For realistic theories that, like the Standard Model, have chiral
fermions (i.e., fermions whose left- and right-handed pieces transform differently under the gauge group)
and thus the possibility of parity-violating interactions, this theorem implies that the generators Q and
Q† must satisfy an algebra of anticommutation and commutation relations with the schematic form
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{Q,Q} = {Q†, Q†} = 0, (1.7)
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where Pµ is the four-momentum generator of spacetime translations. Here we have ruthlessly sup-
pressed the spinor indices on Q and Q†; after developing some notation we will, in section 3.1, derive
the precise version of eqs. (1.6)-(1.8) with indices restored. In the meantime, we simply note that the
appearance of Pµ on the right-hand side of eq. (1.6) is unsurprising, since it transforms under Lorentz
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states, which are commonly known as superpartners of each other. By definition, if |Ω⟩ and |Ω′⟩ are
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this, consider the operator (−1)2s where s is the spin angular momentum. By the spin-statistics
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It generates spacetime translations on the fields X according to

[Pµ,X] = i∂µX. (3.27)

Rearranging the terms in eq. (3.24) using the Jacobi identity, we therefore have
[
[ϵ2Q + ϵ†2Q

†, ϵ1Q + ϵ†1Q
†], X

]
= 2(ϵ1σµϵ

†
2 − ϵ2σµϵ

†
1) [Pµ,X], (3.28)

for any X, up to terms that vanish on-shell, so it must be that

[ϵ2Q + ϵ†2Q
†, ϵ1Q + ϵ†1Q

†] = 2(ϵ1σµϵ
†
2 − ϵ2σµϵ

†
1)Pµ. (3.29)

Now by expanding out eq. (3.29), one obtains the precise form of the supersymmetry algebra relations

{Qα, Q†
α̇} = −2σµ

αα̇Pµ, (3.30)

{Qα, Qβ} = 0, {Q†
α̇, Q†

β̇
} = 0, (3.31)

as promised in the Introduction. [The commutator in eq. (3.29) turns into anticommutators in
eqs. (3.30) and (3.31) in the process of extracting the anticommuting spinors ϵ1 and ϵ2.] The results

[Qα, Pµ] = 0, [Q†
α̇, Pµ] = 0 (3.32)

follow immediately from eq. (3.27) and the fact that the supersymmetry transformations are global
(independent of position in spacetime). This demonstration of the supersymmetry algebra in terms of
the canonical generators Q and Q† requires the use of the Hamiltonian equations of motion, but the
symmetry itself is valid off-shell at the level of the Lagrangian, as we have already shown.

3.2 Interactions of chiral supermultiplets

In a realistic theory like the MSSM, there are many chiral supermultiplets, with both gauge and non-
gauge interactions. In this subsection, our task is to construct the most general possible theory of
masses and non-gauge interactions for particles that live in chiral supermultiplets. In the MSSM these
are the quarks, squarks, leptons, sleptons, Higgs scalars and higgsino fermions. We will find that the
form of the non-gauge couplings, including mass terms, is highly restricted by the requirement that
the action is invariant under supersymmetry transformations. (Gauge interactions will be dealt with
in the following subsections.)

Our starting point is the Lagrangian density for a collection of free chiral supermultiplets labeled
by an index i, which runs over all gauge and flavor degrees of freedom. Since we will want to construct
an interacting theory with supersymmetry closing off-shell, each supermultiplet contains a complex
scalar φi and a left-handed Weyl fermion ψi as physical degrees of freedom, plus a complex auxiliary
field Fi, which does not propagate. The results of the previous subsection tell us that the free part of
the Lagrangian is

Lfree = −∂µφ∗i∂µφi + iψ†iσµ∂µψi + F ∗iFi, (3.33)

where we sum over repeated indices i (not to be confused with the suppressed spinor indices), with
the convention that fields φi and ψi always carry lowered indices, while their conjugates always carry
raised indices. It is invariant under the supersymmetry transformation

δφi = ϵψi, δφ∗i = ϵ†ψ†i, (3.34)

δ(ψi)α = −i(σµϵ†)α ∂µφi + ϵαFi, δ(ψ†i)α̇ = i(ϵσµ)α̇ ∂µφ
∗i + ϵ†α̇F

∗i, (3.35)

δFi = −iϵ†σµ∂µψi, δF ∗i = i∂µψ
†iσµϵ . (3.36)
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Susy algebra• Are there any other space-time symmetries consistent 
with local quantum field theory?

• (With some mild caveats) the only other possibility is 
supersymmetry.

• In a supersymmetric theory every particle has a 
“superpartner” with the same mass and charges, but 
spin differing by 1/2 hbar.

9

Q� = (Q1, Q2)

Q†
1|m, s, sz, q⇤ ⇥

⌅
2m|m, s +

1
2
, sz +

1
2
, q⇤

Q†
2|m, s, sz, q⇤ ⇥

⌅
2m|m, s +

1
2
, sz �

1
2
, q⇤

SUSY algebra

{Q�, Q†
�̇} = 2⌅µ

��̇Pµ,

⌅µ
��̇ = (1,⌅i) ⌅µ�̇� = (1,�⌅i)

⌅1 =
⇧

0 1
1 0

⌃
⌅2 =

⇧
0 �i
i 0

⌃
⌅3 =

⇧
1 0
0 �1

⌃

[Pµ, Q�] = [Pµ, Q†
�̇] = 0

[Q�, R] = Q� [Q†
�̇, R] = �Q†

�̇

H = P 0 = 1
4 (Q1Q

†
1 + Q†

1Q1 + Q2Q
†
2 + Q†

2Q2)

Space-time symmetry: cannot select which particles
have super-partners, all or nothing…  

mass spin

fermionic
generators

Generators of Supersymmetry

• Supersymmetry is a symmetry that relates boson to fermion degrees
of freedom, Q|F >= |B >, Q|B >= |F >.

• The generators of supersymmetry are two component anticommuting
spinors, Q↵, Q̄

↵̇, satisfying

{Q↵, Q�} = 0 (5)

{Q↵, Q̄
�̇
} = 2�µ

↵�̇
Pµ (6)

where �µ = (I,~�), ~�µ = (I,�~�), and �i are the Pauli matrices. As
anticipated, space-time translations are part of the SUSY algebra.

• Two-spinors may be contracted to form Lorentz invariant quantities

 
↵
�↵ =  

↵
✏↵��

� (7)
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Super-fields
and for arbitrary spinors  and ⌦ we have

 
d2⌅ ( ⌅)(⌦⌅) = � 1

2 ( ⌦)

define a “superspace coordinate”

yµ = xµ � i⌅⌥µ⌅̄

Then we can assemble the fields of a chiral supermultiplet into a chiral
superfield:

⇥(y) ⇤ �(y) +
⌦

2⌅⌦(y) + ⌅2F(y)
= �(x)� i⌅⌥µ⌅̄↵µ�(x)� 1

4⌅
2⌅̄2↵2�(x)

+
⌦

2⌅⌦(x) + i⇤
2
⌅2↵µ⌦(x)⌥µ⌅̄ + ⌅2F(x)

second line follows by Taylor expanding in Grassmann variables ⌅ and ⌅̄

In super-space:

Superspace Notation
anticommuting (Grassmann) spinors: ⌅�, ⌅̄�̇ = ⌅†�. for a single com-

ponent Grassmann variable ⇤ we have:
 

d⇤ = 0,
 

⇤ d⇤ = 1

two-component Grassmann spinor:

{⌅�, ⌅̄�̇} = 0

define:
d2⌅ ⇤ � 1

4d⌅�d⌅⇥��⇥
d2⌅̄ ⇤ � 1

4d⌅̄�̇d⌅̄⇥̇��̇⇥̇

d4⌅ ⇤ d2⌅d2⌅̄

Then  
d2⌅ ⌅2 =

 
d2⌅ ⌅ ⌅ = � 1

4

 
d⌅�d⌅⇥��⇥⌅ � ⌦⌅⌦

= � 1
4 (��⇥�⇥ � ⌦�⌦� � ��⇥�� � ⌦�⌦⇥)

= � 1
4 (��⇥�⇥� + �⇥���⇥) = � 1

2��⇥�⇥�
= 1

SUSY
• Put bosons and fermions in multiplets together 

• chiral superfield (2 real bosons, 1 Weyl fermion) 

• conjugate (right-handed) field    function of     only
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With modest e↵ort, one can work out the transformation of each component of this general
superfield by applying the transformation (2.18), expanding all fields in ✓ and ✓̄, and matching
the coe�cients of each term. Some of the terms require massaging by Fierz identities to get to
the correct form. Fortunately, the general superfield above is a reducible representation: some of
these fields do not transform into one another. We can restrict to irreducible representations by
imposing one of the following conditions:

chiral superfield D↵� = 0 (2.21)

anti-chiral superfield D↵̇� = 0 (2.22)

vector (real) superfield V = V
† (2.23)

linear superfield D
2

L = D
2
L = 0 (2.24)

The chiral and anti-chiral superfields carry Weyl fermions of left- and right-handed helicity respec-
tively. It is convenient to write all anti-chiral superfields into chiral superfields, for example by
swapping the right-handed electron chiral superfield with a left-handed positron superfield. The
field content is identical, one is just swapping which is the ‘particle’ and which is the ‘anti-particle.’

The linear superfield. The defining condition for this superfield includes a constraint that the vector com-
ponent is divergence free, @µV µ = 0. It is thus a natural supersymmetrization of a conserved current. We will
not consider linear superfields further in these lectures.

2.5 Supersymmetric Lagrangians for chiral superfields

One can check that because D↵̇(xµ + i✓�
µ
✓̄) = 0, any function of yµ = x

µ + i✓�
µ
✓̄ is automatically

a chiral superfield (�sf). Indeed, the most compact way of writing the components of a �sf is

�(y, ✓) = '(y) +
p
2✓ (y) + ✓

2
F (y). (2.25)

Again, we point out that this expansion is exact since higher powers of the Weyl spinor ✓ vanish
by the antisymmetry of its components. Under a susy transformation with parameter ✏, the
components of the �sf each transform as

�✏'(x) =
p
2✏ (x) (2.26)

� (x) = i

p
2�µ

✏̄@µ'(x) +
p
2✏F (x) (2.27)

�✏F (x) = i

p
2✏̄�̄µ

@µ (x). (2.28)

Observe that the auxiliary field transforms into a total spacetime derivative. This is especially nice
since a total derivative vanishes in the action and so the highest component of a �sf is a candidate
for a susy-invariant term in the Lagrangian. Thus we arrive at our first way of constructing
supersymmetric Lagrangian terms: write the F -term of a chiral superfield.

To generate interesting interactions we don’t want to write the F -terms of our fundamental
fields—indeed, these are generally not even gauge invariant. Fortunately, one can check that
a product of chiral superfields is itself a chiral superfield. Indeed, a general way of writing a
supersymmetry Lagrangian term built out of chiral superfields is

L =

Z
d
2
✓ W (�) + h.c., (2.29)

9
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SUSY
• In addition: vector superfield (1 vector boson, 1 

Weyl fermion)  
 

• Equal number of bosonic and fermionic degrees of 
freedom 

• No SM fields are superpartners of eachother
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This expression is general, but renormalizability restricts the mass dimensions to be [K]  2 and
[W ]  3. For theories with more supersymmetry, e.g. N = 2, one must impose additional relations
between K and W . Assuming a renormalizable supersymmetric theory of chiral superfields �i, we
may plug in K = �†

i
�i and integrate out the auxiliary fields from (2.32). The result is

L = @µ'
⇤

i
@
µ
'i + i ̄i�̄

µ
@µ i �

@
2
W

@'i@'j

 i j �

X

i

����
@W

@'i

����
2

. (2.33)

Here the superpotential is assumed to be evaluated at its lowest component so that W [�i(y, ✓)] !
W ['i(x)]. Observe that dimension-2 terms in the superpotential link the mass terms of the Weyl
fermion and the complex scalar. Further, dimension-3 terms in the superpotential connect Yukawa
interactions to quartic scalar couplings.

2.6 Supersymmetric Lagrangians for vector superfields

Until now, however, we have only described supersymmetric theories of complex scalars and
fermions packaged as chiral superfields. In order to include the interactions of gauge fields we
must write down susy Lagrangians that include vector superfields.

Suppose a set of chiral superfields � carry a U(1) charge such that �(x) ! exp(�i⇤)�(x). For
an ordinary global symmetry this is an overall phase on each component of the chiral superfield.
For a gauge symmetry, the transformation parameter is spacetime dependent, ⇤ = ⇤(x). Note,
however, that this is now problematic because our definition of a chiral superfield, D↵� = 0,
contains a spacetime derivative. It would appear that the näıve gauge transformation is not
consistent with the irreducible susy representations we’ve written because it does not preserve the
chiral superfield condition.

This inconsistency is a relic of keeping ⇤(x) a function of spacetime rather than a function of the
full superspace. We noted above that a function of yµ = x

µ+i✓�
µ
✓̄ is a chiral superfield and, further,

that a product of chiral superfields is also a chiral superfield. Thus a consistent way to include
gauge transformations is to promote ⇤(x) to a chiral superfield ⇤(y) so that exp(�i⇤(y))�(y) is
indeed chiral. In this way we see that supersymmetry has ‘complexified’ the gauge group.

Under this complexified gauge transformation, the canonical Kähler potential term that con-
tains the kinetic terms transforms to

�†� ! �†
e
�i(⇤�⇤

†
)�. (2.34)

For gauge theories one must modify the Kähler potential to accommodate this factor. This is
unsurprising since gauging an ordinary quantum field theory requires one to modify the kinetic
terms by promoting derivatives to covariant derivatives which include the gauge field. To correctly
gauge a symmetry, we introduce a vector (real) superfield (vsf) V which transforms according to

V ! V + i(⇤� ⇤†) (2.35)

and promote the Kähler potential to

K(�,�†) = �†
e
V�. (2.36)

A generic vsf has many components, but many can be eliminated by partially gauge fixing to
the Wess-Zumino gauge where

V =� ✓�
µ
✓̄Vµ(x) + i✓

2
✓̄�̄(x)� i✓̄

2
✓�(x) +

1

2
✓
2
✓̄
2
D(x). (2.37)

11

➞ double field content!
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How 
does susy 
solve the 
quantum 
instability 
problem?
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In words

• Supersymmetry associates a fermion with 
each scalar and predicts ‘symmetric 
dynamics’. 

• Fermion masses are protected by chiral 
symmetry → scalar masses are protected.
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SM quantum instability

Unreasonable e�ectiveness of the SM
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Figure 1: The top loop contribution to the Higgs mass term.
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Figure 3: Scalar boson contribution to the Higgs mass term via the
trilinear coupling.
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trilinear coupling.
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Need specific structure in dimensionless
couplings

Matching # of degrees of freedom

But no need for equal masses (stop/stop) nor
other dimensionful couplings (e.g. trilinear 
scalar) to be the same

If N = Nc and ⇤ = |yt|2 then �2 cancels

If mt = mL = mR and µ2
L = µ2

R = 2⇤m2
t log � are canceled as well

SUSY will guarantee these relations

N = Nc

No UV sensitivity :
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Super-multipletsSupermultiplets
- Chiral multiplet 

On-shell: free particles. 
complex scalar: !, two on-shell degrees of 
freedom
Weyl fermion (2-component): ", two on-shell 
degrees of freedom. 

- Examples of chiral multiplet
Starting from SM model quark (left or right 
handed),  
Adding scalar partner: squark. 
Form a chiral multiplet. 

q̃L,R

qL,R

Monday, August 6, 12
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Super-multipletsSupermultiplets
- Vector multiplet (on-shell). 

Spin-1: vector Aμ (massless, 2 degrees of freedom)
Weyl fermion: λ (2 d.o.f.)

- Example: 
Starting with SM gauge bosons, such as the 8 
gluons Gaμ (a=1, ..., 8)
Adding their partners,     8 gluinos.g̃a

Monday, August 6, 12
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MSSMFirst consequence of SUSY
- Each known elementary particles must belong to 

a supermultiplet, has a superpartner.

Minimal Supersymmetric Standard Model

• Standard Model + Supersymmetry. 

• Superpartners. 

Minimal Supersymmetric Standard Model (MSSM)

Monday, August 6, 12

Every elementary particle is part of a 
super-multiplet: super-partners
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unification
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given measured sm gauge couplings at weak scale, can study evolution 

to higher scales with rGEs.

suggestively, the three 

appear to cross (missing 

triple intersection by 

O(10%)) around 1015 GeV. 

consistent with unification 

of SU(3)xSU(2)xU(1) into 

common gauge group.

SO(10) � SU(5) � SU(3)⇥ SU(2)⇥ U(1)conveniently
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Gauge coupling runningGauge coupling unification
for SU(5)GUT

g1 ⌅
�

5
3g⌅ , g2 ⌅ g, g3 ⌅ gC , �i ⌅ g2

i
4�

The measured values of gauge couplings renormalized at MZ are

�1(MZ) = 0.016830± 0.000007

�2(MZ) = 0.03347± 0.00003

�3(MZ) = 0.1187± 0.002

These couplings run at one-loop according the RG equation:

µ dga

dµ = � 1
16�2 bag3

a � µ d��1
a

dµ =
ba
2�

In the SM and MSSM the ⇥ function coe⇧cients are

bSM
a = (�41/10, 19/6, 7)

bMSSM
a = (�33/5,�1, 3)
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SU(5)

SU(2)

SU(3)

How is SU(3)xSU(2)xU(1) exactly contained in SU(5)?

N^2 - 1 = 24 generators

Dµ = @µ � igSU(5)A
a
µT

a

T a
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N^2 - 1 = 24 generators

U(1)Y
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a
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a
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cp
60

3 =
1

2 c =

r
5

3
=>

LH lepton doublet, RH down quark unify

!
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SM ⊂ GUT
SM is completely contained in, quantum 
numbers match!

5c  +  10  ( + 1)
L,dR Q,eR,uR 
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SM is completely contained in, quantum 
numbers match!

5c  +  10  ( + 1)
L,dR Q,eR,uR vR
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SM ⊂ GUT
SM is completely contained in, quantum 
numbers match!

5c  +  10  ( + 1)
L,dR Q,eR,uR vR

Extremely non-trivial!
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Why Supersymmetry?

SM MSSM

Gauge Coupling running at two loops

A hint?

Note, still works with MSUSY  = 100 TeV.

Supersymmetry: a theorist’s dream
- A new paradigm. First extension of spacetime 

symmetry since Einstein. 

Figure 5.8: RG evolution of the
inverse gauge couplings α−1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid lines).
In the MSSM case, the sparti-
cle mass thresholds are varied be-
tween 250 GeV and 1 TeV, and
α3(mZ) between 0.113 and 0.123.
Two-loop effects are included.
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MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
one has g2 = g and g1 =

√
5/3g′. The quantities αa = g2

a/4π have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

d

dt
α−1

a = − ba

2π
(a = 1, 2, 3) (5.22)

Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative

41
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• An unintended and amazing consequence of SUSY.
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the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
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MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
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Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
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parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.
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right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
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derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
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Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
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couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative

41

• Gauge coupling unification! 

• An unintended and amazing consequence of SUSY.

Monday, August 6, 12

Supersymmetry: a theorist’s dream
- A new paradigm. First extension of spacetime 

symmetry since Einstein. 

Figure 5.8: RG evolution of the
inverse gauge couplings α−1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid lines).
In the MSSM case, the sparti-
cle mass thresholds are varied be-
tween 250 GeV and 1 TeV, and
α3(mZ) between 0.113 and 0.123.
Two-loop effects are included.

2 4 6 8 10 12 14 16 18

Log
10

(Q/1 GeV)

0

10

20

30

40

50

60

α
−1

 

α
1

−1

α
2

−1

α
3

−1

MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
one has g2 = g and g1 =

√
5/3g′. The quantities αa = g2

a/4π have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

d

dt
α−1

a = − ba

2π
(a = 1, 2, 3) (5.22)

Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
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MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
one has g2 = g and g1 =

√
5/3g′. The quantities αa = g2

a/4π have the nice property that their
reciprocals run linearly with RG scale at one-loop order:
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Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
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can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,
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Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
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the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
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Figure 5.8 compares the RG evolution of the α−1
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(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
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Figure 5.8 compares the RG evolution of the α−1
a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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derivative for grand unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).
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(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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a , including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU ∼ 2 × 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
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The field content of the MSSM
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Two Higgs Doublets
Two Higgs doublets with opposite hypercharges are needed to cancel

the U(1)
3
Y and U(1)Y SU(2)

2
L anomalies from higgsinos

even number of fermion doublets to avoid the Witten anomaly for SU(2)L.

The superpotential for the Higgs :

WHiggs = uYuQHu � dYdQHd � eYeLHd + µHuHd .

In the SM we can have Yukawa couplings with H or H⇥
but holomorphy

requires both Hu and Hd in order to write Yukawa couplings for both u
and d

Yukawa couplings, Higgsino mass, cubic scalar terms … 

Li $ Hdsame quantum #
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cubic scalar
After integrating out auxiliary fields,

Lµ,cubic = µ⇥
⇧
⌘u⇥RYu⌘uLH0⇥

d +
⌘d⇥RYd

⌘dLH0⇥
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u

⌃
+ h.c.

The quartic scalar interactions are obtained in a similar fashion.

other holomorphic renormalizable terms :

Wdisaster = �ijkQiLjdk + ⇥ijkLiLjek + ⇤iLiHu + ⌅ijkdidjuk ,

Wdisaster violates lepton and baryon number!

 105



Two Higgs Doublets
Two Higgs doublets with opposite hypercharges are needed to cancel

the U(1)
3
Y and U(1)Y SU(2)

2
L anomalies from higgsinos

even number of fermion doublets to avoid the Witten anomaly for SU(2)L.

The superpotential for the Higgs :

WHiggs = uYuQHu � dYdQHd � eYeLHd + µHuHd .

In the SM we can have Yukawa couplings with H or H⇥
but holomorphy

requires both Hu and Hd in order to write Yukawa couplings for both u
and d

Yukawa couplings, Higgsino mass, cubic scalar terms … 

Li $ Hdsame quantum #

cubic scalar
After integrating out auxiliary fields,

Lµ,cubic = µ⇥
⇧
⌘u⇥RYu⌘uLH0⇥

d +
⌘d⇥RYd

⌘dLH0⇥
u + ⌘e⇥RYe⌘eLH0⇥

u

+⌘u⇥RYu
⌘dLH�⇥

d +
⌘d⇥RYd⌘uLH+⇥

u + ⌘e⇥RYe⌘�LH+⇥
u

⌃
+ h.c.

The quartic scalar interactions are obtained in a similar fashion.

other holomorphic renormalizable terms :

Wdisaster = �ijkQiLjdk + ⇥ijkLiLjek + ⇤iLiHu + ⌅ijkdidjuk ,

Wdisaster violates lepton and baryon number!

cubic scalar
After integrating out auxiliary fields,

Lµ,cubic = µ⇥
⇧
⌘u⇥RYu⌘uLH0⇥

d +
⌘d⇥RYd

⌘dLH0⇥
u + ⌘e⇥RYe⌘eLH0⇥

u

+⌘u⇥RYu
⌘dLH�⇥

d +
⌘d⇥RYd⌘uLH+⇥

u + ⌘e⇥RYe⌘�LH+⇥
u

⌃
+ h.c.

The quartic scalar interactions are obtained in a similar fashion.

other holomorphic renormalizable terms :

Wdisaster = �ijkQiLjdk + ⇥ijkLiLjek + ⇤iLiHu + ⌅ijkdidjuk ,

Wdisaster violates lepton and baryon number!

 105



Proton decay

More couplings?
- Gauge invariance and SUSY allows for more 

couplings. For example

Figure 6.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗R

p+

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
}
π0
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λ′′∗112 λ′112

assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.

54

Figure 6.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗R

p+

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
}
π0

u

u∗

e+

λ′′∗112 λ′112

assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.

54

Proton decay: 

These couplings must be extremely tiny!

Monday, August 6, 12

RPV couplings must be very small

More couplings?
- Gauge invariance and SUSY allows for more 

couplings. For example

Figure 6.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗R

p+

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
}
π0

u

u∗

e+

λ′′∗112 λ′112

assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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R-parity

- All superpartners are odd under R-parity. 

in eq. (6.1.1) are allowed. This discrete symmetry commutes with supersymmetry, as all members of
a given supermultiplet have the same matter parity. The advantage of matter parity is that it can
in principle be an exact and fundamental symmetry, which B and L themselves cannot, since they
are known to be violated by non-perturbative electroweak effects. So even with exact matter parity
conservation in the MSSM, one expects that baryon number and total lepton number violation can
occur in tiny amounts, due to non-renormalizable terms in the Lagrangian. However, the MSSM does
not have renormalizable interactions that violate B or L, with the standard assumption of matter parity
conservation.

It is often useful to recast matter parity in terms of R-parity, defined for each particle as

PR = (−1)3(B−L)+2s (6.2.5)

where s is the spin of the particle. Now, matter parity conservation and R-parity conservation are
precisely equivalent, since the product of (−1)2s for the particles involved in any interaction vertex in
a theory that conserves angular momentum is always equal to +1. However, particles within the same
supermultiplet do not have the same R-parity. In general, symmetries with the property that fields
within the same supermultiplet have different transformations are called R symmetries; they do not
commute with supersymmetry. Continuous U(1) R symmetries were described in section 4.11, and are
often encountered in the model-building literature; they should not be confused with R-parity, which is
a discrete Z2 symmetry. In fact, the matter parity version of R-parity makes clear that there is really
nothing intrinsically “R” about it; in other words it secretly does commute with supersymmetry, so its
name is somewhat suboptimal. Nevertheless, the R-parity assignment is very useful for phenomenology
because all of the Standard Model particles and the Higgs bosons have even R-parity (PR = +1), while
all of the squarks, sleptons, gauginos, and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables 1.1 and 1.2). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the PR = +1 particles. Furthermore, every interaction vertex
in the theory contains an even number of PR = −1 sparticles. This has three extremely important
phenomenological consequences:

• The lightest sparticle with PR = −1, called the “lightest supersymmetric particle” or LSP, must
be absolutely stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [71] for the non-baryonic dark matter that
seems to be required by cosmology.

• Each sparticle other than the LSP must eventually decay into a state that contains an odd number
of LSPs (usually just one).

• In collider experiments, sparticles can only be produced in even numbers (usually two-at-a-time).

We define the MSSM to conserve R-parity or equivalently matter parity. While this decision seems
to be well-motivated phenomenologically by proton decay constraints and the hope that the LSP will
provide a good dark matter candidate, it might appear somewhat artificial from a theoretical point of
view. After all, the MSSM would not suffer any internal inconsistency if we did not impose matter
parity conservation. Furthermore, it is fair to ask why matter parity should be exactly conserved,
given that the discrete symmetries in the Standard Model (ordinary parity P , charge conjugation C,
time reversal T , etc.) are all known to be inexact symmetries. Fortunately, it is sensible to formulate
matter parity as a discrete symmetry that is exactly conserved. In general, exactly conserved, or
“gauged” discrete symmetries [72] can exist provided that they satisfy certain anomaly cancellation
conditions [73] (much like continuous gauged symmetries). One particularly attractive way this could
occur is if B−L is a continuous gauge symmetry that is spontaneously broken at some very high energy
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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Figure 6.5: Squarks would mediate disas-
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teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u

u

d s̃∗R

p+

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
}
π0

u

u∗

e+

λ′′∗112 λ′112

assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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More couplings?
- Gauge invariance and SUSY allows for more 

couplings. For example
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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Neutral LSP a natural candidate for WIMP dark matter.

→ M ~ O(100 GeV)  
→ Weakly coupled.

Similar states in other new physics scenario. In SUSY, a 
consequence of forbidding proton decay.TeV dark matter: WIMP miracle.

• If dark matter is 

• Weakly interacting: 

• Weakscale:

• We get the right relic abundance of dark matter.

• A major hint of TeV scale new physics. 

• We can produce and study them at the LHC!

Stronger coupling, lower abundance.

DM

DM

SM

Rate in thermal eq.

Freeze out: dropping out of thermal eq.

Monday, August 6, 12
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Dark matter relic abundance

Dark Matter Relic Abundance
a stable weakly interacting dark matter particle X is held in equilibrium

by annihilations

XX � pipi

eventually the expansion of the Universe dilutes the particles so they are

too sparse to maintain equilibrium

equilibrium number density, neq, thermal average of the annihilation

cross section times the relative velocity ⌘↵v✓
ṅannihilations ⌃ ⌘↵v✓n2

eq

ṅexpansion ⌃ 3Hneq

when ṅannihilations ⌥ ṅexpansion dark matter ‘freezes out”

after freeze out, number of dark matter particles per comoving volume

N ⌅ n/T 3
remains constant

Dark matter particle X held in equilibrium

eventually the expansion of the Universe dilutes 
the particles so they are too sparse to maintain equilibrium

When 

Dark Matter Relic Abundance
a stable weakly interacting dark matter particle X is held in equilibrium

by annihilations

XX � pipi

eventually the expansion of the Universe dilutes the particles so they are

too sparse to maintain equilibrium

equilibrium number density, neq, thermal average of the annihilation

cross section times the relative velocity ⌘↵v✓
ṅannihilations ⌃ ⌘↵v✓n2

eq

ṅexpansion ⌃ 3Hneq

when ṅannihilations ⌥ ṅexpansion dark matter ‘freezes out”

after freeze out, number of dark matter particles per comoving volume

N ⌅ n/T 3
remains constantdark matter ‘freezes out’

I. NEUTRALINO DARK MATTER

It is possible that the lightest supersymmetric particle is a stable neutralino. It is natural

then to consider the possibility that neutralinos are the dark matter.

A. Freeze out and WIMPs

Dark matter may be produced in a simple and predictive manner as a thermal relic of

the Big Bang. The very early Universe is a very simple place – all particles are in thermal

equilibrium. As the universe cools and expands, however, interaction rates become too slow

to maintain this equilibrium, and so particles “freeze-out”. Unstable particles that freeze

out disappear from the universe. However, the number of stable particles asymptotically

approaches a non-vanishing constant, and this, their thermal relic density, survives to the

present day.

This process is described quantitatively by the Boltzmann equation

dn

dt
= −3Hn − ⟨σAv⟩(n2 − n2

eq), (1)

where n is the number density of the dark matter particles, H is the Hubble constant, ⟨σAv⟩

is the thermally averaged annihilation cross-section, and neq is the χ number density in

thermal equilibrium. On the right-hand side of Eq. (1), the first term accounts for dilution

from expansion. The n2 term arises from processes χχ → f f̄ that destroy χ particles, and

the n2
eq term arises from the reverse process f f̄ → χχ, which creates χ particles.

It is convenient to change variables from time to temperature,

t → x ≡ m/T, (2)

where m is the χ mass, and to replace the number density by the co-moving number density,

n → Y ≡ n/s, (3)

where s is the entropy density. The expansion of the universe has no effect on Y , because

s scales inversely with the volume of the universe when entropy is conserved. In terms of

these new variables, the Boltzmann equation is written as follows:

x

Yeq

dY

dx
= −

neq⟨σAv⟩
H

(

Y 2

Y 2
eq

− 1

)

. (4)

1
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SUSY dim.less couplings ⌥ no �2

divergences

SUSY must be broken in the real world, eg.

W = Ea�a

gives a scalar potential

V = W ⇥
a W a = EaE⇥

a  = 0

which breaks SUSY.

We want to break SUSY such that Higgs – top squark quartic coupling
⇧ = |yt|2. If not we reintroduce a �2 divergence in the Higgs mass:

�m2
h � (⇧� |yt|2)�2
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We know: conserved Susy does not lead to 
power-divergencies.

How to avoid re-introducing power-divergencies
when breaking susy?

Count powers in diagrams! 

If we only introduce dimensionful couplings 
 will lower the power of divergence.
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E⇥ective Theory

Grisaru, Girardello

We want an e�ective theory of broken SUSY with only soft breaking
terms (operators with dimension < 4). Girardello and Grisaru found:

Lsoft = � 1
2 (M⇧⇧a⇧a + h.c.)� (m2)i

j�
⇥j�i

�( 1
2bij�i�j + 1

6aijk�i�j�k + h.c.)
� 1

2cjk
i �i⇥�j�k + ei�i + h.c.

ei�i is only allowed if �i is a gauge singlet The cjk
i term may introduce

quadratic divergences if there is a gauge singlet multiplet in the model.
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E⇥ective Theory

Grisaru, Girardello

We want an e�ective theory of broken SUSY with only soft breaking
terms (operators with dimension < 4). Girardello and Grisaru found:

Lsoft = � 1
2 (M⇧⇧a⇧a + h.c.)� (m2)i

j�
⇥j�i

�( 1
2bij�i�j + 1

6aijk�i�j�k + h.c.)
� 1

2cjk
i �i⇥�j�k + ei�i + h.c.

ei�i is only allowed if �i is a gauge singlet The cjk
i term may introduce

quadratic divergences if there is a gauge singlet multiplet in the model.

means couplings are dimensionful!
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Figure 3: Scalar boson contribution to the Higgs mass term via the
trilinear coupling.
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= unbroken susy

mL 6= mR 6= mtop → susy broken softly 115



Soft SUSY Breaking
LMSSM

soft = � 1
2

⇧
M3

⌘G ⌘G + M2
✓W ✓W + M1

⌘B ⌘B
⌃

+ h.c.

�
⇧
⌘uAu

⌘QHu � ⌘dAd
⌘QHd � ⌘eAe

⌘LHd

⌃
+ h.c.

� ⌘Q⇥m2
Q

⌘Q� ⌘L⇥m2
L

⌘L� ⌘u⇥m2
u

⌘u� ⌘d
⇥
m2

d

⌘d� ⌘e⇥m2
e
⌘e

�m2
Hu

H⇥
uHu �m2

Hd
H⇥

dHd � (bHuHd + h.c.) .

to msoft ⌥ 1 TeV in order to solve the hierarchy problem by canceling

quadratic divergences:
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f , b ⌃ m2
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105 more parameters than the SM!

Soft terms
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105 more parameters than the SM!

Soft terms
gaugino masses

sfermion masses
EDM’s

with Higgs VEV, A-terms introduce o⌅-diagonal squark and slepton

mass mixing

gives rise to an electric dipole moment (EDM) the d quark, and neutron.
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observed size of CP violation in the KK leads to stringent bounds on

the phases of the squark mixing matrix

electric dipole moments flavor violation 116



Too many parameters?

• Unbroken susy is very predictive

• “Adjustable” soft parameters are only 
adjustable in the absence of a specified 
computable mechanism to break SUSY

• Most of the parameter range already 
excluded (indirect tests)
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Susy flavor problem
Soft breaking terms cannot be arbitrary.
Flavor constraints: generic choice of soft 
masses already excluded (or very heavy 
squarks)

A serious problem (SUSY flovar). 

- Too heavy to be a natural theory.

- For viable gravity mediation, addition flavor 
symmetry (alignment) is necessary. 
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Figure 6.7: Some of the diagrams that contribute to K0 ↔ K
0
mixing in models with strangeness-

violating soft supersymmetry breaking parameters (indicated by ×). These diagrams contribute to
constraints on the off-diagonal elements of (a) m2

d
, (b) the combination of m2

d
and m2

Q, and (c) ad.

There are also important experimental constraints on the squark squared-mass matrices. The

strongest of these come from the neutral kaon system. The effective Hamiltonian for K0 ↔ K
0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to ∆mK ≡ mKL − mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5× 10−12 MeV, ref. [93] obtains:

|Re[(m2
s̃∗Rd̃R

)2]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×

⎧
⎪⎪⎨

⎪⎪⎩

0.04 for mg̃ = 0.5mq̃,

0.10 for mg̃ = mq̃,

0.22 for mg̃ = 2mq̃.

(6.4.2)

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃∗Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃∗Rd̃R

is replaced by m2
s̃∗Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [93]:

|Re[m2
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]|1/2

m2
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<
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mq̃

1000 GeV

)
×

⎧
⎪⎪⎨

⎪⎪⎩

0.0016 for mg̃ = 0.5mq̃,

0.0020 for mg̃ = mq̃,

0.0026 for mg̃ = 2mq̃.

(6.4.3)

An off-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on ∆mK and ϵ and ϵ′/ϵ appearing in the neutral kaon effective Hamiltonian
severely restrict the amounts of d̃L,R, s̃L,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of ũ, c̃ mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

d̃, b̃ and s̃, b̃ squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare ∆F = 1 meson decays, notably those involving the parton-level processes b → sγ and b → sℓ+ℓ−

and c → uℓ+ℓ− and s → de+e− and s → dνν̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron
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Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of ũ, c̃ mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

d̃, b̃ and s̃, b̃ squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare ∆F = 1 meson decays, notably those involving the parton-level processes b → sγ and b → sℓ+ℓ−

and c → uℓ+ℓ− and s → de+e− and s → dνν̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron
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Figure 6.7: Some of the diagrams that contribute to K0 ↔ K
0
mixing in models with strangeness-

violating soft supersymmetry breaking parameters (indicated by ×). These diagrams contribute to
constraints on the off-diagonal elements of (a) m2

d
, (b) the combination of m2

d
and m2

Q, and (c) ad.

There are also important experimental constraints on the squark squared-mass matrices. The

strongest of these come from the neutral kaon system. The effective Hamiltonian for K0 ↔ K
0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to ∆mK ≡ mKL − mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5× 10−12 MeV, ref. [93] obtains:

|Re[(m2
s̃∗Rd̃R

)2]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×

⎧
⎪⎪⎨

⎪⎪⎩

0.04 for mg̃ = 0.5mq̃,

0.10 for mg̃ = mq̃,

0.22 for mg̃ = 2mq̃.

(6.4.2)

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃∗Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃∗Rd̃R

is replaced by m2
s̃∗Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [93]:

|Re[m2
s̃∗Rd̃R

m2
s̃∗Ld̃L

]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×

⎧
⎪⎪⎨

⎪⎪⎩

0.0016 for mg̃ = 0.5mq̃,

0.0020 for mg̃ = mq̃,

0.0026 for mg̃ = 2mq̃.

(6.4.3)

An off-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on ∆mK and ϵ and ϵ′/ϵ appearing in the neutral kaon effective Hamiltonian
severely restrict the amounts of d̃L,R, s̃L,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of ũ, c̃ mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

d̃, b̃ and s̃, b̃ squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare ∆F = 1 meson decays, notably those involving the parton-level processes b → sγ and b → sℓ+ℓ−

and c → uℓ+ℓ− and s → de+e− and s → dνν̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron
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SUSY breaking
Want to break SUSY softly:  Expand Higgs 
sector, super-symmetrize, and get simultaneous
EWSB and susy breaking?

• Any explicit SUSY model (as opposed to effective theories 
like the MSSM) has to posit an explicit mechanism for soft 
SUSY breaking.

• Since we want SUSY to be related to electroweak symmetry  
breaking, the obvious thing to do is to expand the SM 
Higgs sector, supersymmetrize, and try to get a 
simultaneous tree level spontaneous breaking of both 
SUSY and 

• Such models exist, but obey a deadly sum rule:

11

SU(2)L �U(1)Y

to familiarize the reader with certain theoretical frameworks and prototype models
which are often used in phenomenological analyses.

3.1 TeV scale supersymmetry breaking

The basic question to be addressed is how to understand the explicit soft su-
persymmetry breaking encoded in the Lsoft parameters as the result of spontaneous
supersymmetry breaking in a more fundamental theory. To predict the values of the
Lsoft parameters unambiguously within a more fundamental theory requires a knowl-
edge of the origin and dynamics of supersymmetry breaking. Despite significant effort
and many model-building attempts, the mechanism of spontaneous supersymmetry
breaking and how it might be implemented consistently within the underlying theory
is still largely unknown.

The most straightforward approach to a theory of Lsoft is to look at spontaneous
breaking of supersymmetry through the generation of TeV scale F and/or D term
VEVs in the MSSM, or simple extensions of the MSSM. Scenarios of TeV scale
supersymmetry breaking are also called “visible sector” supersymmetry breaking, for
reasons which will become apparent in the next subsection.

Remarkably, it is already known that any tree level approach to TeV scale spon-
taneous supersymmetry breaking necessarily leads to an experimentally excluded
pattern of bosonic and fermionic masses assuming the particle content of the MSSM.
Consider a supersymmetric theory with gauge-neutral matter fields Φi, for which the
scalar potential V ∝

∑
FiF ∗

i . The potential is positive definite and hence the abso-
lute minimum occurs when Fi = 0. The supersymmetric transformation rules imply
that this absolute minimum is also supersymmetry preserving.∗ It is possible though
to construct a scalar potential in such a way that the Fi’s can not be set to zero si-
multaneously. This can be achieved using a simple renormalizable Lagrangian as first
shown by O’Raifeartaigh [58]. The MSSM coupled directly to such an O’Raifeartaigh
sector will exhibit spontaneous supersymmetry breaking at tree level.

Unfortunately this does not lead to a phenomenologically viable pattern of
supersymmetry-breaking parameters. This can be seen from the following sum rule,
known as the supertrace relation, for particles of spin J [59, 17]

∑
m2

J=0 − 2
∑

m2
J= 1

2

+ 3
∑

m2
J=1 = 0, (3.1)

which is valid in the presence of tree level supersymmetry breaking. The vanishing
of this supertrace is fundamental to tree level soft supersymmetry breaking, as it is
simply the condition that one-loop quadratic divergences cancel.

∗To see this explicitly, consider the vacuum expectation value of the supersymmetric transforma-
tion rules of the fermions: ⟨δψ⟩ = ⟨i(σµϵ†)∂µφ+ ϵF ⟩. Lorentz invariance forbids a nonzero VEV for
the first term but allows a nonzero VEV for the F term. If ⟨F ⟩ ≠ 0, < δψ >≠ 0 and supersymmetry
is not preserved.
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No. Deadly sum rule:

Implies at least one super-partner is lighter than
its SM partner. E.g.

SUSY breaking and mediation

- Simplest setup does not work. 
Renormalizable coupling and at tree level
Sum rules like:                    , not acceptable!

- Non-renormalizable coupling: gravity, moduli 
mediation

- Loop: gauge mediation...

Mediation of supersymmetry breaking.

• Hidden sector + mediation paradigm. 

• Low energy spectrum is determined by the 
mediation mechanism. 

• Two qualitatively different  approaches:
– High scale mediation.  GUT scale, string scale, etc.

– Low scale mediation.   10-100 TeV.

(Hidden sector)
(Visible sector)

Supersymmetry
breaking origin

     MSSMFlavor-blind

interactions

Figure 7.2: The presumed schematic structure for supersymmetry breaking.

candidate gauge singlet whose F -term could develop a VEV. Therefore one must ask what effects are
responsible for spontaneous supersymmetry breaking, and how supersymmetry breakdown is “com-
municated” to the MSSM particles. It is very difficult to achieve the latter in a phenomenologically
viable way working only with renormalizable interactions at tree-level, even if the model is extended to
involve new supermultiplets including gauge singlets. First, on general grounds it would be problematic
to give masses to the MSSM gauginos, because the results of section 3 inform us that renormalizable
supersymmetry never has any (scalar)-(gaugino)-(gaugino) couplings that could turn into gaugino mass
terms when the scalar gets a VEV. Second, at least some of the MSSM squarks and sleptons would
have to be unacceptably light, and should have been discovered already. This can be understood from
the existence of sum rules that can be obtained in the same way as eq. (7.1.13) when the restrictions
imposed by flavor symmetries are taken into account. For example, in the limit in which lepton flavors
are conserved, the selectron mass eigenstates ẽ1 and ẽ2 could in general be mixtures of ẽL and ẽR.
But if they do not mix with other scalars, then part of the sum rule decouples from the rest, and one
obtains:

m2
ẽ1 +m2

ẽ2 = 2m2
e, (7.4.1)

which is of course ruled out by experiment. Similar sum rules follow for each of the fermions of the
Standard Model, at tree-level and in the limits in which the corresponding flavors are conserved. In
principle, the sum rules can be evaded by introducing flavor-violating mixings, but it is very difficult to
see how to make a viable model in this way. Even ignoring these problems, there is no obvious reason
why the resulting MSSM soft supersymmetry-breaking terms in this type of model should satisfy
flavor-blindness conditions like eqs. (6.4.4) or (6.4.5).

For these reasons, we expect that the MSSM soft terms arise indirectly or radiatively, rather than
from tree-level renormalizable couplings to the supersymmetry-breaking order parameters. Supersym-
metry breaking evidently occurs in a “hidden sector” of particles that have no (or only very small)
direct couplings to the “visible sector” chiral supermultiplets of the MSSM. However, the two sectors
do share some interactions that are responsible for mediating supersymmetry breaking from the hidden
sector to the visible sector, resulting in the MSSM soft terms. (See Figure 7.2.) In this scenario, the
tree-level squared mass sum rules need not hold, even approximately, for the physical masses of the
visible sector fields, so that a phenomenologically viable superpartner mass spectrum is, in principle,
achievable. As a bonus, if the mediating interactions are flavor-blind, then the soft terms appearing in
the MSSM will automatically obey conditions like eqs. (6.4.4), (6.4.5) and (6.4.6).

There have been two main competing proposals for what the mediating interactions might be.
The first (and historically the more popular) is that they are gravitational. More precisely, they are
associated with the new physics, including gravity, that enters near the Planck scale. In this “gravity-
mediated”, or Planck-scale-mediated supersymmetry breaking (PMSB) scenario, if supersymmetry is
broken in the hidden sector by a VEV ⟨F ⟩, then the soft terms in the visible sector should be roughly

msoft ∼ ⟨F ⟩/MP, (7.4.2)

by dimensional analysis. This is because we know that msoft must vanish in the limit ⟨F ⟩ → 0 where
supersymmetry is unbroken, and also in the limit MP → ∞ (corresponding to GNewton → 0) in which
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Susy breaking
Need ‘hidden sector breaking’ and a messenger
mediating susy-breaking to the MSSM 

MSSM

messenger

SUSY

Messenger couplings either loop suppressed or higher 
dimensional operators, to escape the sum rule problem

hidden sector
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Susy breaking paradigm

Susy
breaking
sector

Messengers

MSSM
p
F

M

gauge mediation 
‘gravity mediation’
anomaly mediation ...

with R-parity 
without R-parity
NMSSM ...

production

cascade

NLSP

G̃

SM partner

cascade

NLSP

G̃

SM partner

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

The box diagram is:

16

�
d4⇤

(2⇥)4
�1 · ⇤ �2 · (⇤+ k1) �3 · (⇤� k4) �4 · ⇤

(⇤2 �m2)((⇤+ k1)2 �m2)((⇤+ k1 + k2)2 �m2)((⇤� k4)2 �m2)
. (2)

Consider the m ⇥ ⇤ limit, in which we can expand the denominators, e.g.:

1

(⇤+ k1)2 �m2
=

1

⇤2 �m2
� 2⇤ · k1

(⇤2 �m2)2
+ · · · (3)

The leading term by ⇤,m power counting has ⇤µ⇤⇥⇤⇤⇤⌅ in the numerator and (⇤2 �m2)4 in the denominator,
leading to terms proportional to (�i · �j)(�k · �l) = 0 after integrating. (Here we have 4 ⇤’s and a d4⇤ in the
numerator, and (⇤2 �m2)4 in the denominator, so the overall dimension is 8-8 = 0. Thus, it’s clear at this
point that the whole integral goes to zero as m ⇥ ⇤.) At subleading orders, we can use the (�2 · k1)(�3 · k4)

2

GMSB Phenomenology

• In gauge mediation, the NLSP type largely determines the inclusive 
collider signatures.

All SUSY cascade decays 
pass through the NLSP.

 121



2

SSM SUSY
GSM ⇥ SU(3)F

FIG. 1: A depiction of flavor mediation where SUSY breaking is communicated to the SSM by both SM and flavor gauge
groups. SUSY breaking in a hidden sector is communicated by messenger superfields at one loop to the GSM ⇥ SU(3)F ⌘
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ SU(3)F gauge superfields, and at two loops to the SSM chiral superfields charged under these
symmetries. This generates standard gauge-mediated soft masses for the SM gauginos and approximately diagonal soft masses
for all SSM scalars. Sfermions of the first two generations obtain large, degenerate soft masses from flavor mediation with
small, generation-independent splittings due to gauge mediation from the SM gauge groups. Third-generation sfermions obtain
comparable soft mass contributions from all gauge groups.

symmetry, of which the SU(2) subgroup is gauged, which shields first-two-generation scalars from the hierarchy in
first-two-generation Yukawas. In this way, flavor mediation can deliver all the desired features of natural SUSY.

A complete model of flavor mediation is shown in Fig. 1, where both the flavor gauge group and SM gauge groups
participate in (Higgsed) gauge mediation to the supersymmetric standard model (SSM). Since the SM Higgs multiplets
do not carry flavor quantum numbers, they are naturally lighter than the flavored sfermions, as needed to minimize
fine-tuning. Since SM gauginos only get their masses from SM gauge mediation, they are also typically light. After
accounting for renormalization group (RG) e↵ects, the gluinos end up being a bit heavier than the third-generation
squarks, perfect for a natural SUSY spectrum.

The uniqueness of the anomaly-free SU(3)F leads to a number of interesting predictions. First, because the flavor
gauge group is broken by SM Yukawa matrices, the hierarchy between the third-generation squarks and the first- and
second-generation squarks cannot be made arbitrarily large. Thus, a discovery of light stops and sbottoms would yield
an upper bound for the masses of the remaining squarks. Second, in order for SU(3)F to be anomaly-free, both leptons
and quarks must be charged under the flavor symmetry, so one expects light staus and third-generation sneutrinos to
be accessible at LHC energies. Third, while generic natural SUSY models do not require a right-handed sbottom in
the spectrum, flavor mediation treats right-handed stops and sbottoms democratically, with the only splitting arising
from SM gauge mediation and RG e↵ects. Finally, flavor mediation preserves many of the desired features of SUSY
grand unified theories (GUTs). Since the anomaly-free SU(3)F does not require any new SM-charged chiral matter
and treats all matter multiplets equally, SUSY gauge coupling unification is preserved. Assuming gauge mediation is
the dominant source for gaugino masses, then SM gaugino masses also unify.

The outline for the remainder of this paper is as follows. In Sec. II, we introduce the anomaly-free SU(3)F flavor
gauge group and describe how it is broken. In Sec. III, we describe the physics of flavor mediation, and how the
massive flavor gauge bosons contribute to the sfermion spectra via Higgsed gauge mediation. We outline a complete
model in Sec. IV, detailing the generation of gaugino masses in Sec. IVA, the Higgs sector in Sec. IVB, and typical
sparticle spectra in Sec. IVC. We verify in Sec. V that flavor bounds are satisfied in this model. We sketch the key
predictions of our model in Sec. VI and conclude in Sec. VII.

II. THE GAUGED FLAVOR SYMMETRY

A. Motivating SU(3)F

A wide range of flavor symmetries have been proposed to explain some or all features of the quark and lepton mass
matrices and mixings. As our goal is to link SM flavor structures with a natural SUSY soft mass spectrum, we must
employ some additional guiding (or at least simplifying) principles to select a preferred gauged flavor symmetry.

First, the flavor symmetry should act equally on all three generations. There are SUSY models employing additional
gauged U(1), SU(2), or U(2) flavor symmetries that can achieve a natural SUSY spectrum [5, 6, 8, 10, 11, 13, 14, 26].
However, it is somewhat ad hoc to treat the first two generations separately from the third without some underlying
reason. By treating all generations on an equal footing, one can more easily obtain the SM mass and mixing structure.

Second, the flavor symmetry should act equally on lepton and quark multiplets in order to allow for a GUT
structure in the ultraviolet (UV). This is further motivation to treat all three generations equally, since U(1), SU(2),

Gauge Mediation

GSM = SU(3)⇥ SU(2)⇥ U(1)

GSM

see e.g. Giudice/Rattazzi review

Degenerate quarks at the messenger
scale, no flavor problem. 
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Gauge mediation (loop induced)

Figure 7.4: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.

B̃, W̃ , g̃

⟨FS⟩

⟨S⟩

with squared mass eigenvalues |y2⟨S⟩|2 ± |y2⟨FS⟩|. In just the same way, the scalars q, q get squared
masses |y3⟨S⟩|2 ± |y3⟨FS⟩|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

ℓ, ℓ : m2
fermions = |y2⟨S⟩|2 , m2

scalars = |y2⟨S⟩|2 ± |y2⟨FS⟩| , (7.7.10)

q, q : m2
fermions = |y3⟨S⟩|2 , m2

scalars = |y3⟨S⟩|2 ± |y3⟨FS⟩| . (7.7.11)

The supersymmetry violation apparent in this messenger spectrum for ⟨FS⟩ ≠ 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 7.4. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 7.4 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and ℓ, ℓ messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [162] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (7.7.12)

in the normalization for αa discussed in section 6.4, where we have introduced a mass parameter

Λ ≡ ⟨FS⟩/⟨S⟩ . (7.7.13)

(Note that if ⟨FS⟩ were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (7.7.12) holds for the running gaugino masses at an
RG scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly
of order Mmess ∼ yI⟨S⟩ for I = 2, 3. The running mass parameters can then be RG-evolved down to
the electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 7.5, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(
α2

4π

)2

C2(i) +
(
α1

4π

)2

C1(i)

]

, (7.7.14)

with the quadratic Casimir invariants Ca(i) as in eqs. (6.5.5)-(6.5.8). The squared masses in eq. (7.7.14)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (7.7.15)
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S: messengers which feels SUSY breaking, with SM gauge couplings.
FS≈(ΛS = SUSY breaking scale)2 ⇒ SUSY breaking order parameter.

Ma =
↵a

4⇡
MS , MS =

hFSi
hSi

Figure 7.5: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

a significantly stronger condition than eq. (6.4.5). Again, eqs. (7.7.14) and (7.7.15) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 6.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (6.1.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 8.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (7.7.12) and (7.7.14) correspond to the estimate eq. (7.4.3) for
msoft, with Mmess ∼ yI⟨S⟩. Equations (7.7.12) and (7.7.14) hold in the limit of small ⟨FS⟩/yI⟨S⟩2,
corresponding to mass splittings within each messenger supermultiplet that are small compared to the
overall messenger mass scale. The sub-leading corrections in an expansion in ⟨FS⟩/yI⟨S⟩2 turn out
[163]-[165] to be quite small unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
and ℓ, ℓ are replaced by a collection of messengers ΦI ,ΦI with a superpotential

Wmess =
∑

I

yISΦIΦI . (7.7.16)

The bar is used to indicate that the left-handed chiral superfields ΦI transform as the complex conjugate
representations of the left-handed chiral superfields ΦI . Together they are said to form a “vector-like”
(real) representation of the Standard Model gauge group. As before, the fermionic components of each
pair ΦI and ΦI pair up to get squared masses |yI⟨S⟩|2 and their scalar partners mix to get squared
masses |yI⟨S⟩|2 ± |yI⟨FS⟩|. The MSSM gaugino mass parameters induced are now

Ma =
αa

4π
Λ
∑

I

na(I) (a = 1, 2, 3) (7.7.17)

where na(I) is the Dynkin index for each ΦI+ΦI , in a normalization where n3 = 1 for a 3+3 of SU(3)C
and n2 = 1 for a pair of doublets of SU(2)L. For U(1)Y , one has n1 = 6Y 2/5 for each messenger pair
with weak hypercharges ±Y . In computing n1 one must remember to add up the contributions for each
component of an SU(3)C or SU(2)L multiplet. So, for example, (n1, n2, n3) = (2/5, 0, 1) for q + q and
(n1, n2, n3) = (3/5, 1, 0) for ℓ + ℓ. Thus the total is

∑
I(n1, n2, n3) = (1, 1, 1) for the minimal model,
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Gauge mediation (loop induced)

Figure 7.4: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.

B̃, W̃ , g̃

⟨FS⟩

⟨S⟩

with squared mass eigenvalues |y2⟨S⟩|2 ± |y2⟨FS⟩|. In just the same way, the scalars q, q get squared
masses |y3⟨S⟩|2 ± |y3⟨FS⟩|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

ℓ, ℓ : m2
fermions = |y2⟨S⟩|2 , m2

scalars = |y2⟨S⟩|2 ± |y2⟨FS⟩| , (7.7.10)

q, q : m2
fermions = |y3⟨S⟩|2 , m2

scalars = |y3⟨S⟩|2 ± |y3⟨FS⟩| . (7.7.11)

The supersymmetry violation apparent in this messenger spectrum for ⟨FS⟩ ≠ 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 7.4. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 7.4 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and ℓ, ℓ messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [162] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (7.7.12)

in the normalization for αa discussed in section 6.4, where we have introduced a mass parameter

Λ ≡ ⟨FS⟩/⟨S⟩ . (7.7.13)

(Note that if ⟨FS⟩ were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (7.7.12) holds for the running gaugino masses at an
RG scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly
of order Mmess ∼ yI⟨S⟩ for I = 2, 3. The running mass parameters can then be RG-evolved down to
the electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 7.5, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(
α2

4π

)2

C2(i) +
(
α1

4π

)2

C1(i)

]

, (7.7.14)

with the quadratic Casimir invariants Ca(i) as in eqs. (6.5.5)-(6.5.8). The squared masses in eq. (7.7.14)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (7.7.15)
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Figure 7.5: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

a significantly stronger condition than eq. (6.4.5). Again, eqs. (7.7.14) and (7.7.15) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 6.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (6.1.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 8.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (7.7.12) and (7.7.14) correspond to the estimate eq. (7.4.3) for
msoft, with Mmess ∼ yI⟨S⟩. Equations (7.7.12) and (7.7.14) hold in the limit of small ⟨FS⟩/yI⟨S⟩2,
corresponding to mass splittings within each messenger supermultiplet that are small compared to the
overall messenger mass scale. The sub-leading corrections in an expansion in ⟨FS⟩/yI⟨S⟩2 turn out
[163]-[165] to be quite small unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
and ℓ, ℓ are replaced by a collection of messengers ΦI ,ΦI with a superpotential

Wmess =
∑

I

yISΦIΦI . (7.7.16)

The bar is used to indicate that the left-handed chiral superfields ΦI transform as the complex conjugate
representations of the left-handed chiral superfields ΦI . Together they are said to form a “vector-like”
(real) representation of the Standard Model gauge group. As before, the fermionic components of each
pair ΦI and ΦI pair up to get squared masses |yI⟨S⟩|2 and their scalar partners mix to get squared
masses |yI⟨S⟩|2 ± |yI⟨FS⟩|. The MSSM gaugino mass parameters induced are now

Ma =
αa

4π
Λ
∑

I

na(I) (a = 1, 2, 3) (7.7.17)

where na(I) is the Dynkin index for each ΦI+ΦI , in a normalization where n3 = 1 for a 3+3 of SU(3)C
and n2 = 1 for a pair of doublets of SU(2)L. For U(1)Y , one has n1 = 6Y 2/5 for each messenger pair
with weak hypercharges ±Y . In computing n1 one must remember to add up the contributions for each
component of an SU(3)C or SU(2)L multiplet. So, for example, (n1, n2, n3) = (2/5, 0, 1) for q + q and
(n1, n2, n3) = (3/5, 1, 0) for ℓ + ℓ. Thus the total is

∑
I(n1, n2, n3) = (1, 1, 1) for the minimal model,
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Figure 7.4: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.
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⟨S⟩

with squared mass eigenvalues |y2⟨S⟩|2 ± |y2⟨FS⟩|. In just the same way, the scalars q, q get squared
masses |y3⟨S⟩|2 ± |y3⟨FS⟩|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

ℓ, ℓ : m2
fermions = |y2⟨S⟩|2 , m2

scalars = |y2⟨S⟩|2 ± |y2⟨FS⟩| , (7.7.10)

q, q : m2
fermions = |y3⟨S⟩|2 , m2

scalars = |y3⟨S⟩|2 ± |y3⟨FS⟩| . (7.7.11)

The supersymmetry violation apparent in this messenger spectrum for ⟨FS⟩ ≠ 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 7.4. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 7.4 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and ℓ, ℓ messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [162] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (7.7.12)

in the normalization for αa discussed in section 6.4, where we have introduced a mass parameter

Λ ≡ ⟨FS⟩/⟨S⟩ . (7.7.13)

(Note that if ⟨FS⟩ were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (7.7.12) holds for the running gaugino masses at an
RG scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly
of order Mmess ∼ yI⟨S⟩ for I = 2, 3. The running mass parameters can then be RG-evolved down to
the electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 7.5, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(
α2

4π

)2

C2(i) +
(
α1

4π

)2

C1(i)

]

, (7.7.14)

with the quadratic Casimir invariants Ca(i) as in eqs. (6.5.5)-(6.5.8). The squared masses in eq. (7.7.14)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (7.7.15)
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Figure 7.5: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

a significantly stronger condition than eq. (6.4.5). Again, eqs. (7.7.14) and (7.7.15) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 6.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (6.1.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 8.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (7.7.12) and (7.7.14) correspond to the estimate eq. (7.4.3) for
msoft, with Mmess ∼ yI⟨S⟩. Equations (7.7.12) and (7.7.14) hold in the limit of small ⟨FS⟩/yI⟨S⟩2,
corresponding to mass splittings within each messenger supermultiplet that are small compared to the
overall messenger mass scale. The sub-leading corrections in an expansion in ⟨FS⟩/yI⟨S⟩2 turn out
[163]-[165] to be quite small unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
and ℓ, ℓ are replaced by a collection of messengers ΦI ,ΦI with a superpotential

Wmess =
∑

I

yISΦIΦI . (7.7.16)

The bar is used to indicate that the left-handed chiral superfields ΦI transform as the complex conjugate
representations of the left-handed chiral superfields ΦI . Together they are said to form a “vector-like”
(real) representation of the Standard Model gauge group. As before, the fermionic components of each
pair ΦI and ΦI pair up to get squared masses |yI⟨S⟩|2 and their scalar partners mix to get squared
masses |yI⟨S⟩|2 ± |yI⟨FS⟩|. The MSSM gaugino mass parameters induced are now

Ma =
αa

4π
Λ
∑

I

na(I) (a = 1, 2, 3) (7.7.17)

where na(I) is the Dynkin index for each ΦI+ΦI , in a normalization where n3 = 1 for a 3+3 of SU(3)C
and n2 = 1 for a pair of doublets of SU(2)L. For U(1)Y , one has n1 = 6Y 2/5 for each messenger pair
with weak hypercharges ±Y . In computing n1 one must remember to add up the contributions for each
component of an SU(3)C or SU(2)L multiplet. So, for example, (n1, n2, n3) = (2/5, 0, 1) for q + q and
(n1, n2, n3) = (3/5, 1, 0) for ℓ + ℓ. Thus the total is

∑
I(n1, n2, n3) = (1, 1, 1) for the minimal model,
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Gravitino
• SUSY spontaneously broken: goldstino

• Fermionic component of super-field w/ vev

• Becomes longitudinal component of 
gravitino (spin 3/2)

• If <F> << Mpl (e.g gauge med., gravitino LSP): 
gravitino LSP & NLSP can be long lived

In the Planck scale mediated supersymmetry breaking case, the gravitino mass is com-

parable to the masses of the MSSM sparticles. Therefore m3/2 is expected to be at least

of order 100 GeV or so. Its interactions will be of gravitational strength, so the gravitino

will not play any role in collider physics, but it can be important in cosmology. If it is

the LSP, then it is stable and its primordial density could easily exceed the critical density,

causing the universe to become matter-dominated too early. Even if it is not the LSP, the

gravitino can cause problems unless its density is diluted by inflation at late times, or it

decays sufficiently rapidly.

In contrast, GMSB models predict that the gravitino is mush lighter than the MSSM

sparticles as long as Mmess ≪ MP . The gravitino is (almost certainly) the LSP, and all the

MSSM sparticles will eventually decay into final states that include it. Naively, one might

expect that these decays are extremely slow. This, however, is not necessarily true, because

the gravitino inherits the non-gravitational interactions of the goldstino it has absorbed.

This means that the gravitino or, more precisely, its longitudinal (goldstino) components

can play an important role in collider experiments. The mass of the gravitino can be ignored

for kinematical purposes, as can its transverse (helicity ±3/2) components, which really do

have only gravitational interactions. Therefore, in collider phenomenology discussions, one

may interchangeably use the same symbol G̃ for the goldstino and for the gravitino of which

it is the longitudinal (helicity ±1/2) part. By using the effective Lagrangian of Eq. (13),

one can compute that the decay rate of any sparticle X̃ into its standard model partner X

plus a goldstino/gravitino G̃ is

Γ(X̃ → XG̃) =
m5

X̃

16π⟨F ⟩2

(

1 −
m2

X

m2
X̃

)4

. (17)

One factor of (1−m2
X/m2

X̃
)2 comes from the derivatives in the interaction term in Eq. (13)

evaluated for on-shell final states, and another such factor from the kinematic phase space

integral with m3/2 ≪ mX̃ , mX .

If the supermultiplet containing the goldstino and ⟨F ⟩ has canonically normalized kinetic

terms, and the tree level vacuum energy is required to vanish, then the estimate of Eq. (16)

is sharpened to

m3/2 = ⟨F ⟩/(
√

3MP ). (18)

7

sparticle particle gravitino
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Gauge mediation
GMSB Phenomenology

• Gravitino LSP is a universal prediction of gauge mediation 
models:

• Lightest MSSM sparticle becomes the next-to-lightest 
superpartner (NLSP).  

m3/2 =
Fp
3Mpl

(⇠ eV �GeV)

..
.{MSSM

gravitino LSP

NLSP
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Two views of the 
SUSY-breaking Scale

Anomaly 
mediation

Gravity 
mediation

Gauge 
mediation

104 GeV
p

F

Promptly-decaying Displaced-decaying Collider-stable Stable

It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 

1010 GeV 1012 GeV
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RGE evolution
RG evolution

- RGE evolution down ⇒ physical masses we 
measure.

- Colored particles “run”s more. 
Large,  O(several), corrections.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary
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Higgs potential
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Neutral Higgs potential

quartic fixed by gauge interactions!

short digression → 
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Super YM

 130



Super YM
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Super YM
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Neutral Higgs potential

quartic fixed by gauge interactions!
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Higgs spectrum

Electroweak symmetry breaking
SU(2)L gauge transformation can set ⌘H+

u ✓ = 0. If we look for a

stable minimum along the charged directions we find

�V
�H+

u
|⌃H+

u ⌥=0 = bH�
d +

g2

2 H0⇥
d H�

d H0⇥
u

will not vanish for nonzero H�
d for generic values of the parameters.

V (H0
u, H0

d) = (|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 � (b H0
uH0

d + h.c.)
+

1
8 (g2

+ g⌅2)(|H0
u|2 � |H0

d |2)2.

origin is not a stable minimum requires:

b2 > (|µ|2 + m2
Hu

)(|µ|2 + m2
Hd

).

stabilizing D-flat direction H0
u = H0

d where the b term is arbitrarily

negative requires

2b < 2|µ|2 + m2
Hu

+ m2
Hd

.

MSSM HIGGS MASS

• Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

• Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

• Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound
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Higgs spectrum

Electroweak symmetry breaking
SU(2)L gauge transformation can set ⌘H+

u ✓ = 0. If we look for a

stable minimum along the charged directions we find
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MSSM HIGGS MASS

• Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

• Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

• Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound
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MSSM HIGGS MASS

• Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

• Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

• Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound
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125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.

Many options to fit it, but most feel a little contrived.

MSSM:

Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking

Patrick Draper1, Patrick Meade2, Matthew Reece3, and David Shih4
1SCIPP, University of California, Santa Cruz, CA 95064

2CNYITP, Stony Brook University, Stony Brook NY 11794
3Department of Physics, Harvard University, Cambridge, MA 02138

4NHETC, Rutgers University, Piscataway, NJ 08854
(Dated: January 24, 2012)

Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H
0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

∆(m2
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This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the

t t̃
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Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

Haber, Hempfling ’91

more: Haber, Hempfling, Hoang, Ellis, Ridolfi, Zwirner, Casas, Espinosa, Quiros, Riotto, 
Carena, Wagner, Degrassi, Heinemeyer, Hollik, Slavich, Weiglein

Susy and the 125 GeV 
Higgs

0 50 100 150 200 250 300
Hu  [GeV]

0

20

40

60

H
d  [

G
eV

]

Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0
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0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):
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This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the
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Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
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�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

Haber, Hempfling ’91

more: Haber, Hempfling, Hoang, Ellis, Ridolfi, Zwirner, Casas, Espinosa, Quiros, Riotto, 
Carena, Wagner, Degrassi, Heinemeyer, Hollik, Slavich, Weiglein

0 50 100 150 200 250 300
Hu  [GeV]

0

20

40

60

H
d  [

G
eV

]

Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0
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the orthogonal steeper direction corresponds to the mass eigenstate H0.
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t

+
h0

t̃

+ h0
t̃

Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

∆(m2
h0) =

3

4π2
cos2α y2tm

2
t ln

(
mt̃1

mt̃2
/m2

t

)
. (8.1.24)

This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the

t t̃
t̃

t̃

Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.

Many options to fit it, but most feel a little contrived.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
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Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
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coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
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. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, mt̃1
, with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass
for mt̃1

in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark
mixing and do not yield a 124 GeV Higgs mass for mt̃1

below 3 TeV. Here we have taken
tan � = 20. The shaded regions highlight the di↵erence between the Suspect and FeynHiggs
results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m
2
h
= M

2
Z
cos2 2� + �

2
v
2 sin2 2� + �

2
t
, (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 . � . .7, near the

boundary of perturbativity at the GUT scale.
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The Higgs sector of the MSSM depends, at tree-level, on the ratio of the vevs, tan �, and on

the pseudoscalar mass mA, which determines the mixing between the two CP even scalars. In

this section, we focus on the decoupling limit, mA � mZ , where the lightest CP even Higgs is

SM-like in its coupling and has the largest possible tree-level mass (away from the decoupling

limit, mixing drives the lightest mass eigenstate lighter). In the decoupling limit, the tree-

level Higgs mass is given by mZ cos 2� and is maximized at high tan �, but is always far below

125 GeV.

At the one-loop level, stops contribute to the Higgs mass and three more parameters become

important, the stop soft masses, mQ3 and mu3 , and the stop mixing parameter Xt = At�µ cot �.

The dominant one-loop contribution to the Higgs mass depends on the geometric mean of the

stop masses, m2
t̃
= mQ3mu3 , and is given by,

m
2
h
⇡ m

2
Z
cos2 2� +
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12m2
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. (4)

The Higgs mass is sensitive to the degree of stop mixing through the second term in the brackets,

and is maximized for |Xt| = X
max
t

=
p
6mt̃, which is referred to as “maximal mixing.” The Higgs

mass depends logarithmically on the stop masses, which means, of course, that the necessary

stop mass depends exponentially on the Higgs mass. Therefore, an accurate loop calculation is

essential in order to determine which stop mass corresponds to a 125 GeV Higgs.

We use the Suspect [10] and FeynHiggs [11] packages to calculate the Higgs mass, which

include the full one-loop and leading two-loop contributions. In Figure 4 we give the mh = 124

and 126 GeV contours in the (Xt,mt̃) plane, with Suspect shown in red and FeynHiggs shown

in blue. For both curves, the axes are consistently defined in the DR renormalization scheme.

The left and right-handed top squark mass parameters are taken equal, mQ3 = mu3 , since the

Higgs mass depends only mildly on the ratio. As we shall show, this choice results in the lowest

fine-tuning for a given mt̃, since the stop contribution to fine-tuning is dominated by the largest

soft mass. The loop contribution depends slightly on the choice of some of the other SUSY

parameters: we have fixed all gaugino masses to 1 TeV, the Higgsino mass to µ = 200 GeV, and

mA = 1 TeV. We find that the Suspect and FeynHiggs results have considerable di↵erences. The

two programs use di↵erent renormalization prescriptions, and we take the di↵erence between the

two programs as a rough estimate of the theoretical uncertainty in the Higgs mass calculation.

For an earlier comparison, see [23]. The uncertainty should be reduced if one takes into account

the results of recent three-loop calculations [24], although this is beyond the scope of our work.

For a detailed discussion of the two-loop calculations, see for example [25]. Fortunately, the two

programs agree to within a factor of two on the necessary stop mass in the maximal mixing

regime: mt̃ = 500� 1000 GeV for Xt ⇠
p
6mt̃ and mt̃ ⇠ 800� 1800 GeV for Xt ⇠ �

p
6mt̃, for

a Higgs mass in the 124–126 GeV range.
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L � AtQūHu + c.c.

+

Q ū
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A terms in gauge mediation?
A-terms in GGM

• With gauge interactions alone,  A terms are not generated at all 
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Direct Searches for 
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The Hard Facts

Pre LEP Post LHC7
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The Hard Facts

Pre LEP Post LHC7

The connection with the hierarchy problem is diminished 

Should have had an 
LHC during the LEP
days.
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Comment on ‘beauty’
• We adapt our notation to make established physics 

as simple as possible, the SM is economical but 
not minimal
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Natural EWSB & MSSM
Fine-tuning of (Higgs mass)2
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Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m
2
H

|H|
2 + �|H|

4 (1)

where m
2
H

will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m
2
H

to the Higgs mass naturally should be of the order or less than m
2
H

itself. Therefore �m
2
H

/m
2
H

should not be large. By using m
2
h

= �2m2
H

one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘
2�m2

H

m
2
h

(2)

where m
2
h

is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m
2
H

will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <
⇠ 190 GeV

✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m
2
H

proportional to the top Yukawa coupling read

�m
2
H

|stop = �
3

8⇡2
y
2
t

⇣
m

2
U3

+ m
2
Q3

+ |At|
2
⌘

log
✓

⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m
2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m

2
t̃1

+ m
2
t̃2

<
⇠ 600 GeV

sin �

(1 + x
2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/

q
m

2
t̃1

+ m
2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m
2
H

|gluino = �
2

⇡2
y
2
t

✓
↵s

⇡

◆
|M3|

2 log2
✓

⇤

TeV

◆
(6)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<
⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <
⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i
) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.

6

1loop

2loop

stops, sbottomL

gluino

Higgsinos
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H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

Reason for some optimism: 
natural susy

tree

1loop

2loop

Scale

⇡ 250GeV

⇡ 500GeV

⇡ 1000GeV

�m2
H

<<multi TeV
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Stop searches

?
?

Hiding here? or here?
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The other symmetric approach 
 

Composite/Goldstone Higgs 
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Supersymmetry is a weakly coupled solution
to the hierarchy problem. We can extrapolate
physics to the Planck scale, complete 
the MSSM into a GUT.

There is another way. Nature already employs a 

strongly coupled mechanism to explain:

⇤QCD ⌧ MPlanck

⇠ 1GeV 1019 GeV
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Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

QCD

Asymptotic
freedom

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

Fix QCD coupling at some high scale
→ exponential hierarchy generated dynamically 
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QCD: composite bound states

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

quarks, gluons

composite resonances
⇢,K, a1, . . .

At strong coupling, new resonances are generated
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QCD: composite bound states

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

quarks, gluons

composite resonances
⇢,K, a1, . . .

At strong coupling, new resonances are generated

gap!
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QCD vs. EWSB
QCD dynamically breaks SM gauge symmetryQCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

SU(2)L ⇥ SU(2)R ! SU(2)V
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QCD vs. EWSB
QCD dynamically breaks SM gauge symmetryQCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

The QCD masses of W/Z are small

QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

Longitudinal components of  W & Z have tiny 
admixture of pions… 

SU(2)L ⇥ SU(2)R ! SU(2)V
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Technicolor

Scaled up version of QCD mechanism

How about another QCD?
- Another strong interaction, and a new set of 

quarks, q’.

- The new strong interaction becomes strong 
around TeV scale. 

Just like QCD, it would have a phase transition 
breaking electroweak symmetry. 

hq̄0Lq0Ri ⇠ ⇤3
TC, ⇤TC ⇠ TeV.

Technicolor,  and its recent incarnations: Higgsless models
Very natural, reasonable idea. 

Thursday, August 9, 12

Technicolor, doesn’t have a Higgs …
(or if there is one, it would look

very different from the SM) 

* the Higgs as the dilaton
as the last bastion … 

*
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Composite Higgs

• Want to copy QCD, but extend pion 
sector (QCD:           )  

• Higgs as a (pseudo) Goldstone boson

⇡0,⇡±

 161
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New particles

m2
h ⇠ 3y2t

4⇡2
m̃2 log(⇤2/m̃2)

Continuous symmetries commuting w/ SM → 
partner states w/ SM quantum numbers

Contribute to the Higgs mass:

�! �+ ✏ 
� ! (1 + i↵T )�

Supersymmetry Global symmetry

 !  + cµ@µ�

Opposite-statistics partner 
for every SM particle

Same-statistics partner 
for every SM particle

adapted from N. Craig

Goal



Need to learn about 
goldstone bosons… 
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Quantum Protection
Symmetries can soften quantum behaviour

breaks susy →  corrections must be
proportional to susy breaking
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry
Higgs mass term can be forbidden

� ! ei↵�
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry
Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry
Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 

works!� ! �+ ↵
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry
Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 

works!� ! �+ ↵

Can we make the Higgs transform this way?
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Spontaneous breaking of U(1)

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

� = �1 + i�2

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

Instead using complex field
L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

‘phase’ ‘modulos’
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Spontaneous breaking of U(1)

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

� = �1 + i�2

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

use real parametrisation  

�(x) =
1

2
ei⇡(x)/f (f + �(x))

Instead using complex field
L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

‘phase’ ‘modulos’
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

use
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

use

 167



�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

V (|�(x)|2)

use
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

V (|�(x)|2)

use

V (|�(x)|2) = V (�(x))

no dependence on ⇡(x)
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

V (|�(x)|2)

use

V (|�(x)|2) = V (�(x))

no dependence on ⇡(x)

no mass term
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⇡(x) ! ⇡(x) + ↵

1

2
(1 + �(x)/f)2

1

2
@µ⇡@µ⇡ +

1

2
@µ�@µ� � V (�(x))

Using this parameterization a new symmetry is visible:

@µ(⇡(x) + ↵) = @µ⇡(x)

because          has only ‘derivative interactions’ 

⇡(x),�(x)

⇡(x)
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⇡(x) ! ⇡(x) + ↵

1

2
(1 + �(x)/f)2

1

2
@µ⇡@µ⇡ +

1

2
@µ�@µ� � V (�(x))

Using this parameterization a new symmetry is visible:

@µ(⇡(x) + ↵) = @µ⇡(x)

because          has only ‘derivative interactions’ 

But what happened to the U(1) symmetry ?
    are real… ⇡(x),�(x)

⇡(x)
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� ! ei↵�

ei⇡(x)/f (f + �(x)) ! ei↵ei⇡(x)/f (f + �(x))

�(x) ! �(x)

⇡(x) ! ⇡(x) + ↵

Phase rotation becomes shift symmetry

But what happened to the U(1) symmetry ?
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� ! ei↵�

ei⇡(x)/f (f + �(x)) ! ei↵ei⇡(x)/f (f + �(x))

�(x) ! �(x)

⇡(x) ! ⇡(x) + ↵

Phase rotation becomes shift symmetry

But what happened to the U(1) symmetry ?

is massless but also no⇡(x) • gauge couplings
• potential
• yukawas
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Semi-realistic 
model

 170



v = 246GeV

m⇢ = g⇢f resonances

EW scale

⇤ = 4⇡f UV completion
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pGB Higgs
SU(3) ! SU(2)

Break symmetry using h�i =

0

@
0
0
f

1

A

# Goldstone bosons = # broken generators

PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=
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PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=

PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=

Contains a Higgs:

�(x) =

0

@
H1(x)
H2(x)

� 2p
2
⌘(x)

1

A+ . . .

Expand
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Goldstone Higgs
• Parameterization 

•                    transforms as doublet - Higgs! 

• kinetic term:

42

⇧aT
a =

0

@
⌘ 0 H1

0 ⌘ H2

H
⇤
1 H

⇤
2 �2⌘

1

A
(up to normalization)

H =

✓
H1

H2

◆

� = ei⇧aT
a/f h�i

@µ�@
µ�† = @µH@

µ
H

† +
(@µH@

µ
H

†)H†
H

f2
+ . . .

Nonlinear corrections



pGB Higgs
Unbroken gauge symmetry in global SU(2), 
dynamics generates ‘vacuum misalignment’ 

SU(3) ! SU(2)

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

SU(2)L vs. SU(2)

SU(2)L 

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

EW symmetry broken
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pGB Higgs
PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

SU(2)L 

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

Electro-weak scale v = f sin ✓
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Collective Breaking
We now want to add a yukawa coupling to
give mass to the top quark

� = exp

8
<

:i

0

@
h1

h2

h⇤
1 h⇤

2

1

A

9
=

;

0

@
f

1

A

Fundamental field is a triplet

�tQ̄iH
c
i tR i: sum over SU(2)
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Top yukawa: 1st try
works, gives mass to the top

… but breaks SU(3) structure explicitly, does
not respect Goldstone symmetry protecting
the Higgs mass:

2X

i

�t�
c
i Q̄itR
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Top yukawa: 1st try
works, gives mass to the top

… but breaks SU(3) structure explicitly, does
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2nd try: “collective breaking”
Collective Symmetry Breaking

Example: SU(3)� SU(2)

Gauge full            ⇒ exact symmetrySU(3)

(ignore            again)U(1)Y

LYukawa = y1⇥̄L�1t1R + y2⇥̄L�2t2R

��1⇥ =
1⇤
2

�

⇧⇤
0
0
f1

⇥

⌃⌅ ��2⇥ =
1⇤
2

�

⇧⇤
0
0
! 2

⇥

⌃⌅

�L =

�

⇧⇤
tL
bL

TL

⇥

⌃⌅ t1R, t2R, bR

Both                 required for non-derivative couplings

of PNGB Higgs

y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa

f

two scalar 
fields!

�1 ! U1�1

�2 ! U2�2
<latexit sha1_base64="JpEP4H5rIjRUJLqbpy/n75DnXiA=">AAACGHicbZBNS8MwGMfT+TbrW9Wjl+BQPM22CnocevE4wW6DtZQ0S7ew9IUkFUbZx/DiV/HiQRGvu/ltzNoKuvlA4Jf//3lInn+QMiqkaX5ptZXVtfWN+qa+tb2zu2fsH3REknFMHJywhPcCJAijMXEklYz0Uk5QFDDSDca3c7/7SLigSfwgJynxIjSMaUgxkkryjXO3PaK+BU9dmUBHQXl3Xb0A+8ewS8P2jYbZNIuCy2BV0ABVtX1j5g4SnEUklpghIfqWmUovR1xSzMhUdzNBUoTHaEj6CmMUEeHlxWJTeKKUAQwTrk4sYaH+nshRJMQkClRnhORILHpz8T+vn8nw2stpnGaSxLh8KMwYVLvOU4IDygmWbKIAYU7VXyEeIY6wVFnqKgRrceVl6NhN66Jp3182WjdVHHVwBI7BGbDAFWiBO9AGDsDgCbyAN/CuPWuv2of2WbbWtGrmEPwpbfYNT3Gc0g==</latexit>

Global rotations (SU(3)1 x SU(3)2): Gauge symmetry (SU(3)1+2):

 L ! U1+2(x) L
<latexit sha1_base64="dkmN+zYFws3RrLsORHcO3i8eaH0=">AAACBHicbVC7SgNBFL3rM8bXqmWawSBEhLAbBS2DNhYWEdwkkF2W2ckkGTL7YGZWDEsKG3/FxkIRWz/Czr9xkmyhiQcGDufcy51zgoQzqSzr21haXlldWy9sFDe3tnd2zb39poxTQahDYh6LdoAl5SyijmKK03YiKA4DTlvB8Grit+6pkCyO7tQooV6I+xHrMYKVlnyz5DYk82+Qq2Lk+Jl9UhtXHo5nom+Wrao1BVokdk7KkKPhm19uNyZpSCNFOJayY1uJ8jIsFCOcjotuKmmCyRD3aUfTCIdUetk0xBgdaaWLerHQL1Joqv7eyHAo5SgM9GSI1UDOexPxP6+Tqt6Fl7EoSRWNyOxQL+VIJ540grpMUKL4SBNMBNN/RWSABSZK91bUJdjzkRdJs1a1T6u127Ny/TKvowAlOIQK2HAOdbiGBjhA4BGe4RXejCfjxXg3PmajS0a+cwB/YHz+AGHOlqU=</latexit>
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SU(3)1+2 SU(3)2y1 = 0, y2 6= 0
<latexit sha1_base64="sWcpkmUHxiPatZOcwVVWnfn78Ls=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1KSKuhGKLpxWcE+oA1hMp22QyeTODMRYqj+ihsXirj1P9z5N04fC209cOFwzr3ce08Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMsKKcCVrTTHPajCXFYcBpIxhcjfzGPZWKReJWpzH1QtwTrMsI1kby7b3Ud9EFco4fUeqXUVvQO+T4dtEpOWOgeeJOSRGmqPr2V7sTkSSkQhOOlWq5Tqy9DEvNCKfDQjtRNMZkgHu0ZajAIVVeNr5+iA6N0kHdSJoSGo3V3xMZDpVKw8B0hlj31aw3Ev/zWonunnsZE3GiqSCTRd2EIx2hURSowyQlmqeGYCKZuRWRPpaYaBNYwYTgzr48T+rlkntSKt+cFiuX0zjysA8HcAQunEEFrqEKNSDwAM/wCm/Wk/VivVsfk9acNZ3ZhT+wPn8AGsiTEQ==</latexit>

y1 6= 0, y2 = 0
<latexit sha1_base64="fLtw5VH0j45GtYmIhSDmfXo0q7A=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1KSKuhGKLpxWcE+oA1hMp22QyeTODMRYqj+ihsXirj1P9z5N04fC209cOFwzr3ce08Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMsKKcCVrTTHPajCXFYcBpIxhcjfzGPZWKReJWpzH1QtwTrMsI1kby7b3Ud1Fb0DvkHD+i1C+jC+T4dtEpOWOgeeJOSRGmqPr2V7sTkSSkQhOOlWq5Tqy9DEvNCKfDQjtRNMZkgHu0ZajAIVVeNr5+iA6N0kHdSJoSGo3V3xMZDpVKw8B0hlj31aw3Ev/zWonunnsZE3GiqSCTRd2EIx2hURSowyQlmqeGYCKZuRWRPpaYaBNYwYTgzr48T+rlkntSKt+cFiuX0zjysA8HcAQunEEFrqEKNSDwAM/wCm/Wk/VivVsfk9acNZ3ZhT+wPn8AISOTEQ==</latexit>

SU(3)1 SU(3)1+2

y1 6= 0, y2 6= 0
<latexit sha1_base64="tz4FJvu7wD1CyG8wxUJpN0EYxAw=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwYWUpAq6LLpxWcE+oA1hMp20QyeTODMRQqkLf8WNC0Xc+hnu/BunbRbaeuDCmXPuZe49QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKciZoQzPNaTuRFEcBp61geD3xWw9UKhaLO50l1ItwX7CQEayN5NsHme+irqD3yDl9RJlfzR++XXYqzhRokbg5KUOOum9/dXsxSSMqNOFYqY7rJNobYakZ4XRc6qaKJpgMcZ92DBU4osobTQ8Yo2Oj9FAYS1NCo6n6e2KEI6WyKDCdEdYDNe9NxP+8TqrDS2/ERJJqKsjsozDlSMdokgbqMUmJ5pkhmEhmdkVkgCUm2mRWMiG48ycvkma14p5Vqrfn5dpVHkcRDuEITsCFC6jBDdShAQTG8Ayv8GY9WS/Wu/Uxay1Y+cw+/IH1+QO/EJSS</latexit>

SU(3)1+2

If only one y1 or y2 is present, then two SU(3)'s survive, one for the 
gauge bosons (eating the goldstones of one Φi) and one global SU(3)
guaranteeing that the Yukawa does not contribute to Goldstone mass.

If both y1 and y2 present, then only one SU(3) present, and the
goldstones of one combination of Φ1 and Φ2 are eaten, the other 
combination gets a mass from the Yukawa.
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Collective Symmetry Breaking
Example: SU(3)� SU(2)

Gauge full            ⇒ exact symmetrySU(3)

(ignore            again)U(1)Y
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Both                 required for non-derivative couplings
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y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa

SU(3)1+2 SU(3)2y1 = 0, y2 6= 0
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y1 6= 0, y2 = 0
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SU(3)1 SU(3)1+2

y1 6= 0, y2 6= 0
<latexit sha1_base64="tz4FJvu7wD1CyG8wxUJpN0EYxAw=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwYWUpAq6LLpxWcE+oA1hMp20QyeTODMRQqkLf8WNC0Xc+hnu/BunbRbaeuDCmXPuZe49QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKciZoQzPNaTuRFEcBp61geD3xWw9UKhaLO50l1ItwX7CQEayN5NsHme+irqD3yDl9RJlfzR++XXYqzhRokbg5KUOOum9/dXsxSSMqNOFYqY7rJNobYakZ4XRc6qaKJpgMcZ92DBU4osobTQ8Yo2Oj9FAYS1NCo6n6e2KEI6WyKDCdEdYDNe9NxP+8TqrDS2/ERJJqKsjsozDlSMdokgbqMUmJ5pkhmEhmdkVkgCUm2mRWMiG48ycvkma14p5Vqrfn5dpVHkcRDuEITsCFC6jBDdShAQTG8Ayv8GY9WS/Wu/Uxay1Y+cw+/IH1+QO/EJSS</latexit>

SU(3)1+2

If only one y1 or y2 is present, then two SU(3)'s survive, one for the 
gauge bosons (eating the goldstones of one Φi) and one global SU(3)
guaranteeing that the Yukawa does not contribute to Goldstone mass.

If both y1 and y2 present, then only one SU(3) present, and the
goldstones of one combination of Φ1 and Φ2 are eaten, the other 
combination gets a mass from the Yukawa.



Collective Symmetry Breaking
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Predicts top-partners
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Minimal composite Higgs

Minimal bottom up construction

      SO(5) → SO(4) ~ SU(2)L x SU(2)R

27

The Higgs as a composite pseudo-NG boson

strong
sector

Aµ 

ψ

h

G → G’ The Higgs doublet H is the NG boson associated 
to the global symmetry G → G’ of a new strong 
dynamics

[ Georgi & Kaplan, `80 ]

� = exp
�
i�i⇥i(x)/v

�
exp

�
2i T â�â(x)/f

�
T â 2 Alg(G/G0)

Minimal example (with custodial symmetry):

Agashe, RC, Pomarol,  NPB 719 (2005) 165 

R.C.,  DaRold, Pomarol, PRD 75 (2007) 055014; Carena, 
Ponton, Santiago,  Wagner, PRD 76 (2007) 035006; 
Hosotani, Oda, Ohnuma, Sakamura, PRD 78 (2008) 
096002;     Hosotani, Tanaka, Uekusa, PRD 82 (2010) 
115024; Redi, Gripaios,  JHEP 1008:116 (2010); 
Hosotani, Noda, Uekusa,  Prog. Theor. Phys 123 (2010) 
123; Panico, Safari, Serone,  JHEP 1102:103 (2011)

SO(5) → SO(4) ~ SU(2)L x SU(2)R four real NG bosons:

4 of SO(4) = real (2,2) of SU(2)L x SU(2)R

= complex 2 of SU(2)L

At high energies SO(4) is linearly realized

Agashe et. al
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)L gauge bosons

is given by [5]

Vgauge(h) =
9

2

Z
d
4
p

(2⇡)4
log

✓
⇧0(p) +

s
2
h

4
⇧1(p)

◆
, (1)

where sh ⌘ sinh/f , being f the PGB decay-constant, and p the Euclidian 4-momentum. We also

have

⇧0(p) =
p
2

g2
+ ⇧a(p) , ⇧1(p) = 2

⇥
⇧â(p)� ⇧a(p)

⇤
, (2)

where g is the gauge coupling and ⇧a(p) is the two-point function of the SO(4) conserved current in

momentum space, ⇧a ⇠ hJaJai, and similarly ⇧â for the current associated to the broken generators

in SO(5)/SO(4); for the precise definitions see Ref. [5]. In a large-N expansion, that we will assume

here, these form factors can be written as an infinite sum over narrow resonances:

⇧a(p) = p
2
X

n

F
2
⇢n

p2 +m2
⇢n

, ⇧â(p) = p
2
X

n

F
2
an

p2 +m2
an

+
1

2
f
2
, (3)

where ⇢n and an are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F⇢n,an are referred to as the decay-constants of these resonances.
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bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.
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the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/p
d�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-Nc QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i
2 and then d = 6,

with the left-right correlator ⇧LR(p) = ⇧V � ⇧A ! hqq̄i
2
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4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
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convergent for ⇧0 ⇠ p
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that give two constraints to be fulfilled by the decay constants and masses in Eq. (3). Following

Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily

realize that only two are needed, ⇢1 ⌘ ⇢ and a1. Using the two constraints Eq. (4) we can determine

F⇢ and Fa1 , and then calculate ⇧1 as a function of the two resonance masses 1:
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
corresponding to the two massive resonances implies that the denominator of ⇧1 must be (p2 +m
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); the

numerator can easily be obtained by requiring ⇧1(0) = f
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.
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, ⇧â(p) = p
2
X

n

F
2
an

p2 +m2
an

+
1

2
f
2
, (3)

where ⇢n and an are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F⇢n,an are referred to as the decay-constants of these resonances.

2

and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)L gauge bosons

is given by [5]

Vgauge(h) =
9

2

Z
d
4
p

(2⇡)4
log

✓
⇧0(p) +

s
2
h

4
⇧1(p)

◆
, (1)

where sh ⌘ sinh/f , being f the PGB decay-constant, and p the Euclidian 4-momentum. We also

have

⇧0(p) =
p
2

g2
+ ⇧a(p) , ⇧1(p) = 2

⇥
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The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F
2 = |F

L
Q4
|
2
� 2|FR

Q4
|
2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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2. In this limit, the Higgs mass comes entirely from the first term of
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potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

mass of color vector-like fermions 
with EM charges 5/3,2/3,-1/3

0 500 1000 1500 2000
0

500

1000

1500

2000

mQ1HGeVL
m
Q
4
HG
eV
L

Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf

Pomarol et al; Marzocca

 185



Light Higgs implies light fermionic top partners

where we have used the fact that the physical top mass is given by

mt =
|M

t
1(0)|q

2⇧tL
0 (0)⇧̃tR

0 (0)
hshchi . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule limp!1 M
t
1(p) = 0. This can be

achieved with just one resonance, ����
M

t
1(p)

M t
1(0)

���� =
m

2
Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m
2
h �

Nc

⇡2

m
2
t

f 2
m

2
Q , (22)

that provides an upper bound for the resonance mass:

mQ . 700 GeV
⇣

mh

125 GeV

⌘✓160 GeV

mt

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, limp!1 p
n⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |F
L,R
Q4

|
2

(m2
Q4

�m
2
Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M
t
1(p) = |F

L
Q4
F

R ⇤
Q4

|
mQ4mQ1(mQ4 �mQ1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p
2

mQ4mQ1

mQ1 �mQ4e
i✓

mQ4 �mQ1e
i✓

◆
, (24)

where we have defined F
L
Q4
F

R ⇤
Q4

= e
i✓
|F

L
Q4
F

R ⇤
Q4

| and set by a field redefinition F
L
Q1
F

R
Q1

to be real.

Eq. (24) together with Eq. (20) gives 3

m
2
h '

Nc

⇡2

"
m

2
t

f 2

m
2
Q4
m

2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
+

(�F
2)2

4f 2
hs

2
hc

2
hi

 
1

2

m
2
Q4

+m
2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
� 1

!#
, (25)

where �F
2 = |F

L
Q4
|
2
� 2|FR

Q4
|
2. It is easy to see that the second term in Eq. (25) is always positive
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potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass
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Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
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requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Figure 3: Scatter plots of the masses of the lightest exotic state of charge 5/3 and of the lightest
eT resonance for ⇠ = 0.2 (left panel) and ⇠ = 0.1 (right panel) in the three-site DCHM model.
The black dots denote the points for which 115 GeV  mH  130 GeV, while the gray dots have
mH > 130 GeV. The scans have been obtained by varying all the composite sector masses in the
range [�8f, 8f ] and keeping the top mass fixed at the value mt = 150 GeV.

T much lighter than the eT can not happen for a light Higgs due to the presence of a lower bound

on the mT� , which will be discussed in details in the next section. In the region of comparable T�

and eT� masses sizable deviations from eq. (44) can occur. These are due to the possible presence

of a relatively light second level of resonances, as already discussed.

The numerical results clearly show that resonances with a mass of the order or below 1.5 TeV

are needed in order to get a realistic Higgs mass both in the case ⇠ = 0.2 and ⇠ = 0.1. The

prediction is even sharper for the cases in which only one state, namely the eT�, is light. In these

regions of the parameter space a light Higgs requires states with masses around 400 GeV for the

⇠ = 0.2 case and around 600 GeV for ⇠ = 0.1.

The situation becomes even more interesting if we also consider the masses of the other com-

posite resonances. As we already discussed, the first level of resonances contains, in addition to

the T� and eT�, three other states: a top-like state, the T2/3�, a bottom-like state, the B�, and an

exotic state with charge 5/3, the X5/3�. These three states together with the T� form a fourplet

of SO(4). Obviously the X5/3� cannot mix with any other state even after EWSB, and therefore

it remains always lighter than the other particles in the fourplet. In particular (see fig. 9 for a

schematic picture of the spectrum), it is significantly lighter than the T� . In fig. 3 we show the

scatter plots of the masses of the lightest exotic charge 5/3 state and of the eT . In the parameter

space region in which the Higgs is light the X5/3� resonance can be much lighter than the other

22

Conclusions

39

Impact on a concrete model (roughly):

Q=2/3

Q=5/3

⇠ = 0.2

mH  = 115 … 130 GeV

from 1204.6333

see e.g. ATLAS-CONF-2013-051

Scan over composite Higgs parameter space
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Deviations from SM Higgs

Analogy with        scattering in QCD:⇡⇡ h $ �

SO(5)

SO(4)

A(WW ! hh) ⇠ s

v2
(c2V � c2V )

c2V c3
cV

9

Q:  why light and narrow ?

A:  the Higgs is itself a (pseudo) NG boson

ex:

Georgi & Kaplan, ’80
Kaplan, Georgi, Dimopoulos

4 NGBs     transforming as a (2,2) of SO(4)~SU(2)LxSU(2)R

f2
����µ ei�/f

���
2
= |DµH|2 + cH

2f2

⇥
�µ(H

†H)
⇤2

+
c�H
2f4

(H†H)
⇥
�µ(H

†H)
⇤2

+ . . .

2.   Scatterings involving the Higgs also grow with energy

Giudice et al.  JHEP 0706 (2007) 045 

Agashe, RC, Pomarol  NPB 719 (2005) 165
Goldstone boson nature
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EW precision tests
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Figure 7. Left: Probability distribution for the coupling a. Center: Indirect determinations of
the coupling a, excluding the observables MW , �Z , P pol

� , A0
l and A0,b

FB, except for the one specified
in each row. The vertical blue band represents the one obtained from the the fit with all the
observables. Right: Probability regions in the a–⇥ plane. In all plots, the large-mt expansion is
adopted to the two-loop fermionic EW corrections to ⇤fZ .

3.5 General bounds on the New Physics scale

Before concluding, let us take a more general approach and consider the contributions to

the EW fit of arbitrary dimension-six NP-induced operators [11, 20, 112]:

Le� = LSM +
⇤

i

Ci

⇥2
Oi . (3.22)

For concreteness, let us use the same operator basis of ref. [11]:

OWB = (H†⌅aH)W a
µ�B

µ� , OH = |H†DµH|2 ,

OLL =
1

2
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aH)(Q⇥µ⌅aQ) , OHL = i(H†DµH)(L⇥µL) ,

OHQ = i(H†DµH)(Q⇥µQ) , OHE = i(H†DµH)(E⇥µE) ,

OHU = i(H†DµH)(U⇥µU) , OHD = i(H†DµH)(D⇥µD) , (3.23)

where we add the contribution of the Hermitian conjugate for operators O�
HL to OHD.

The Higgs field gets a vev ⇥H⇤ = (0, v/
⌅
2)T . For fermions, we do not consider generation

mixing, and assume lepton-flavour universality: C �
HL = C �

HLi
, CHL = CHLi and CHE =

CHEi for i = 1, 2, 3.

The first two operators contribute to the oblique parameters S and T :

S =
4sW cW CWB

�(M2
Z)

� v

⇥

⇥2
, (3.24)

T = � CH

2�(M2
Z)

� v
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, (3.25)

where OH violates the custodial symmetry, since it gives a correction to the mass of the

Z boson, but not to that of the W boson. The next two operators yield non-oblique

– 20 –

W,Z

cV

� = 4�v/
q

|1� c2V |

fit from:  GFitter coll. Eur. Phys. J. C 72 (2012) 2205

Barbieri et al. PRD 76 (2007) 115008
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where we add the contribution of the Hermitian conjugate for operators O�
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Higgs couplings

Have been measured to 20-30% precision

Expect deviations ~ (v/f)2
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FIG. 1: In green, yellow and gray, the 68%,95%,99% C.L.
contours for the parameters a and c with the most recent data
(table I). Upper plot: ATLAS with data taken at mh = 126.5
GeV (dashed contours correspond to data taken at mh =

125GeV). Lower plot:CMS with data taken at mh = 125GeV.
A flat prior a 2 [0, 3], c 2 [�3, 3] is used.

Pseudo Nambu-Goldstone boson (PNGB) nature of
the Higgs, the couplings between h and the W,Z
gauge bosons are modified as

a =
p
1� ⇠, (6)

where ⇠ ⌘ v2/f2, f being the analogue of the pion
decay constant and v = 246 GeV is the vacuum ex-
pectation value (VEV) of the Higgs field. Interest-
ingly, on the one hand ⇠ ⌧ 1 from constraints com-
ing from electroweak precision data (EWPD); on the
other hand ⇠ is a measure of fine-tuning in these mod-

els2 and is expected to be sizable.

III. SO(5)/SO(4) AND DIFFERENT
FERMION COUPLINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector break this symmetry, since the SM
fermions do not fill complete SO(5) multiplets. We
can parametrize these couplings as spurions which
transform both under the SM-gauge group and un-
der some representation r of SO(5) (the well known
minimal models MCHM4 [3] and MCHM5 [4] corre-
spond to r = 4 and r = 5, respectively). Depending
on the size of r, the coupling of h to fermions f might
deviate from the SM as [5]:

cf =
1 + 2m� (1 + 2m+ n)⇠p

1� ⇠
, (7)

where m,n are positive integers which depend on
r. The specific cases with m = n = 0 or m = 0,
n = 1 correspond to the MCHM4 (with c =

p
1� ⇠)

and MCHM5 (with c = (1 � 2⇠)/
p
1� ⇠), where all

fermions share the same coupling structure. Models
with m 6= 0 have deviations w.r.t. the SM of order
unity (in the direction c > 1), even in the limit ⇠ ! 0
and we shall not consider them any further.

In the specific case with c ⌘ ct = cb = c⌧ , the ef-
fects of Eq. (6) and Eq. (7) can be well described in
the (a, c) plane. We compare this theoretical expec-
tation, for m = 0 and n = 0, ..., 5, with the best fit
from the combined results of ATLAS (at mh = 126.5
GeV) and CMS (mh = 125 GeV), for the parameters
(a, c) in fig. 2 (the dashed contours show the same fit
taking the ATLAS data at mh = 125 GeV). We as-
sume that no states, beside the SM ones, contribute
via loop-e↵ects to the hgg and h�� vertices.

Interestingly, representations leading to large n &
4 can fit well the data also in the region with c < 0,
where the rate h ! �� is enhanced, due to a posi-
tive interference between W and t loops in the h��
vertex (the fact that it is possible to have order 1
changes in this coupling, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of

2
The loop-induced potential for the PNGBs is a function of

sin v/f and, without any fine-tuned cancellation, would nat-

urally induce v ⇡ f or v = 0.
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Light Higgs

light stops1,2, sbottomL,
higgsinos, gluinos, …  

New physics & naturalness

light top partners 
(Q=5/3,2/3,1/3), 
anything else ?

supersymmetry composite Higgs

?
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e.g. Perelstein, Pierce, Peskin
Contino, Servant; Mrazek, Wulzer ;

 De Simone, Matsedonkyi, Rattazzi, Wulzer
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Figure 1: Typical single and pair production diagrams for T5/3 and B for signals with two positively
charged leptons. We notice that for T5/3 the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T5/3 partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t

sin 't cos 'q = yt/ tan'q and �T = Y ⇤
t

sin 't = yt/ sin 'q are potentially
large since Y ⇤

t
is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be

bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t
) and therefore �T >

p
(ytY ⇤

t
) & 2 and �B >

p
(ytY ⇤

t
� y2

t
) &

p
3. We will

therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T5/3 could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)1/6 and
eT = (1,2)1/6 for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T5/3 is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L
and T 3

R
quantum number. This, plus the SO(4) invariance

of the proto–Yukawa, implies that the T5/3 must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T5/3 is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,
and the coupling is large.
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Phenomenology

Three possible production mechanisms

QCD pair prod.
model indep.,
relevant at low mass

X

X

X

t

single prod. with t
model dep. coupling
pdf-favored at high mass

X
single prod. with b
favored by small b mass 
dominant when allowed

b

comparing production rates:
(7 TeV LHC)

400 600 800 1000 1200
0.1

1

10

100

1000

M @GeVD
s
@fb
D

27

slide by A. Wulzer 194



B X5/3

W+ /Z, h W� /Z, h

b / t t / b

W+

t
T,X2/3, T̃

B
R
(T

!
h
t)

BR(T ! Wb)
28

 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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No lose for naturalness?
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NP is related to the top by a  
symmetry, natural new 
particle mass around TeV

Symmetry commutes with 
color: will be produced  
copiously at the LHC!



No lose for naturalness?

SM
NP

+ =  natural

symmetry   

NP is related to the top by a  
symmetry, natural new 
particle mass around TeV

Symmetry commutes with 
color: will be produced  
copiously at the LHC!Not tru

e!



SU(2)L SU(2)twin

Quadratic divergences from SM top quark loops  
cancelled by loops of “Twin” top quarks. 

Twin Higgs



SU(2)L SU(2)twin

Quadratic divergences from SM top quark loops  
cancelled by loops of “Twin” top quarks. 

Twin Higgs

Neutral Naturalness
• Fine tuning from strong bounds on top partners 

• Cancel top loop with uncoloured states? 
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Global 
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Twin 
Higgs
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SUSY
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An example: Twin Higgs
Standard 

Model
Standard 

Model
E.g., weak gauge symmetry is SU(2)us x SU(2)twin

Thanks to Z2, radiative corrections to the Higgs 
mass are SU(4) symmetric: 

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQ
A
3 ū

A
3 � ytHBQ

B
3 ū

B
3

[Chacko, Goh, Harnik ’05]

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

There are many more theories of this kind [NC, S Knapen, P Longhi ‘14]

⇠ 4⇡f

⇠ f

Z2
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V (H) � 9
64�2

g2�2
�
|HA|2 + |HB |2

�

Cancelation
where h = (h1, h2) is the Higgs doublet of the SM

HA = h
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h†h

sin

 p
h†h
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= ih+ . . . , (9)
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@ 0

f cos
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h†h
f

⌘

1

A =

0

@
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f � 1

2f
h†h+ . . .

1

A . (10)

Now consider again the Z2 symmetric top quark sector, Eq. 3. To quadratic order in h this

takes the form

i�thqAtA + �t

✓
f � 1

2f
h†h

◆
qBtB . (11)

From this Lagrangian, we can evaluate the radiative contributions to the Higgs mass pa-

rameter. There are two diagrams, shown below.

qA

h

tA

h
�t �t

+

h

qB

h

tB

�tf

��t/f

Evaluating these diagrams we find that the quadratic divergence arising from the first

diagram is exactly canceled by that of the second. The first and second diagrams have been

colored di↵erently to emphasize that the particles running in the two loops carry di↵erent

SU(3) charges. The first loop has the SM top quarks which carry SM color. The particles

running in the second loop, however, are twin top quarks charged under twin color, not SM

color.

B. E↵ects on Higgs Physics

In order to understand the implications of this model for Higgs production and decays,

we first determine the couplings of the Higgs to the states in the low energy theory. We

choose the unitary gauge in the visible sector with h1 = 0 and h2 = (v + ⇢)/
p
2 to obtain

HA =

0

B@
0

if sin

✓
v + ⇢p
2f

◆

1

CA , HB =

0

B@
0

f cos

✓
v + ⇢p
2f
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CA . (12)

7

L ⊃ ytHAt̄AtA + ytHB t̄BtB

A A

A A

A B�

= yth t̄AtA + yt

✓
f � |h|2

2f

◆
t̄BtB + . . .

Same coupling, but not same colour group
for top and top partner! Still: little Higgs like 
cancellation.

Parity symmetry enforces y_t same
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Same coupling, but not same colour group
for top and top partner! Still: little Higgs like 
cancellation.

Parity symmetry enforces y_t same
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Twin Higgs
• Mirror sector is copy of SM, completely neutral 

under SM interactions 

• Allowed interaction terms:
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Twin Higgs consequences
• SU(3)B confines at  

• Dark sector QCD-like with dark-pions, dark kaons, … 

• Exotic Higgs decays
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⇤B > ⇤QCD
<latexit sha1_base64="8kmHNeEJjoohDKBqh03mk61QkpM=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgFXajoJWExMLCIgHzgOyyzM5OkiGzD2buimFJaeOv2FgoYusn2Pk3Th6CJh4YOJxzLnfu8WLBFZjml5FZWl5ZXcuu5zY2t7Z38rt7TRUlkrIGjUQk2x5RTPCQNYCDYO1YMhJ4grW8QXXst+6YVDwKb2EYMycgvZB3OSWgJTd/aN/osE/cCr7EP9wGdg9pvXo1wm6+YBbNCfAisWakgGaouflP249oErAQqCBKdSwzBiclEjgVbJSzE8ViQgekxzqahiRgykknh4zwsVZ83I2kfiHgifp7IiWBUsPA08mAQF/Ne2PxP6+TQPfCSXkYJ8BCOl3UTQSGCI9bwT6XjIIYakKo5PqvmPaJJBR0dzldgjV/8iJplorWabFUPyuUK7M6sugAHaETZKFzVEbXqIYaiKIH9IRe0KvxaDwbb8b7NJoxZjP76A+Mj2/6+piu</latexit>
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Fig. 23: Simplified Neutral Naturalness parameter space of lightest glueball mass mG0 and top partner mass
in Folded SUSY or the Fraternal Twin higgs. Shown is projected reach of HL-LHC LLP searches for glueballs
produced in exotic Higgs decays [257] in the ATLAS Muon System (red) or in the tracker in association with
VBF jets or leptons from Higgs production (blue, orange). The reach of MATHUSLA (assuming the 200m ⇥

200m ⇥ 20m benchmark geometry of Fig. 1) is shown in purple, and covers the regime of long-lived glueballs
with masses . 15 GeV. Sensitivity in all searches is conservatively estimated by assuming two glueballs produced
per Higgs decay, and dashed contours indicate uncertainties due to details of hidden sector hadronization. See text
for additional details.

main bottleneck for searches with any detector, a more realistic treatment of hidden sector hadronization
would only improve all reach projections. This makes our assumption suitable for a pessimistic estimate
of the LHC’s ability to probe Neutral Naturalness. Since the 0

++ glueball is the state with the shortest
lifetime, the fraction of glueballs that end up in the 0

++ state is another important factor in estimating
the LLP signal rate. However, the large ratio between the lightest glueball mass and the hidden QCD
string tension suggests that 0

++ states form a majority or at least a significant fraction of the produced
states [260], based on modeling of hadronization processes as thermal emissions [261]. In Fig. 23 we
therefore assume that the 0

++ and other glueball fractions are given by spin-weighted Boltzmann fac-
tors for all kinematically available states. The dashed contours indicate the variation of reach estimates
from varying that 0

++ up or down by a factor of 2. Finally, vertical solid (dashed) lines show where the
production rate of 0

++ glueballs may be additionally enhanced or suppressed due to non-perturbative
mixing effects [256].

This simplified model of Neutral Naturalness then produces the signal of LLP pair production
in exotic Higgs decays, with subsequent LLP decay through the Higgs portal. (See also Sec. 8.2.) As
explained in [257], there are three particularly promising search strategies using the HL-LHC main detec-
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Twin Higgs pheno
• Twin parton shower -> Emerging Jets  

• Signature of dark sector with long lived states
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Schwaller, Stolarski, AW ‘15
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pp ! qdqd
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Decay lifetime of ~ cm

Exponential decay profile: Several  
displaced vertices inside a jet 
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Emerging jets search

7. Results 11
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Figure 6: Signal exclusion curves derived from theory-predicted cross sections and upper limits
at 95% CL on the signal cross section for models with dark pion mass mpd = 1, 2, 5, and 10 GeV.

“Mediator particles with masses between 400 and 1250 GeV are excluded 

for dark hadron decay lengths between 5 and 225 mm.” 


[CMS PAS EXO-18-001]

Amazing work by UMD CMS team (Belloni, Eno, Jeng, … ) 



“Is neutral naturalness the beautiful 
reason we haven’t seen anything, or the 

last desperate hope of theorists?”

G. Giudice
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Relaxion

 213

ION



Relaxing towards the Fermi 
scale

SM + axion + mHiggs2(axion-field) + driver  
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Relaxion paradigm

A technically natural solution to the hierarchy problem 
Uses dynamics, not symmetries 

Still at the drafting stage, but a very interesting framework

P.W. Graham, D.E. Kaplan, S.Rajendran ‘15  
(earlier work by Abbott 85, G.Dvali,A.Vilenkin 04, G.Dvali 06)  
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New Idea for the Hierarchy Problem:

Field-dependent Higgs mass
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(earlier work by Abbott 85, G.Dvali,A.Vilenkin 04, G.Dvali 06)  

 215



V (g�) + (⇤2 � g�)|H|2 + ✏⇤3
QCDh cos

�

f

potential to slow-roll 
during inflation

�

⇤2/g
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V (g�) + (⇤2 � g�)|H|2 + ✏⇤3
QCDh cos

�

f

Higgs mass squared 
turns negative

⇤2/g

hHi 6= 0
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V (g�) + (⇤2 � g�)|H|2 + ✏⇤3
QCDh cos

�

f

⇤2/g

wiggles increase 
in amplitude
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V (g�) + (⇤2 � g�)|H|2 + ✏⇤3
QCDh cos

�

f

⇤2/g

steepness of 
terms equal -> stop
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V (g�) + (⇤2 � g�)|H|2 + ✏⇤3
QCDh cos
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f
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steepness of 
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�
H
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Figure: C. Grojean
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QCD axion doesn’t work:                      due to tilt 

Add new QCD’ group => new weak-scale signals! 

Add additional scanning field => no collider 
signals!

✓QCD ⇠ 1

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ‘15 

Some points of concern:

g ⇠ 10�27GeV

N > H
2
/g

2 ⇠ 1045

�� ' 1041GeV

UV completion ?

inflation ?

large field excursions
 221



The future
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Or …
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the last word…

 225



Four Lessons
1) How could I do anything without knowing 
everything that had already been done? […]  pick 
up what I needed to know as I went along. It was 
sink or swim. […] But I did learn one big thing: that 
no one knows everything, and you don’t have to. 

2) While you are swimming and not sinking you 
should aim for rough water. […] My advice is to go 
for the messes — that’s where the action is. 

Scientist: Four golden lessons
Steven Weinberg, Nature 426, 389 (27 November 2003) 



Four Lessons
3) Forgive yourself for wasting time. […] in the real 
world, it’s very hard to know which problems are 
important, and you never know whether at a given 
moment in history a problem is solvable [...] get 
used […] to being becalmed on the ocean of 
scientific knowledge.

4) Learn something about the history of science 
[…] As a scientist, you're probably not going to get 
rich. […] But you can get great satisfaction by 
recognizing that your work in science is a part of 
history.

Scientist: Four golden lessons
Steven Weinberg, Nature 426, 389 (27 November 2003) 



• No signs of new physics have appeared so far. 


• The Higgs fine-tuning puzzle is as puzzling as ever. Do we 
simply live in a (mildly?) fine-tuned universe? Or is there a 
subtle solution? 


• Themes of recent years: search for electroweak or neutral new 
particles at colliders to exhaust possibilities; intriguing 
possibilities for connections of the weak scale with 
cosmology. 


• Amazing landscape of experiments: LHC, dark matter, EDMs, 
flavor physics. New physics discovery could come at any time! 
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