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1. Gauge Theories

J.I Tllana (TAE 2019)




Internal symmetry || free Lagrangian

e Lagrangian of a free fermion field (x):

(Dirac) Lo=y(id—m)p| d=9"0,, ¢ = 1/J+’YO

= Invariant under (spacetime) Poincaré transformations

= Invariant under (internal) global U(1) phase transformations:

P(x) — ' (x) = e Py(x), g, 0 (constants) € R

= By Noether’s theorem: continuous symmetry implies conserved current:

F=aqry, ot =0

and a Noether charge:

Q= [@xf a0
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Internal symmetry || free Lagrangian

e A free fermion field:

3
G ). (ap,su(s) (p)e P* +bf 0 (p)el x)

vl = / (2”)3@ s=1,2

— is a solution of the Dirac equation (Euler-Lagrange):

(i —m)p(x) =0, (F—mu(p)=0, (f+m)o(p)=0,

and after [ quantization

— is an operator from the canonical quantization rules (anticommutation):

{QP,T’ a-lz,s} — {bP,T/ blz,s} — (27-[)353(27 - k)érs ’ {ap,r/ ak,s} =..-=0,

— that annihilates/creates particles/antiparticles on the Fock space of fermions
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Internal symmetry || free Lagrangian

e For a [quantized | free fermion field:

= The Noether charge is an operator:*

_ d3
. . — 3 . 0 . — p -I- —_— -I-
Q= q/d Xty = q/ E 5:21,2 (ap,sap,s bplsbp,S)

0) = +g azls 0) (particle), Q b,J;,S

Q a%/s 0) =—q b,t/s 0) (antiparticle)

* normal ordering prescription for fermionic operators has been introduced
(subtract infinite zero-point energy):

. LU— T . L — t
. ap,raqls « — _aqlsap’r 7 . bp’rbqls « — _bqlsbp,r
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The gauge principle || gauge symmetry dictates interactions

e To make Ly invariant under local = gauge transformations of U(1):

p(x) = ' (x) = e Wy(x), 0 =0(x) R
perform the minimal substitution:
d, = D, =9, +ieqA, (covariant derivative)

where a gauge field A, (x) is introduced transforming as:

Au(x) > AL(x) = Ay(x) + %aye(x) = [Dyyp s e 0D, p| 0y inv. (D)

= The new Lagrangian contains | interactions | between 1 and Ay,:

= —eq PP A coupling e
Fint g ¥ YL OC{ charge g

(= —ej Ay)
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The gauge principle

gauge invariance dictates interactions

e Dynamics for the gauge field = add gauge invariant kinetic term:

(Maxwell)

L=

1
_EF"I/“/F‘MU ¢ F‘uv — a‘uAy - aVA‘u H F‘ul/

e The full U(1) gauge invariant Lagrangian for a fermion field ¢(x) reads:

— 1
Esym = f,b(lD — m)Qb — ZFva'm/ (: Lo+ Lint + Ll) (QED)

e The same applies to a complex scalar field ¢(x):

Logm = (Du9) D — 1249 — A(§'9)* — ;FuF"  (sQED)
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The gauge principle || non-Abelian gauge theories

e A general gauge symmetry group G is an compact N-dimensional Lie group
ge G, g(H):e_iTﬂea, a=1,...,N
0" =0"(x) €« R, T, = Hermitian generators, [T, Ty =ifu.T. (Lie algebra)

structure constants: f,,. =0 Abelian
fave 70 non-Abelian

= Unitary finite-dimensional irreducible representations:

2(80) represented by U(0)
d x d matrices : U(0) [given by {T,} algebra representation]

(llh\

d-multiplet : ¥(x) — ¥'(x) = U(0)¥(x), ¥ =

\¥
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The gauge principle || non-Abelian gauge theories

e Examples: G N  Abelian
u() 1 Yes
SU(n) | n*> —1 No (n X n unitary matrices with det = 1)

— U(1): 1 generator (g), one-dimensional irreps only

— SU(2): 3 generators
fabe = €ape (Levi-Civita symbol)
+ Fundamental irrep (d = 2): T; = %(Ta (3 Pauli matrices)
* Adjoint irrep (d = N = 3): (T;d])bc = —ifape
— SU(3): 8 generators
F123 = 1, F458 — 678 — @I FI47 = 156 — £246 _ 247 _ (345 — _ £367 %
* Fundamental irrep (d = 3): T, = %/\a (8 Gell-Mann matrices)

* Adjoint irrep (d = N = 8): (T;dj)bc = —1fapc

(for SU(n): fp. totally antisymmetric)
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The gauge principle || non-Abelian gauge theories

e To make £y invariant under local = gauge transformations of G:

Lo=Y(id—-mY¥Y, Y9 =UBY%), 6=0(x)cR

substitute the covariant derivative:

W, =T, Wﬁ

where a gauge field Wj(x) per generator is introduced (adjoint irrep), transforming as:

~

Wy (x) s W (x) = UW, (x)U" — é(aymu*

< [D,¥+— UD,Y

= The new Lagrangian contains | interactions

between ¥ and Wﬁ:

»Cint = & T’)’y TaTWﬁ

(=g jtW;)

~ { coupling ¢

charge T,

¥DY inv. (1)
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The gauge principle || non-Abelian gauge theories

e Dynamics for the gauge fields = add gauge invariant kinetic terms:

(Yang-Mills) |Lym = _ETI

1

(i)

_ L a,uv
= — Wi, W

~

= Wi, =0, W, — Wy + gfarc WiWS

= LypM contains cubic and quartic

self-interactions

~

W‘MV — TaWﬁv = ‘MWV — DUW‘M — a‘uWV - avw‘u - ig[Wy, Wy] <I;> W‘ul/ H UW]/“/U-I-

@

of the gauge fields Wy:

1
Liin = —7 (0,W5 — 3, W) (9" W™ — 3" W)

1
*Ccubic — —ngabc (ang’ — HVWZ)WI%VWC,V

1

ﬁquartic — = 18 Zf abef cde Wﬁ Wf/j Wer Wd'v
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Quantization of gauge theories || propagators

e The (Feynman) propagator of a scalar field: (Feynman prescription e — 07)

d*p i

e_ip'<x_y>
27)% p? — m? + ie

D(x ~y) = (0] T{p(x)¢" 1)} 0) = [ -

is a Green'’s function of the Klein-Gordon operator:

(Ox+m*)D(x —y) = —id*(x—y) & D(p)=

e The propagator of a fermion field:

d*p i

e_ip'<x_y>
27)% p? — m? + ie

S(x—1) = O T{YEFW}0) = (@ +m) [ -
is a Green’s function of the Dirac operator:

(idx —m)S(x —y) =is*(x—y) < S(p)
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Quantization of gauge theories || propagators

e BUT the propagator of a gauge field cannot be defined unless £ is modified:

1 1
(e.g. modified Maxwell) L =——F,F"— %

1 (9" A,)?

oL oL

1
o~y ~0 = [ (1) 4o

— In momentum space the propagator is the inverse of:

Euler-Lagrange:

1 ~ 1
_ 2oV — 2 ) kMKY —
kg™ + (1 (§> 'k = Dyy(k) L

— Note that (—k?¢H"V + k¥kY) is singular!
8 &

k,k,
[_Suv+(1—§) ]]/{12 ]

= One may argue that £ above will not lead to Maxwell equations ...

unless we fix a (Lorenz) gauge where:

MA, =0 <« Ay A=A, +9,A with 9"9,A = -4,
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Quantization of gauge theories || gauge fixing | (Abelian case)

e The extra term is called Gauge Fixing:

1
Lcr = —Z(&)P‘Ay)z

= modified £ equivalent to Maxwell Lagrangian just in the gauge 0¥ A, =0

= the {-dependence always cancels out in physical amplitudes

e Several choices for the gauge fixing term (simplify calculations): Rz gauges

4 _ L . -~ . igl/“/
('t Hooft-Feynman gauge) ¢ =1: Dy, (k) = i
(Landau gauge) ¢=0: Dy, (k) = 2 —gu + 5
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Quantization of gauge theories

gauge fixing

e For a non-Abelian gauge theory, the gauge fixing terms:

1
LGr = — ZZ—(BP‘WZ)z
a gﬂ
allow to define the propagators:
10,41
ng(k) 12 _|a_ o | S + (1= &)

(non-Abelian case)

BUT, unlike the Abelian case, this is not the end of the story ...
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Quantization of gauge theories

Faddeev-Popov ghosts

e Add Faddeev-Popov ghost fields c¢,(x),a =1,...,N:

adj

adj

Lep = (3"80) (D) apey = (9"8a) (Buca — &fanccsWS) | & Dp) = 9y — igTEIWS

Computational trick: anticommuting scalar fields, just in loops as virtual particles

= Faddeev-Popov ghosts needed to preserve gauge symmetry:

(® (b)

AAAAAAAY PAAAAAN
Y ]

with

loops

Self Energy

®®

Ward identity: k*I1,, = 0

[(—1) sign for closed loops! (like fermions)]

J.I. Illana (TAE 2019) 1. Gauge Theories
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Quantization of gauge theories

complete Lagrangian

e Then the complete quantum Lagrangian is

Lsym + Lcr + Lrp

= Note that in the case of a massive vector field

1

1o
(Proca) L=——F,F" + -M"A,AF

it is not gauge invariant

— The propagator is:

4

2

J.I Tllana (TAE 2019)
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Spontaneous Symmetry Breaking || discrete symmetry

e Consider a real scalar field ¢(x) with Lagrangian:

L= %(ayq))(aﬂq)) — %ychz — %c/# invariant under ¢ — —¢

= U= 3@+ (V9R) + V() o | | w

vV — %‘uzq)z 1 i)\(l)zl
1?, A € R (Real/Hermitian Hamiltonian) and A > 0 (existence of a ground state)
(a) #?> > 0: min of V(¢) at ¢ =0
(b) u? < 0: min of V(¢) at ¢ = v = i\@, in QFT (0| ¢ |0) = v # 0 (VEV)

— A quantum field must have v = 0

2|0) =0 = ¢x)=v+nlx), (O[]0)=0
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Spontaneous Symmetry Breaking || discrete symmetry

e At the quantum level, the same system is described by 7(x) with Lagrangian:

1

£:§

(3,17) (9"n) — Av*n* — Aoy® — %174 not invariant under 7 — —7
(my; = V2A0)

= Lesson:
L(¢$) has the symmetry but the parameters can be such that the ground state of
the Hamiltonian is not symmetric (Spontaneous Symmetry Breaking)
= Note:

One may argue that £(7) exhibits an explicit breaking of the symmetry.
However this is not the case since the coefficients of terms 7%, > and 7* are
determined by just two parameters, A and v (remnant of the original symmetry)
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Spontaneous Symmetry Breaking || continuous symmetry

e Consider a complex scalar field ¢(x) with Lagrangian:

[ — (ay(lﬁ)(aﬂ(l)) _ ‘-,424)*4) — A((/)‘ch)z invariant under U(1): ¢ — e_ti(P

_ =
/ |U|— )\

Take v € R™. In terms of quantum fields:

A>0,u2<0: (0/¢]|0) =

Sile

0(x) = Sslo+n(x) +ix@)], (01710) = ©]x[0) =0

1 1 A
L= Z(0um) (@) + 5(3ux) (3"x) = Av*n* — Ao (i + %) — (0 + X°)°

Note: if vel* (complex) replace 7 by (17 cosa — xsina) and x by (7sina + x cos«)

= The actual quantum Lagrangian £(#, x) is not invariant under U(1)

U(1) broken = one scalar field remains massless: m, = vV2Av, my =0
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Spontaneous Symmetry Breaking || continuous symmetry

e Another example: consider a real scalar SU(2) triplet ®(x)
1 A

L= %(ayqﬁ)(aﬂcb) ychch - Z(<I>T<1>)2 inv. under SUQ): & — e %@
that for A > 0, u? < 0 acquires a VEV (0| ®T®|0) = ? (1? = —Av?)
¢1(x)
Assume O (x) = @2 (%) and define ¢ = \[(gol +ig»)
v+ ¢3(x)

1 A
L= (3u9")(9"9) + 5 (9u03) (3" p3) — A0’ 93 — A0(29" 9 + ¢3) 93 — 7 (29" 9 + 95)?

= Not symmetric under SU(2) but invariant under U(1):

—ig6

¢ — e e (q= arbitrary) o3 — @3 (g =0)

SU(2) broken to U(1) = 3 — 1 = 2 broken generators
= 2 (real) scalar fields (= 1 complex) remain massless: m, = 0, my, = V2A0
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Spontaneous Symmetry Breaking || continuous symmetry

= Goldstone’s theorem: [Nambu ‘60; Goldstone 61]

The number of massless particles (Nambu-Goldstone bosons) is equal to the number of
spontaneously broken generators of the symmetry

Hamiltonian symmetric under group G = T,,H =0, a=1,...,N
By definition: H|0) =0 = H(T,|0)) =T,H|0) =0

— If |0) is such that T, |0) = O for all generators

= non-degenerate minimum: the vacuum

—If |0) is such that T, |0) # 0 for some (broken) generators a’
= degenerate minimum: chose one (true vacuum) and e iTu0" 0) # |0)

. a
— excitations (particles) from |0) to e «?" |0} cost no energy: massless!
P 8y

J.I. Illana (TAE 2019) 1. Gauge Theories 23



Spontaneous Symmetry Breaking || gauge symmetry

e Consider a U(1) gauge invariant Lagrangian for a complex scalar field ¢(x):
oy F™ 4+ (D))" (D) — 1T — A(¢pTp)?, D, =9, +iegA
= gt z wee—Alg @), Du=dutieqay,

inv. under ¢(x) — ¢'(x) = e WX p(x), Au(x) — Ay(x) = Au(x) + EGyO(x)
If A >0, u* <0, the £ in terms of quantum fields 7 and x with null VEVs:

1 : 2 2
X) = v+n(x)+ix(x)l, = —Av :
¢(x) \@[ n(x) +ix(x)], p Comments
1 1 1 - _
L= = g FF" 4 5@u) (@17) + 5300 (0" ) S
A o
2, .2 2 1 ,2)2
—Avn? | = Aoy (7” + X°) — 1(77 +x°) (ii) M = |ego| (!)
+ equA,of x | +eqA,(no* x — xo'n) (iii) Term A, 0" x (?)

n ; (iv) Add Lgp

+ §(eqv)2AﬂA“ + Q(eﬁl)zAuA”(ﬂz + 201 + x°)
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Spontaneous Symmetry Breaking || gauge symmetry

e Removing the cross term and the (new) gauge fixing Lagrangian:

1
Lcr = — =2 (0, AF — EMax)?

26
MalAuo¥x + 0, AF ]
total deriv.
1 v, Lyo 1 2,7 9 \
= £‘|‘£GF — _F],H/F‘u —I——MAAVAM——(B‘MAV)
4 2 2¢
1 1
2 @) (@'%) — SEMAX +
and the propagators of A, and x are: @
~ i kky
Dy (k) = 1- =
7/“/( ) kz_M124_|_18 g]/”/—|_( C)kz_gMi
~ i
D(k) =
k)= CM? + ie

= X has a gauge-dependent mass: actually it is not a physical field!
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Spontaneous Symmetry Breaking || gauge symmetry

e A more transparent parameterization of the quantum field ¢ is

1

p(x) = eiqg(x)/vﬁ[v +n(x)}, (0[7]0) =(0]]0) =0

p(x) > e MO 0g() = —fop(x)] = gauged away!

1 1 Comments:
L = _11:;11/1:”1/ + E(aﬂﬂ)(aﬂn) ‘
3 i) my = Vv2A0
Coaa2,2 3 N4
AV — Aoy K (ii) M4 = |eqo]
+ %(eqv)szA” -+ %(eq)szAV(Zviy + 1% (iii) No need for Lgr

= This is the unitary gauge ({ — ©0): just physical fields

k., k _
—&uv + ]/121/] and D(k) — 0
MA

_ i
D,, (k) —
o (K) k2 — M3 +ie
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Spontaneous Symmetry Breaking || gauge symmetry

= Brout-Englert-Higgs mechanism: [Anderson '62]
[Higgs ‘64, Englert, Brout ‘64, Guralnik, Hagen, Kibble '64]

The gauge bosons associated with the spontaneously broken generators become massive,
the corresponding would-be Goldstone bosons are unphysical and can be absorbed,
the remaining massive scalars (Higgs bosons) are physical (the smoking gun!)

— The would-be Goldstone bosons are ‘eaten up’ by the gauge bosons (‘get fat)
and disappear (gauge away) in the unitary gauge ({ — o)

= Degrees of freedom are preserved
Before SSB: 2 (massless gauge boson) + 1 (Goldstone boson)

After SSB: 3 (massive gauge boson) + 0 (absorbed would-be Goldstone)

— For loops calculations, 't Hooft-Feynman gauge (¢ = 1) is more convenient:
= Gauge boson propagators are simpler, but

= Goldstone bosons must be included in internal lines
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Spontaneous Symmetry Breaking || gauge symmetry

o Comments:

— After SSB the FP’ ghost fields (unphysical) acquire a gauge-dependent mass,
due to interactions with the scalar field(s):

~ 0,1
D, (k) = 4
ab () k2 — &Mz, + i€
— Gauge theories with SSB are renormalizable ['t Hooft, Veltman '72]

UV divergences appearing at loop level can be removed by renormalization of
parameters and fields of the classical Lagrangian = predictive!
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2. The Standard Model

J.I Tllana (TAE 2019)

29



Gauge group and particle representations

[Glashow "61;

Weinberg '67; Salam ’68]

[D. Gross, F. Wilczek; D. Politzer '73]

e The Standard Model is a gauge theory based on the local symmetry group:

SU(3). ®SU(2), ® U(1)y — SU(3), ®
—— N —~ _

strong electroweak

em

(Do

with the electroweak symmetry spontaneously broken to the electromagnetic
U(1)p symmetry by the Brout-Englert-Higgs mechanism

e The particle (field) content:

(ingredients: 12 flavors + 12 gauge bosons + H)

Fermions I I | II Q Bosons
spin % Quarks | f || uuu | ccc | tit % spin 1 | 8 gluons || strong interaction
f' || ddd | sss | bbb || —3 W+, Z weak interaction
Leptons | f Ve vy | Ve 0 04 em interaction
f' e U T —1 || spin O | Higgs origin of mass
Qr=Qp +1

J.I. Illana (TAE 2019) 2. The Standard Model
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Gauge group and particle representations

e The fields lay in the following representations (color, weak isospin, hypercharge):

Multiplets | SU(3), ® SU(2)r @ U(1)y I 11 111 Q= Tz+Y
u c t 2 _ 1,41
Quarks 3,2 %) b L L ?i i ?
dr SL br —3=—5+32
(3,1, %) UR CR tR % = 0+ %
(3/ 1, _%) dR SR bR —% = (- %
% % v 0= L_1
Leptons (1,2, —3) ‘L ML g i i
er ML L —1=—-5—-3
(1/ 1/ _1) €R ]’lR TR —1 = 0—1
Higgs (1, 2, %) (3 families of quarks & leptons)

= Electroweak (QFD): SU(2);®U(1)y
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The EWSM with one family | (of quarks or leptons)

e Consider two massless fermion fields f(x) and f’(x) with electric charges
Qf = Qp + 1 in three irreps of SU(2),@U(1)y:

L0 =ifgf+if df' fRL = %(1 +s5)f, frL= %(1 + vs)f’

;{f_/ (1,y2) (1,y3)
(2,y1)

= i¥19Y1 + i, 0y + 1593 ; 1= (fL) =R ¥ \fli/

e To get a Langrangian invariant under gauge transformations:
—iy1B(x) _ o iTi (x) Y : '
Yi(x) — Ur(x)e Yi(x), Up(x)=ce , T = 5 (weak isospin gen.)

Po(x) > e W2PM gy (x)
P3(x) = e WPy (x)
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The EWSM with one family || gauge invariance

= Introduce gauge fields W;l(x) (=123 and By, (x) through covariant derivatives:

\

~

e : i cari
D;}Pl = (8H — lgW],l + lg/ley)lPl , W]/l = ElWﬂ
Dy = (9, +ig'y2B) ¢ > = | Lr

Dy = (0 +ig'y3By) s

where two couplings ¢ and ¢’ have been introduced and

W () -+ U () Wy () U () — Byl () UE
B(x) = Bul) + 524
= Add Yang-Mills: gauge invariant kinetic terms for the gauge fields
Lym| = —%WLVW”’”’ - iBWBW , Wi, =0, W — 3,W!, + ge; W)W

(include self-interactions of the SU(2) gauge fields) and B, = d,B, — 9, B,
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The EWSM with one family

mass terms forbidden

= Note that mass terms are not invariant under SU(2); ®U(1)y, since LH and RH

components do not transform the same:
ff = m(Fif+ Fife)

= Mass terms for the gauge bosons are not allowed either

= Next the different types of interactions are analyzed

J.I. Illana (TAE 2019) 2. The Standard Model
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The EWSM with one family || charged current interactions

L _ W3 2WT

o LrDO Y y"W, ¥y, W 1 H V2 #
5 : 2\ vaw,  —wR

o'

= charged current interactions of LH fermions with complex vector boson field W:

1

[,CC—Z\[fvP‘(l— v5)f'Wy+he., W, = 2(wl+1w2)
¢ d
Wm< v\<
W«/v< m<
( d
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The EWSM with one family || neutral current interactions

e The diagonal part of

LrD ng’Y“Wy‘Fl — ¢'Bu(1Y17"¥1 + 2o Y o + y3 Py s)

= neutral current interactions with neutral vector boson fields Wﬁ’ and BV

We would like to identify B, with the photon field A, but that requires:
yi=Yy=y3 and g'yj=eQ; = impossible!

= Since they are both neutral, try a combination:

Wﬁ _[w —sw Zy sw =sinfy , cw = cosBOy
By, Sw Cw Ay Oy = weak mixing angle
3 R
Lne =) ¥ {— [8Tssw + &'yjew] Ay + [Tsew — 8'yjisw] Zu}
j=1

with T3 = % (0) the third weak isospin component of the doublet (singlet)
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The EWSM with one family || neutral current interactions

e To make A, the photon field:

(De=gsw=gew| (2)|Q=Tz+Y

0
where the electric charge operator is: Qg = (Qof 0 ) , Q2=0Qr, Q3=0Qp
f/

gg’
V& +8?

= (2) The hyperchages are fixed in terms of electric charges and weak isospin:

1
2 4

= (1) Electroweak unification: ¢ of SU(2) and ¢’ of U(1) related to e =

1
=0~ 5=0Qp+ v2=Qf,  y3=Qp

Logp = —e QffY"f Ay +(r-p)

= RH neutrinos are sterile: y, = Qf =0
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The EWSM with one family

neutral current interactions

e The Zy 18 the neutral weak boson field:

['1%1(1 —e ffyl“‘(vf —agys)f Zy +(f—f)

with

sy T

of

ZSWCW

aAr =
’ 2SWCW

e The complete neutral current Lagrangian reads:

LNe = ﬁQED + ﬁl%IC

f=u,dt

f=u,d v/t

J.I. Illana (TAE 2019) 2. The Standard Model
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The EWSM with one family || gauge boson self-interactions

e Cubic:
Lym D L3 = —iZ‘;VW {WWW;[ZV — Wy, WHZY — w;wvzw}
+ie {WWWPJ[AV — W;:VWVAV _ W;:WVFPW}
with

Fuv = 0yAy — Ay Zyy = 0,720 —0Zy Wy = 0, W, — 3, W,

J.I. Illana (TAE 2019) 2. The Standard Model
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The EWSM with one family

gauge boson self-interactions

e Quartic:

62

22

2
Lo D L4 = ——— { (w;jw#) _ W;IWWWVWV}

SWw
20

2

_w {w;:w”zvzv _ W;[Z”WVZV}

Sw
€2CW

SW

{2W;;WﬂZVAV ~ WIZFW, A — W;AP‘WVZV}

. {W;[W”AVAV _ W;[AVWUAV}

14 w W 7w Z W Z

Note: even number of W and no vertex with just 7y or Z
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Electroweak symmetry breaking || setup

e Out of the 4 gauge bosons of SU(2); ®U(1)y with generators T1, Tp, T3, Y we
need all to be broken except the combination Q = T3 + Y so that A, remains
massless and the other three gauge bosons get massive after SSB

8

Lo|= (Dy®)'DIO -y @' — A(®'®)2,  D,® = (9, — igW,, +ig'yoB,)®

= Introduce a complex SU(2) Higgs doublet

.
d = (Z°> , (0| ®|0) =

with gauge invariant Lagrangian (1? = —A0?):

Sl

takeyq):% = (,+Y)|0)=0Q (:) ~0

{Tll Ty, 13 — Y} ‘O> # 0
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Electroweak symmetry breaking || gauge boson masses

e Quantum fields in the unitary gauge:

Ti i 1 0
d(x) = i—0'(x) p —=
(x) exp{lzv ( )} 7 (U—I—H(X))
1 physical Higgs field

NN x x) = L 0 Hx)
d(x) — exp {—1%9 ( )} D(x) V2 (U 4 H(x)) ~ 3 would-be Goldstones

0'(x) gauged away

— The 3 dof apparently lost become the longitudinal polarizations of W* and Z that
get massive after SSB:

2.2 2.2
1
LoD Ly = %W;WV + i—gzﬂﬂ = My = Mzcw = g0
NS :l/_\//
Miy 1M
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Electroweak symmetry breaking || Higgs sector

= In the unitary gauge (just physical fields): Lo =Ly + Ly + L2

L= 1y HovH — 1M2 H? — M—%{H3 MHH4 My =/ —2u2 = V20
2 pH 20 802
L? H H ‘. L H
H=---4 "’
\\ /, \\
\\ H H ', \\ H

2

2 H 1 2 H?
EM—I—ﬁHVz:MIZ,VW;W”{l—I— H-l—?}-I—EM%ZyZV{l—I— H—F?}
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Electroweak symmetry breaking

Higgs sector

e Quantum fields in the Ry gauges:

(ot ¢ (x
(D(x)(cpo) (1[v+H(x>

V2
ﬁq; — £H+LM+£HV2

) )
+ix(X)]) - P

F(@00)(@97) + 5 (2u0) (2 1)

+ iMy (Wyot'pt —Widle™) + Mz Z,0"x

+ trilinear interactions [SSS, SSV, SVV]

+ quadrilinear interactions [SSSS, SSVV]
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Electroweak symmetry breaking || gauge fixing

e To remove the cross terms W, 0*¢", Wiot¢p—, Z,0"x and define propagators add:
uo” ¢ u ¢ " propag

Lcr

1 1

= oz, A" - 28,

1 : _
% S (02! = §zMzx)* = — [0y W" + il M~ |
i

Cw

= Massive propagators for gauge and (unphysical) would-be Goldstone fields:

DZV(k) — k2 4+ ie [ gVV+ (1 C’Y) k2 ]
~ - k. k _ i
DZ (k) = ! L4 (1— Hov ] . DX(k) =
A0 = e | S 0 g R 9 7 uF
N - k. k _ i
DW (k) = : L (1— Hev ] . DOk) =
o (K) k2 — M2, +i [ &+ gW)kz—éwM%\, (k) k2 — CwMy, + ie

('t Hooft-Feynman gauge: {, =z = ¢w = 1)

J.I Tllana (TAE 2019)

2. The Standard Model 45



Electroweak symmetry breaking || Faddeev-Popov ghosts

e The SM is a non-Abelian theory = add Faddeev-Popov ghosts c;(x) (i =1,2,3)

1 1
\ﬁ(u++u_), 57(u+—u_), C3 = Cy Uz — Sy Uy

Lrp | = (9"C;) (9uci — g€ijkCi Wk) + mteract1ons with <I>

U kmetlc + [UUV] U masses + [SUU]

= Massive propagators for (unphysical) FP ghost fields:

1 ~ i ~ 1

D" (k) = DYz (k) = D**(k) =

k% +ie k2 —gzM2 +ic”’ k2 — SwMi, + ie

('t Hooft-Feynman gauge: 7z = {w = 1)
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Electroweak symmetry breaking

Faddeev-Popov ghosts

Lrp =

p

+i€:(ayﬁ+)U+ — (ayﬁ_)u_

[UUV] ¢ —ie[(0"us)uy — (01, )u_]

|+ i€ (01T )iy — (3T Ju ]

(ayﬁv)(ayuv) + (ayﬁz)(a”uz) + (auﬂ+)(ay”+) + (ayﬁ—)(aﬂ”—)

| Ay — 2 (@M sy — (9 )] Z,
SW
Wi+ (01 Jug — (@ z)u W
W 1ecyy i 7
w— (@ T Yuz — (IMTz)u+ W,

SW

- CZM% Uzuz — CWM%V UpUy — CWM%\, U_U_

)
1
—eCzMz Uy Huy —
SWCW
11
[SUU] ¢ —eCwMw iy | —

28W

1

—eCwMpyy u—
\

(H+ix)ur —¢" (”v -

_E(H —ix)u- —¢-

1 _
25 (o u_+¢ M+)]
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Electroweak symmetry breaking || fermion masses

e We need masses for quarks and leptons without breaking gauge symmetry

= Introduce Yukawa interactions:

+ 0
LY p— —)\d (EL HL) 0 dR - /\u (ﬁL HL) 4) B MR
¢ —¢
+
— Ay (VL ZL) ((P ) (R +h.c
¢0
where ¢ = i0pd* = transforms under SU(2) like & = 0
—¢ ¢
= After EW SSB, fermions acquire masses (f f = f1fr + frRfL):

1 — — v
Lv D ———(04+H)SA;dd+ A, uu+ Ay b/ = M= Ar—
Y \/§< ){ d u 14 } f f\/i

S
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Additional generations

Yukawa matrices

e There are 3 generations of quarks and leptons in Nature. They are identical copies
with the same properties under SU(2); ® U(1), differing only in their masses

= Take a general case of n; generations and let u

familyi (i =1,...

17 717 Vi v

= General gauge invariant Yukawa Lagrangian:

Ly|=-)_ (ﬁzlL

where )\g].d), /\E;’l), AI(].E)

—I ‘P+ (d) 41 (PO*

diL) 4)0 AZ] d]R + e ]
I o\ L0

giL) (PO /\1] K]R

are arbitrary Yukawa matrices

I dl vl ¢! be the members of
,1). Superindex I (interaction basis) was omitted so far

+ h.c.

J.I Tllana (TAE 2019)
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Additional generations || mass matrices

e After EW SSB, in n5-dimensional matrix form:

H _ _
£Y3—<1+;> (@ My dl + afM,ub + 1 M, 1} + he)
with mass matrices
d © (0] Y,
(My);; = )‘5]') —  (My);; = A — (My);; = A

V2 T2

= Diagonalization determines mass eigenstates d]-, uj, E]-, Vj
in terms of interaction states d]l ) u]l ) 6]1- , Vi, respectively

= Each M £ can be written as
Mf=HU =V M VU < MM};=H;=ViM;V,

with H f=yM fM;E a Hermitian positive definite matrix and U/ £ unitary
— Every H; can be diagonalized by a unitary matrix V,
— The resulting M fis diagonal and positive definite

J.I. Illana (TAE 2019) 2. The Standard Model
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Additional generations || fermion masses and mixings

e In terms of diagonal mass matrices (mass eigenstate basis):

M, = diag(my, ms,my,...), M, = diag(m,, me,my,...)
M, = diag(m,, my, me,...)

EyD—(1+%) {dM;d + M, u + TM,1 |

where fermion couplings to Higgs are proportional to masses and

dLEVddi uLEVuui ILEVgli

dR = de/{d dllQ UR = V., U, 11{{ lR — VgZ/{g 1{3

= Neutral Currents preserve chirality

_ _ N _ = Lnc does not change flavor
fifl = f; f, and f{{fl = fp f, 5

= GIM mechanism [Glashow, Iliopoulos, Maiani "70]
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Additional generations || quark sector

e However, in Charged Currents (also chirality preserving and only LH):
uidl =u, v, vid, =uyvd;

with V = V,, V! the (unitary) CKM mixing matrix [Cabibbo ‘63; Kobayashi, Maskawa ‘73]

g » t
= Lcc=—=) uy"(1— Viidi W, +h.c.
CC 2\/§§ i’Y ( ’)’5) ij “j YV

U;

d;

= If u; or d; had degenerate masses one could choose V,, = V; (field redefinition)
and flavor would be conserved in the quark sector. But they are not degenerate

= V, and Vj are not observable. Just masses and CKM mixings are observable
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Additional generations || quark sector

e How many physical parameters in this sector?
— Quark masses and CKM mixings determined by mass (or Yukawa) matrices

— A general ng X ng unitary matrix, like the CKM, is given by

né real parameters = ng(ng —1)/2 moduli + ng(ng + 1)/2 phases

Some phases are unphysical since they can be absorbed by field redefinitions:

u; — eicpi u;, d] — eiej d] = Vij — Vz'j ei(ej_cpi)

Therefore 2n; — 1 unphysical phases and the physical parameters are:

(ng —1)? = ng(ng —1)/2 moduli + (ng —1)(ng —2)/2 phases

J.I. Illana (TAE 2019) 2. The Standard Model
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Additional generations

quark sector

= Case of ng = 2 generations: 1 parameter, the Cabibbo angle 6:

cosbfc- sinfc

V =

—sinfc- cosfc

= Case of ng = 3 generations: 3 angles + 1 phase. In the standard parameterization:

Vud Vus Vub
Vcd Vcs Vcb
Vie Vis Vy

<

( C12€13

0
= | —S12C23 — C12523513€"

6
\ 512523 — C12023813€

1 0 O ci3 0 syze ¥ crp S O

0 C23 523 0 1 0 —S12 (12 0

0 —S523 (23 —813615 0 C13 0 0 1
$12€13 5136_15\

is
C12C23 — S12523513€"

i
—C12523 — S12€23513€"

0 only source

s»3c13 | = of CP violation
in the SM !

€23€13 )

with ¢;; = cos0;; >0, s;;=sinb; >0 (<j=123 and0<9 <27

J.1
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Additional generations || lepton sector

o If neutrinos were massless we could redefine the (LH) fields = no lepton mixing
But they have (tiny) masses because there are neutrino oscillations!

e Neutrinos are special:
they may be their own antiparticle (Majorana) since they are neutral

o [f they are Majorana:

— Mass terms are different to Dirac case
(neutrino and antineutrino may mix)

— Intergenerational mixings are richer (more CP phases)
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* || lepton sector

e About Majorana fermions

— A Dirac fermion field is a spinor with 4 independent components: 2 LH+2 RH
(left/right-handed particles and antiparticles)

Yr="Py, Yr=Pry, ¢p=(PL)" =PrY°, Yr=(Yr)° = Pry°

where ¢° = C@T = iy?y* (charge conjugate) with C = iy?4", Pg | = %(1 + v5)

— A Majorana fermion field has just 2 independent components since ¢ = 17*:

Yr=n¥r, Yr =191
where 7 = —incp (CP parity) with |77|> = 1. Only possible if neutral

J.I. Illana (TAE 2019) 2. The Standard Model 56



*

lepton sector

About mass terms

YRYL = Y5U% , YR = P55 (AF =0)

iYL
YRR

4 Egbi

i (I6F| =2)
; YR¥R

oho 1 2hC 1 PYANPTAS
= —Lu,= mp YrYp + zmg l/)Ll/JL + EmR YrYp + h.c.

2

\ \

WV VO

Dirac term Majorana terms

— A Dirac fermion can only have Dirac mass term

— A Majorana fermion can have both Dirac and Majorana mass terms

= In the SM: x mp from Yukawa coupling after EW SSB

+ mp forbidden by gauge symmetry

* mpg compatible with gauge symmetry!

(mp = Ay U/\/E)

J.I Tllana (TAE 2019)
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*

lepton sector

About mass terms (a more transparent parameterization)

Rewrite previous mass terms introducing an array of two Majorana fermions:

=== (M X=X =Lt =YL+ Y
X3 X3 = X3 = Xor + X5 = ¢ + R

1 — m; m

= —LZm:E)(%CM)((L)—Fh.C. with M = TP

mp mMQpR

M is a square symmetric matrix = diagonalizable by a unitary matrix I/
UTM U = M = diag(my,my) , x] =Uxe (xi =UX])

To get real and positive eigenvalues m; = i;m’ (physical masses) take x¥ = UZ;:

¢1 = xiL + mxjs;

U = Udiag(\/71,/72) , ;
Cr = XoL + MXor1

(physical fields) #; = CP parities
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* || lepton sector

e About mass terms (a more transparent parameterization)

— Case of only Dirac term (mp = mg = 0)

M 0 mp N Zj 1 1 1 , ,
= = — , my=—mp, My=1m
mp 0 V2 \-1 1 ! bro T2 b
Eigenstates = Physical states
1 1
X1L = \ﬁ( (1)L - XgL) — \ﬁ(lPL —PR) Cr=xiL+mxy [m=—1
1, 0 1 ) G2 = XoL +12X5r |12 = +1]
X2L = ﬁ(XlL + XZL) — E(IPL + l/JR) with masses my = My = Mp
1 _ _ 1 - - __ __
= —Lm = smp(=X1x1+ X2X2) = 5mp (6161 + §262) = mp(Yrr + Prip1)

One Dirac fermion = two Majorana of equal mass and opposite CP parities
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* || lepton sector

e About mass terms (a more transparent parameterization)

— Case Of seesaw (type I) [Yanagida '79; Gell-Mann, Ramond, Slansky '79; Mohapatra, Senjanovic "80]
(mp =0, mp < mg)

0 m ~ cosf sinf
M = Pl = U= ;0P [T (heoligible)
Mmp MR —sinf® cosf MR MmN
mp,
mpg °
= V= + Yy = —1 1 — 1 S
1 oty b=t g Sy vEvi + oy NENg + he.
(2 =N =9yg +myr |2 =+1]

Perhaps the observed neutrino vy is the LH component of a light Majorana v
(then v = RH) and light because of a very heavy Majorana neutrino N

eg. mp~v~246GeV, mp~my~10"GeV = m, ~01eV
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Additional generations || lepton sector

e Lepton mixings

— From Z lineshape: there are ng = 3 generations of vy [v; (i =1,...,n¢)]
(but we do not know (yet) if neutrinos are Dirac or Majorana fermions)

— From neutrino oscillations: neutrinos are light, non degenerate and mix
|Voc> = ZUai‘Vi> < ’1/1 ZU z‘vﬂé
i

mass eigenstates v; (i = 1,2,3) / interaction states v, (x = ¢, 1, T)

= U matrix is unitary (negligible mixing with heavy neutrinos) and analogous
to V,, V4, V, defined for quarks and charged leptons except for:

— v fields have both chiralities

— If neutrinos are Majorana, U may contain two additional physical (Majorana)
phases (irrelevant and therefore not measurable in oscillation experiments)
that cannot be absorbed since then field phases are fixed by v; = #;v}
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Additional generations || lepton sector

e Lepton mixings

The SO Called PMNS matrix U [Pontecorvo '57; Maki, Nakagawa, Sakata '62; Pontecorvo '68]

— does not change Neutral Currents (unitarity), but

— introduces intergenerational mixings in Charged Currents:

Loc = \/72606’)’”1—’)’5)U“11/1W + h.c.

(basis where charged leptons are diagonal)
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Additional generations || lepton sector

= Standard parameterization of the PMNS matrix:

Uel Ue2 UeB
U= [U;g Up Uy
Urp U Ugs
{ €12 €13 $12 €13 s;ze”’ \ 1 0 0
512 €23 — €12523513¢€ €12 €23 — 512523513 € 523 €13 €
7 R iz /2
\ 12523 — ciaco3s13e®  —cipsy3 —spoxzsize’  cxzcns ) 00 e
: : (Majorana
(different values than in CKM)

phases)

[013 =05, 623 =0.tm, 613 and o6 measured in oscillations]
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3. Phenomenology
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Complete SM Lagrangian || fields and interactions

L=Lr+Lywm+Ls+Ly+ L+ Lpp

e Fields: [F] fermions [S] scalars (Higgs and unphysical Goldstones)
[V] vector bosons [U] unphysical ghosts

e Interactions: [FFV] [FFS] [SSV] [SVV] [SSVV]
[VVV] [VVVV] [SSS] [SSSS]
SUU] [UUVV]
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Complete SM Lagrangian || Feynman rules

e Feynman rules for generic couplings normalized to e (all momenta incoming):

(il) [FEV,] iev"(gv — ga7s) = iev*(gLPr + grPr)
[FES] ie(gs — gpys) = ie(crPL + crPR)
[SV, V] ieKguy
[S(p1)S(P2)Vul  1eG(p1 — p2)y
[Vy(kl)VV(kZ)Vp(k3): ie] [SW(kZ - kl)p + 8w(k3 — k2)y + gyp(kl - kB)V}
[V (k1) Vy (ko) Vo (k3) Ve (ka)] 1€*C1 2810800 — SuoSvo — Suo&up]
[SSV, V] ie?Caguu also [UUVV]
[SSS] ieCs also [SUU]
[SSSS]  ie?Cy

Note: g1 r = v £34 dy — —ipy Attention to symmetry factors!

CL,LR = 8§ :|:gp e.g. 2x HZZ
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Complete SM Lagrangian

Feynman rules

("t Hooft-Feynman gauge)

FFV Flf]”)/ ﬁf]Z Hid]-W+ d]-uz-W_ Uiﬁ]'w—i_ f]-viW_
1 1 1 1
— 05 f(g.. V. V=
St Qf 0|3+ \ﬁsw ! \@Sw 7 \@Sw \/QSW
gr | —Qs%; | &Ly 0 0 0 0
f 1 — 2055}, Ty
&+ = Uf + af vf B 2SWCW af B ZSWCW
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Complete SM Lagrangian

Feynman rules

FFS fifiH fifix uidjp™ djuip~
1 mig. 1 f my. 1 my. 1 mg.
cL | — SO | —=—2T3—6;; LV | — V%
L 25w M g ZSW 3 My ' fSW MW Z] \/ESW My J
1 mf 1 f f 1 1 U;
C _ L8| +—oT/k_Jig V + L V*
R 25W MW ' ZSW 5 MW Z] fSW MW " \/§SW MW i
(f =u,d,?)

("t Hooft-Feynman gauge)
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Complete SM Lagrangian

Feynman rules

('t Hooft-Feynman gauge)

SVV HZZ HWTW™ | pTWTy | ¢pTWTZ
K | Mw/(swcdy) | Mw/sw | —Mw | —Mwsw/cw
SSV | XHZ | ¢"¢Ty | ¢"¢TZ | $THW™ | pTYW™
. o) o) .
1 Ciw — S 1
G | — R R A — | ——
2SWCW T 2SWCW T 25
VVV | yWTW™ | ZWTW™
] —1 Cw/SW
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Complete SM Lagrangian

Feynman rules | ('t Hooft-Feynman gauge)

VVVV | WHWHW-W— | WTW—ZZ | WTW—Z | W Wy
2
C1 % —CTW ‘w —1
Sw SWw SW
SSVV | HHW-W™* | HHZZ SSS HHH SSSS | HHHH
1 1 2 2
C 52 752 2 Cs | — My Cy | — 31\2/IH2
S S 2Mwsw My Sy

— Would-be Goldstone bosons in [SSVV], [SSS] and [SSSS]| omitted
— Faddeev-Popov ghosts in [SUU] and [UUVV] omitted

— All Feynman rules from FeynArts (same conventions; x, ¢~ — GY, GF):

http://www.ugr.es/local/jillana/SM/FeynmanRulesSM.pdf
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Input parameters

e Parameters:

17 1 1 1 1 9 4

formal: ¢ ¢ v A Ag

practical: « Mw Mz Mg my Vekm

e , e

where ¢=— ¢ =— and
SwW Cw
e? 1 My
= — = — = — p— 2 p—
ié . MW ng MZ cm MH V2A U Wlf
8 &, v

= Many (more) experiments

= After Higgs discovery, for the first time all parameters measured!

Si e
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Input parameters

e Experimental values [Particle Data Group '18]

— Fine structure constant:
a~! = 137.035999 139 (31) from Harvard cyclotron (g.)

o~ = 137.035999 046 (27) from Cesium atom interferometry

(new anomaly in g, — 2 !!) [Parke et al 18]

— The SM predicts My < Mz in agreement with measurements:
Mz = (91.1876 £0.0021) GeV  from LEP1/SLD
My = (80.379+0.012) GeV  from LEP2/Tevatron/LHC

— Top quark mass:
my = (173.0 £ 0.4) GeV from Tevatron/LHC

— Higgs boson mass:
Mp = (125.18 £ 0.16) GeV from LHC
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Observables and experiments

e Low energy observables (Q* < M%)
— v-nucleon (NuTeV) and ve (CERN) scattering:

asymmetries CC/NC and v/7 = |s3

— Atomic parity violation (SLAC, CERN, Jetferson Lab, Mainz):

LR asymmetries eg | N — eX due to Z-exchange between e and N = |s%,
— muon decay: yu — ev,v, (PSI)
lifetime
1 GEMy o o, 5
o = = qogg Sme/m)
4 2 Gr
- f(x) =1—-8x+8x>—x* —12x°Inx
W = (0.99981295
Fermi theory (—g*<M3,)
: 2 : ~ A\ <
: 1€ _ —1805 __ 5 AGr . Gr Tt
iM = evPv v =i— (evvy) (v L =
(ﬁsw> T E g, = g O G5 = ag e,
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Observables and experiments

e Low energy observables

= Fermi constant provides the Higgs VEV (electroweak scale):
~1/2
o= (V2Gr)  ~246GeV

= Consistency checks: e.g.

From muon lifetime:
Gr = 1.1663787(6) x 107> GeV 2

If one compares with (tree level result)

Gr T T

V2 o 283, ME 2(1— MZ/MZ)M2,

using measurements of My, Mz and « there is a discrepancy that disappears
when quantum corrections are included
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Observables and experiments

e ete™ — ff (PEP, PETRA, TRISTAN, ..., LEP1, SLD) (9
e’ do £ o 2 23 i
. d—Q—NC4—SIBf{ |:1_|_COS 9+(1—18f)51n 9j| Gl(S)
e Vs +2(,B?c —1) Ga(s) +2pfcos0 G3(S)}

Gi1(s) = Q2Q7 +2Q.QfvevfRexz(s) + (v + az ) (v; + a7) [ xz(s) |
Ga(s) = (v; + az)ag|xz(s)]”
Gs(s) = 2Q.QracarRexz(s) +4vevfaeaf\xz(s)\2 =  Arp(s)

9))

9))

S

s _ M% M, NZ =1 (3) for f = lepton (quark), s = velocity

with xz(s)

T2
o(s) = ch235 By |3 = B3G1(s) =3(1- B3)Gals)| , By = /1 —4m2/s
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Observables and experiments

e Z production (LEP1/SLD)
MZI FZI Uhad- AFB/ ALR/ Rb/ RC/ RE = MZ/ S%/\[

from eTe™ — ff at the Z pole (v — Z interference vanishes). Neglecting m Iz

JOEr I I A RASSS AARAS RARRS RARRS RARAS RA 3 1-., e_|_e_ r had .
B AN ene ] Uhad = 1270 ( MZ)FZ( : kine @
3¢ . \, ‘ ; z'7
R, — ['(bb) R — I['(cc) R, — I'(had)
" T(had) ~° T(had) * T(¢t0)
= OCMZ
(2~ ) = T() = NCSGE R + )
8;'l'88'“‘391!‘""“’”gfé;ll‘*"é;;;l‘”lm*"m:‘";“‘5“ = N, = 2.990 = 0.007
Forward-Backward and (if polarized e™) Left-Right asymmetries due to Z:
OUF — 0B 3 A, + P, 0 — OR . vaaf
Arpg = = —-A AR = = AP, with A, =
B oriog 47711 DA, LR o ok e f v]%+a]2[
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Observables and experiments

e W-pair production (LEP2) e W production (Tevatron/LHC)
ete” > WW — 4 f (+7) pp/pp — W — fvy (+7)
A%
et b
Ve
e W

= | M

e Top-quark production (Tevatron/LHC)
pp/pp > tt—=6f
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Observables and experiments

e Higgs (LHC) [PDG 18]
Single and Double H production and decay to different channels = | My
[ggF] [VBF] [VH] [ttH] [tH] [HH]
! gm —_— - H
g 1474 » H t
H b L Jmow --- H
T ! - . H
g iéu >1{/
b b Yo CH
T I TTTT [ TTTT l TTTT TTTTTTTTT [ TTTT I TTTT I TTTT ‘ TTTT I l§ 9 1 —T TTT I TTTT ( TTTT]TTTT [ TTTT W TTTT [ TTTT l TTTT]TTTT I T TT__ g
—10°: M(H)= 125 GeV = T F 18
8 NLO EW) ‘_Eg C [ bb _;
o [y neoSes [ggF] 2 o
e : S 11 99 3
100 [VBE] 210"s —_—
- = © E =
f C Lo qop + N W) ] m ,Eﬁrr .
g - pp = @ W) [VH] - L cC .
° 1 o L S ) 1021 %4 E
s e E E (D)
10—1 - — i — .E
= = -3 [— |
- [tH] 10787y e Ry,
10_2 E_I | | | | Lo b by by I_E i llHl | | | l |
I6 - I7 B I8‘ B ‘9‘ | I“I(:)I B I1 1 12 13 14 15 10‘120l l‘112I1I L11212l I1I2(i’,J L‘112411l l1l25J I1I2(13l l‘IZ_I/'I I112él l1I2éL J130
(s [TeV] My [GeV]
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Observables and experiments

e Higgs (LHC) [PDG "18]

(‘7 ) BR) obs

— Run 1 Run 2
(o BR)sm

Signal strength p =

ATLAS | 1174027 099 +0.14
0.26 0.15
CMS | 078792  1.16+01

Per channel:
vy, ZZ, WTW~, ttt™ > 50

bb > 50 | at last! [LHC Seminar 28 Jul 2018]
<51fb"(7TeV)+<19.8f" (8 TeV)+<77.2fb" (13 TeV)
rrr|rrr|rrrrrrrrryprrr o1 CMS .Observed
ATLAS H—bb \s=7TeV, 8 TeV,and 13 TeV Hosbb — 110 (stat @ syst)
Total s 4.7 6, 20.3 b, and 24.5-79.8 fb” - w— +1G (Syst)
ota tat. : stat  syst
VBF+ggF Runi| j—~—e L -0.78 j_-:g (22,0 9gF 5 2.80 +2.08 + 1.30
1.38 1.30 +0.46 ;
VBF+ggF Run2 et 247 5 (D3 lo24 ) VBF | 253+0.98+1.17
- 1.50 +1.22 +0.73 ’ +0.98
tH Runt e s (07109 ) (tH | — 0.85 +0.23 + 0.37
ttH Run2 e 0.85 o7 (1035705 '
WH -e- 1.24 +0.29 + 0.24
VH Run o4 0.51 *040 (1031 025 ‘
VH Run2 1.15 920 (48 1021y ZH| - 0.88 +0.24 +0.16
comb.| T ! I A T/ D N +0127775048°Y ;
Omb. 1 1 1 | 1 1 1 i 1 1 | 1 1 1 I. 1 1 1 .I 1 (I_P.:Izl ,I _|0.I15I I) Combined ‘- 1'04 i 0'14 i 0'14
NPT EPEPEE BT EPEPEE B ST L,
4 -2 0 2 4 ©® 8 10 12 14 0 1 > 3 7 5 5 8 9
He Best fit u
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Precise determination of parameters

e Experimental precision requires accurate predictions = quantum corrections

(complication: loop calculations involve renormalization)

— Correction to Gr from muon lifetime:

Gp . GF TTX
V2 va T aag g A M)

when loop corrections are included:

7 t e " H e p W e
W + W + W + - +2loops
P b Ve Vi W Ve Vi Z ~ Ve

Since muon lifetime is measured more precisely than My, it is traded for Gr:

M?2 47T
= M2, (x,Gp, My, m;, My) = —% (14 ,/1—
W( F / t H) ( \/EGFM%

> [1 + Ar(mt, MH)]>

(correlation between My, m; and My, given a, Gr and Mz)
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Precise determination of parameters

Indirect constraints from LEP1/SLD Direct measurements from LEP2/Tevatron

My (Mw,m;)  Allowed regions for My
allowed by direct searches

[LEPEWWG 2013]
80.5

' ' ' |
[JLHC excluded

| — LEP2 and Tevatron
{1 -~ LEP1 and SLD
68% CL

LHC excluded
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Precise determination of parameters

— Corrections to vector and axial couplings from Z pole observables:

vp gy =0+ Ag,  ap— gy =as+Ag)
Sty
1 -~ N ~
= sin® 6/, = 0] [1 - Re(gfv/gg)} = (1-M%/M2) «,

(Two) loop calculations are crucial and point to a light Higgs:

0.2325 [Awramik, Czakon, Freitas] e m—— p—

0230 hp/imﬁ%ﬁ/*‘* 2 loops | s2, = 0.22290 = 0.00029 (tree)

0.2315 T 3 sin 07" = 0.23148 + 0.000017 (exp)

N &mr-mxnuf:*i_rﬁwwww

= .
.= S
o

]opt

2

0.2305p*
0.23 -1 loOp s Q - ﬂ':fz't.’rm
--e + OXOE — + (l‘ﬁm
0.2295| | - + aa? —+ leading o”,aja |
200 400 600 800 1000
My [(}n\-*"]
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Precise determination of parameters

e In addition, experiments and observables testing the flavor structure of the SM:
flavor conserving: dipole moments, ... flavor changing: b — s7, ...

= very sensitive to new physics through loop corrections
Extremely precise measurements are:

— electron magnetic moment (new physics suppressed by a factor of m?/ mi):

exp:  ge/2 = 1.001159 65218076 (27)

= a1 =137.035999 139 (31)
theo: QED (5 loops!)

— muon anomalous magnetic moment: a, = (g, —2)/2
a, T =116592089 (63) x 101 [Brookhaven "06]
a7 = 116584718 x 10711 [QED: 5 loops]

afjw = 154 x 10~ [W, Z, H: 2 loops]

had __
Ely =

aM = 116591802 (49) x 101

a, " — M =287 (80) x 107!
3.60 !
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Precise determination of parameters || Recent update on (g, — 2)

had
H

| I |
ETMC 2013 - | % | —
HPQCD 2016 | —tH— -
Mainz 2017 ! + | -
BMW 2017 |- e ] < 7111(189) x 1071
RBC/UKQCD 2018 |- % { 4« 7154(187) x 10~ 1
RBC/UKQCD 2018 [- —
HLMNT 2011 [ ~EH
DHMZ 2012 |- — _
DHMZ 2017 | HEH
Jegerlehner 2017 - S -

No new physics |- - N
] | | | | |

610 630 650 670 690 710 730 750
au><1010

e New lattice calculations of a [PRL 121, 022002 & 022003, 12 July 2018]

e New Muon ¢ — 2 Experiment at Fermilab (running from March 2018)
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Global fits

e Fit input data from a list of observables (EWPO):
1
MH, Mw, Fw, Mz, Fz, Ohad- APB p Abcér Rbcfr sm 0 efft, ce
finding the XIZnin for ngor = 13 (14) when My is included (excluded):

as(Mz), Aapag(Mz), Gg, Mz, 9 fermion masses, My

1 (QCD) 17—4=13 (CKM irrelevant)

44
1— A(X(Mz)

OC(Mz) —

[Gfitter 2018: 1803.0853] http://gfitter.desy.de

2
Ndof  Xmin ‘ p-value

15 186 | 0.23

p-value (goodnes of fit): probability, under assumption of hypothesis H, to observe data

with equal or lesser compatibility with H relative to the data we got

J.I. Tllana (TAE 2019) 3. Phenomenology 85


http://gfitter.desy.de

(Comparisons)

Global fits

e Compare direct measurements of these observables with fit values:

€1l
¢0-
g0
L0~
00
90
00
ve
80
1'0
L0-
L'¢-
1’0
6°0-
0'L-
G-
¢ 0-
€0
1'0
G-
00

seawl seawl
o /(O -

€ [4 _.

L

0)
0 - T &

[]

]

()0
()" 0v
hw

oo

o

v

v

oy

Sy
m__h,ot_hw_@%_m
(7'0),4,0uIS
(@1s)v
(d31)'v
VoV

Qon“m_

_umub

21

‘I

M1

M

"I

J °

= some tensions (none above 3¢): A;(SLD), A%, (LEP),

86
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Global fits | (Comparisons)

e Compare indirect determinations with fit values (error bars are direct measmts.):

— ™
— N
— o
— ©
I ™ -
: —
- @)
— o |
L EaF g
- o — - %
=2 E -
Dosk )
(1] I
Pl g— I
L) o -
(G (o)
Ble !

[indirect determination means fit without using constraint from given direct measurement]
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Global fits | (Conclusions)

= Fits prefer a somewhat lighter Higgs:

8l el -

IR N

NX 5 IIIIIIIIIIIIIIIIIIIIIIIIIIII'II]III
<] 4.5 SM fit Eflttel’ SM

SMfitw/o M, measurement | 0

-@- LHC combination [PRL 114, 191803 (2015)]

20

1o

N
&)
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

lll|llll|llll|llll|llll|llll|llll|llll|

0 | I 11 1 1 I | I S| I | S el | I 11 1 1 I | I I 1191 | I |
70 80 90 100 110 120 130 140

M, [GeV]

(o))
o
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Global fits

(Conclusions)

= In general, impressive consistency of the SM, e.g.:

M,, [GeV]

B I I I I l I I I I l I I I I l !: I I I l I I I I I L_/

— 68% and 95% CL contours iy M, comb. * o 7

B . 1 mt=17247GeV —

80.5 — 'l Fit w/o M,, and m measurements Vil -- o =046 GeV . —

N Fit w/o M,,, m and M, measurements 1l — 0=046 ©0.50,  GeV d

B Direct M,, and m_measurements ’ _

80.45 [ - =

80.4 [ —

— M, comb. + 1o

80.35 [ — Mx = 80.379 £ 0.013 GeV : ]

80.3 — . —

B N - e“ N, Ei e*f ]

B © oC 0 O-- e -

80.25 — .- N - g i : -

o o > oo F fitter]suf -

B 1 | | | | | | | }/ | | | L’, I : : | | | I | | | | I | l_

140 150 160 170 180 190
m, [GeV]
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Summary

e The SM is a gauge theory with spontaneous symmetry breaking (renormalizable)

e Confirmed by many low and high energy experiments with remarkable accuracy,
at the level of quantum corrections, with (almost) no significant deviations

e In spite of its tremendous success, it leaves fundamental questions unanswered:

why 3 generations? why the observed pattern of fermion masses and mixings?

e And there are several hints for physics beyond:

— phenomenological: — conceptual:
* (gu—2) * gravity is not included
* neutrino masses * hierarchy problem

* baryon asymmetry

x dark matter The SM is an Effective Theory
* dark energy valid up to electroweak scale?

* cosmological constant
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Kinematics
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2 — 2 Kinematics

L ERUS] Pg, Mg

>©< Pr+p2=pP3+pa
p27m2

p47 m4

Mandelstam variables

(Lorentz invariant)

(P14 p2)* = (p3 + pa)* = mi +m5 +2(p1 - p2)
t = (p1—p3)* = (p2— pa)* = mi+mj—2(p1-p3)
(p1 — pa)* = (p2 — p3)* = mi +mz —2(p1 - pa)

4
st+t+u = Zmlz

J.I Tllana (TAE 2019)
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2 — 2 Kinematics

Center of mass frame (CM)

Consider particular case:

m = (E0,0 |pi)

po = (E0,0,—|p;|)

prs = (E, |pg|sin6,0, |ps|cosh)

ps = (E, —|py|sind,0,—|ps|cosb)

where E* — |p; ¢|* = m

2

s = 4E% = E¢y

_ 5 . 2 2
t = —5(1—[31,ch089)—|—mi +

u= —%(1 + BiB s cosb) +m12+m%

(s > max{4ms, 4m3}; t,u < —|m; — m3|)

ipr Bif = pif|/E = \/1 —4m12,f/s.

Scalar products:

S
m; + (pr-p2) = mi+ (p3-ps) = ZEZZE
) m; +my — t
(p1-p3) = (p2-ps) = E(1—pBifrcosh) = 5
) mlz -+ M% — U
(P1-ps) = (p2-p3) = E(1+BiPgcost) = 5
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Cross-section

P, mq D3 mg
Pg> M2 P9 Myg
do(i = f) = : MPC) (i — ) TT o
{(prpa)? — mimB 172 LS Gr)2E,

> Sum over initial polarizations and/or average over final polarizations if the
initial state is unpolarized and/or the final state polarization is not measured

> Divide the total cross-section by a symmetry factor S = H n;! if there are n;

identical particles of species i in the final state :
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:>/dq)2

and if m; = myp

Cross-section

case 2 — 2 in CM frame

p]_’ m]_

Py, My

p3a m3

P = P3 = —P4

Py, My

dps d’py

(27)* / O (p1+ P2 = p3—pa) (2m)32E; (271)32E4

= 4{(p1p2)* — mim3}'/? = 4Ecmlq

do
dQ)

1
(1,2 = 3,4) = Pl

6472E2; |a|

/

p|dQ)

16712 Ecy
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casel — 2

> Note that masses M, m; and m; fix final energies and momenta:

Eq

Pl = Ip1] = |p2| =

P.M

Mz—m%—l—m%

Decay width

M *(27)*6*(P -

P, My

p2, m2

Ey, =

2M

) n d3]9]'
].:1 (27T)32E]'
anl 712 = 5ae M

Mz—m%—km%

2M
{[M? — (my + mp)?][M? — (m1 — m2)*]}

1/2

2M
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Loop calculations

J.I Tllana (TAE 2019)
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Structure of one-loop amplitudes

e Consider the following generic one-loop diagram with N external legs:

P1 P2
P>
my
q 4 My
my-—1
// q+ kn_1 \\
PN PN-1
N-1
ki=p1, ka=p1+p2 ... kno1= pi
=1

e It contains general integrals of the kind:

1 TN - ]/[4_1)/ qu Qui " " Gup
1672 " #1--HP (270)P [q% — m§)[(q +Kk1)2 —m3] - - - [(q + kn-1)? — m}y_4

]

J.I. Illana (TAE 2019) Loop calculations
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Structure of one-loop amplitudes

D dimensional integration in dimensional regularization
Integrals are symmetric under permutations of Lorentz indices

Scale y introduced to keep the proper mass dimensions

v V. VvV V

P is the number of g’s in the numerator and determines the tensor structure of the
integral (scalar if P = 0, vector if P = 1, etc.). Note that P < N

Notation: A for T, B for T2, etc. For example, the scalar integrals Ay, By, etc.

V

> The tensor integrals can be decomposed as a linear combination of the Lorentz
covariant tensors that can be built with g, and a set of linearly independent
momenta [Passarino, Veltman "79]

> The choice of basis is not unique

Here we use the basis formed by ¢,, and the momenta k;, where the the tensor
coefficients are totally symmetric in their indices [Denner 93]

This is the basis used by the computer package LoopTools [www.feynarts.de/looptools]
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Structure of one-loop amplitudes

e We focus here on:

By = &guvBoo + k1uk1,B11
Cy = klycl + kaCZ

2
Cyv — gyvCOO+ Z kiykjvcij
=1

CP‘VP o
e We will see that the scalar integrals Ag and By and the tensor integral coefficients

B4, Boo, B11 and Cyp are divergent in D = 4 dimensions (ultraviolet divergence,
equivalent to take cutoff A — oo in g)

e It is possible to express every tensor coefficient in terms of scalar integrals
(scalar reduction) [Denner '93]
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Explicit calculation

¢ Basic ingredients:
— Euler Gamma function:

(x+1) = xI['(x)

Taylor expansion around poles at x =0, -1, -2,...:

x=0: T(x) = %—”y%—(?(x)
x=-1: T(x) = —(xi1)+’y—1+---+(9(x+1)

where v =~ 0.5772... is Euler-Mascheroni constant

— Feynman parameters:

(n—1)!
—1
/ dX1 dxn (Z Xi ) xlal + Xoly + - - - Xnﬂln]”

aiap -
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Explicit calculation

— The following integrals (with ¢ — 07) will be needed:

/ dPg 1 (=) T(n—D/2) (1)”D/2
) (g2 —A+ig)"  (4m)D/2 T(n) A
:>/ g2 (=D 1Dr(n—D/2—1) (1 n-b/2-1
D (g2 — A +ie)"  (4m)D/ ['(n) A
> Let’s solve the first integral in Euclidean space: " = iq%, q=qg, q° = —q%,

qu 1 _ i 1\n quE 1
/(ZH)D @b+ /(ZN)D (48 +4)"

(equivalent to a Wick rotation of 90°). The second integral follows from this one

Im q()

d=q’>+A
—f+17 |
> \% > Re ¢°
° €
A Vo —i
12\/5
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Explicit calculation

In D-dimensional spherical coordinates:

/dD”’E S /dQ /Ood D11 _7,.1
(27)D (3 + A)" S S P S
27D/2
[(D/2)

(/wdxex2>D:/deeZzlz—/dQD/ dx xP~le
</dQD> /dttD/Zl_t (/dQD> I'(D/2)

and, changing variables: t = qE, z=A/(t+ A), we have

where Ty = /dQD:

since (v/77)"

1 /1\"P72 n—D/2—1 p/2-1_ 1 (1 n_D/zr(”—D/Z)F(D/Z)
=y (s) a5 (3) r<n>

1
where Euler Beta function was used: B(a, ) = / dz z"‘_l(l — z)/3 1 —
0
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1
16772

l>k1:]9

Explicit calculation

Two-point functions

q+ ki

p p
>

q

D
{Bo, B*, B™} (args) = u4~P / (d q {1, g, 9"q"}

270)P (g2 —m3) [(q 4 p)? — m3]

> The integrals depend on the masses mg, m; and the invariant p*:

22)

(args) = (p* mg, m3
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Explicit calculation || Two-point functions

e Using Feynman parameters,

:/ dx 1 5
0 [aix+ax(1—x)]

dPq {1, —A", gtq" + AF A"}
Uv 4—-D 5] 94
(3 05 =0 [[ax [ (7~ 82)2

i
= 16772
with

Ay = x2p2 + x(m% — m% — pz) + m%

o = (q+p)*—m
a, = g°—mp

and a loop momentum shift to obtain a perfect square in the denominator:
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Explicit calculation || Two-point functions

e Then, the scalar function is:

i L 4 D
6200 = /dx/ D (g2 —Az)

= By = A —/ dx ln—+(9() D =4—¢€|

2
where A, = - + In 47t and the Euler Gamma function was expanded around
x =0for D =4 —¢, using x¢ = exp{elnx} =1+ elnx + O(e?):

_LiT(2—=D/2) /1 \*>P/? i A
s E4n)D/2 ) (Az) =16 (Ae_ln_z) Hoe

e Comparing with the definitions of the tensor coefficientes we have:

i
noo_ 4 D
o2’ /dx/ D (g —Az)

~ B = —EA +/O dxxlny—+(’)() D=4
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Explicit calculation || Two-point functions

and
16772 6] — Az)
= By = (]9 —37710 3m1)A —|—O( ) [D :4—6]
By — —A —/ dx 2 ln——l—O( ) [D=4—¢
where g/g" have been replaced by (g>/D)g¢" in the integrand and the Euler
Gamma function was expanded around x = —1for D =4 —e€:
. ~D/2 .
+pil(1=D/2) (1\"7" i1 Ao
_ — —(Ae—In—+1|A4+ 0O
H amb2ar2) \ A, 1672 2 nopt1) A2+ 0le)
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Explicit calculation || Three-point functions

P1

P2 — D1

—P2

i o [ 47 {1, q", 9"}
Co, CH, CH ars:4D/ 1 17
1672 largs) = (2m)P (g2 —m3) [(q + p1)2 — m3] [(q + p2)? — m3]

> It is convenient to choose the external momenta so that:
ki =p1, ko= p2
> The integrals depend on the masses my, m1, my and the invariants:

(args) = (p3, Q% p3;mf, mi,m3), Q* = (p2— p1)*.

J.I. Illana (TAE 2019) Loop calculations 109



Explicit calculation || Three-point functions

e Using Feynman parameters,

1 1-x 1
— 2/ dX/ dy 3
a10203 0 0 [a1x + agy + az(1 — x — y))]

1—x D —AH gH U AV
- 3

167t2
with

As = x*pi +y7ps + xy(pi + p5 — Q) + x(mf — m§ — p3) + y(m3 — m§ — p3) + mj

a = (q+p1)°—m]
i = (q+p2)* —m3
a3 = g°—mp

and a loop momentum shift to obtain a perfect square in the denominator:

gt — gt — A', AV = xpl +yph
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Explicit calculation || Three-point functions

e Then the scalar function is:

L 6y = 4D/dx/1xd/
o2 0 = 2 4 q—A3)

1—x
= G = —/ dx/ dyA— D = 4]
0 0 3

o Comparing with the definitions of the tensor coefficientes we have:

ic:lff— 4D/dx/1xd/
162~ 4 q—A3)3
1x
= C1:/dX/ — :]
1—x
/dx/ d

A3
A_s

G
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Explicit calculation || Three-point functions

1—x Z/D W AR AV
W _ 4 D g
167r2C /dx/ dy/ (4% — B3)°
1— x
= (C11 = /dX/ A3 :4]
1—x
C22 = —/ dJC/ dy— [D:4]
0 0 Az
1 1—x
Cpp = —/ dx/ dy 2 D=4
0 0 A%
1 1—x
Cop = 1Ae—E/ dx/ dy lnﬁJrO() D =4 — €]
4 2 Jo 0 U

where A = % — v +In47 and g"g" was replaced by (g°/D)g"’ in the integrand

In Cpp the Euler Gamma function was expanded around x =0 for D =4 —e€:

s pil(2=D/2) (1\*P? i 1/ A
b )b/ (3) (A3> = Tor2a \fe TNz ) 0L
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Note about Diracology in D dimensions

e Attention should be paid to the traces of Dirac matrices when working in D
dimensions (dimensional regularization) since

Yy + 'yt = 23”V14><4, g””g;w = Tr{g'w} =D

Thus, the following identities involving contractions of Lorentz indices can be

proven:
Yy = D
v’y = —(D—-2)9"
VY 'vPy, = 48" —(4—D)y"yF
VY'Y v = =299y 4+ (4 — D)y v+
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