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‘ Outline I

Lecture 1: Stalking the Higgs boson
. Preliminaries on Higgs physics
. Pre-LHC searches

. The discovery

Lecture 2: Studying the Higgs boson
. Overview of Run 1 studies

. Summary of recent Run 2 results
. Future prospects



>
(4v]
()
Q
(&)
c
)
o
c
Q
o
Q
o
(/)]
o))
Koy
L
&
o
o
N
4,
o
=
J
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‘ Not the origin of mass I

Galilean and Newtonian concept of mass:

| Inertial mass (F=ma) Gravitational mass (P=mg) |

|

Single concept of mass

Conserved intrinsic property of matter where the total mass of a system
is the sum of its constituents

Einstein: does the mass of a system depend on its energy content?

E=mc”®
\ Rest mass

Atomic level: binding energy ~O(10 eV) = ~10® of the mass

Nuclear level: binding energy ~O(4 MeV) = ~1% of the mass

Nucleon level: binding energy = ~98% of the mass!

Most of the (luminous) mass in the universe comes from QCD confinement energy
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The Higgs mechanism: making the weak force weak (massive W and Z bosons) and allowing fermion masses

in the theory.



Not the only “massive problem” we have

Combination of Comic Microwave Background data with Hubble
expansion data from Type la supernovae have taught us about
the “dark side” of the universe we live in.

Dark Matter

Dark Energy

So, only 5% of the universe is the stuff we know about. And we
are trying to learn about the 2% contribution (non-QCD binding
energy related) to that 5%7?7?7?

Why should we care?

Dark matter effect on galaxy rotation curves
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M33 Rotation Curve




‘ Not the only “massive problem” we have I

How would it be without elementary particle masses?

* Electron mass: m,=511 keV
Bohr radius: a=1/(agy me)
=> if m.=0 then no atomic binding!!

* W boson mass: my=80 GeV
Fermi constant: Gg~1/my?
=>» if no mass or lower mass then shorter combustion time at
lower temperature!

Everything would be very different!




‘ Historical context I

1864-1958: Theory of Quantum Electrodynamics (QED) - abelian group
1933-1960: Fermi model of weak interactions - effective interaction
1954: Yang-Mills theories for gauge interactions = non-abelian group
1957-1959: Schwinger, Bludman and Glashow introduce W bosons to describe weak charged currents
=> Birth of the idea of a unified description of electromagnetic and weak interactions via the
SU2). x U(1)y
gauge group.

BUT, local gauge symmetry forbids gauge bosons and fermion masses!



SSB visualized

Pencil stands on its top, rotationally symmetric around z-axis.

State is rotationally invariant,
but highly unstable

Pencil drops to one side (goes into ground state)

= symmetry is spontaneously broken

System goes into stable ground state,
but symmetry is broken



‘ SSB visualized I

“Mexican-hat” potential
V(x)

* Potential is rotationally invariant, V(0) is unstable
*  Ground-state has non-vanishing vacuum expectation value v

Where does this play a role in physics?



‘ The beginnings of SSB I

1928: Werner Heisenberg

First idea stems from condensed matter physics
Heisenberg: theory of ferromagnetism

1947: Nicolay Bogoliubov

Superfluidity (Bose-Einstein condensate)
Phase transformation (U(1) symmetry)

1950: Ginzburg & Landau

Explain superconductivity via charged Bose-Einstein condensate
Full theory in 1957 by Bardeen, Cooper and Schrieffer (BCS Theory)
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‘ Analogy with superconductivity I

Below a certain critical temperature electrical resistance in some

elements almost completely vanishes.
Described in BCS theory (1957):
+ At very low T atomic movement quite low.

« Electron attracts atom, lattice of positive ions gets polarized,

second electron gets attracted by positive charge

=> two electrons form (Cooper) pair

Further reading : L. Dixon, “From superconductors to supercolliders’
http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf
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SC (BCS) Theory BEH Mechanism
Cooper pair Higgs field
condensate

Electrically

charged (2e) Weak charge
Mass of the Mass of the W
photon and Z bosons

- The Higgs field is inserted by hand...

- The vacuum has a weak charge
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‘ SSB - Global Symmetry I

Goldstone Theorem: massless scalars (“Goldstone bosons”) occur in a theory with SSB (or more accurately
where the continuous symmetry is not apparent in the ground state)

From a simple (complex) scalar theory with a U(1) symmetry

= % L=09 0 p-g) @) =we o+ M@ p)

The Lagrangian is invariant under : ¢ — e“p

Shape of the potential if u2<0 and A>0 necessary for SSB
and be bounded from below.

Change frame to local minimum frame :

v+n+4&
= T No loss in generality.
1 1 . .
=—3,EJ"E+—0d nd'n+ u'n’ +interaction terms
2 2
Massless scalar Massive scalar

Problematic: a massless particle should have been found already! =» Need to find a way to eliminate it

12



‘ A way out? I

2010 Sakurai Prize for Theoretical Particle Physics:

"For elucidation of the properties of spontaneous symmetry breaking in four-dimensional relativistic
gauge theory and of the mechanism for the consistent generation of vector boson masses”

) P/
l\// 1//

Robert Brout Francois Englert Peter W. Higgs Gerald S. Guralnik Carl R. Hagen T.W.B. Kibble
Universite Libre de Bruxelles Univ. of Edinburgh Brown University Univ. of Rochester Imperial College
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‘ A way out? I

Robeq
Un

All players in the same PRL issue...

VoruME 13, NUMBER 9 PHYSICAL REVIEW LETTERS 31 AvcusT 1964

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout

i P Solution on quantum level: starting from Feynman diagrams elgium

» Scalar boson implied, but not explicitly mentioned

2 pages

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS
Peter W. Higgs

Tait Institute , Scotland

+ Started from the classical Lagrangian

* Prediction of massive scalar boson

1 page

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,? C. R. Hagen,{ and T. W. B. Kibble

2 pages

I+ Remove problem of massless Goldstone bosons
* More detailed, discussed more technical aspects

18

Kibble
College
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The Glashow-Weinberg-Salam Model

A MODEL OF LEPTONS*

2 pageS Steven Weinbergt

Laboratory for Nuclear Sclence and Physics Department

M -«.u'm-v'l:-vlrwl,mh of Technology, Cambridge, Massachusetts Milestone PRL (1 967)

(Received 17 October 1967)

Leptons interact only with photons, and with and on a right-handed singlet
the intermediate bosons that presumably me-
diate weak interactions. What could be more R Hl=v,) e 2
natural than to unite' these spin-one bosons .
into a multiplet of gauge fields ? Standing in The lary IS this mOdel renormallzable ? We usually
the way of this synthesis are the obvious dif matic te a 8
ferences In the masses of the photon and inter- fan cons dO nOt expect non'Abellan gauge theorles tO
mediate meson, and in their couplings. We on L, pl : :
might hope to understand these differences ll;f'l“rll-l be renormallzable lf the veCtor-meson mass
by imagining that the symmetries relating the as we ki is not zZero but our Z and ‘{7 mesons get
weak and electromagnetic interactions are ex- tirely us ’ “' u' .
act symmetries of the Lagrangian but are bro wd e { their mass from the spontaneous breaking of

ken by the vacuum. However, this raises the gauge {1

metry ] the symmetry, not from a mass term put in

specter of unwanted massless Goldstone bosons.”

This note will describe a model in which the massle ~ %

symmetry between the electromagnetic and l‘n:m ,,,: at the beglnnlng- IndeEd, the mOdel Lagl‘ang-
weak interactions |s spontaneously broken, winTa jan we start from is probably renormalizable
but in which the Goldstone bosons are avolded ol Ny

by introducing the photon and the itermediate- Therefore, we shall construct our Lagrang

boson fields as gauge fields.” The model may lan out of L and R, plus gauge flelds A, and

be renormalizable B

con
We will restrict our attention to symmetry y

blet Of course our model has too many
ary feature these predictions to be

groups that connect the observed electron-type
leptons only with each other, L.e., not with

muon-type leptons or other unobserved leptons

or hadrons. The symmetries then act on a left ‘ taken very Serlous ly
handed doublet whose
s and Y ar the electron its mass. The on-
Luli(1+ h"t vl m ly renormalizable
o)

fant under T and Y gauge transformations is



‘ The Glashow-Weinberg-Salam Model I

Data on electromagnetic and weak processes suggested that the interactions are invariant under weak isospin SU(2),
and weak hypercharge U(1)y transformations = start from SU(2)_ xU(1)y invariant Lagrangian (3+1 generators - 3+1
gauge bosons)

Assuming a third weak gauge boson the initial number of gauge boson d.o.f. is 8, to
give mass to three gauge bosons at least one doublet of scalar fields is necessary (4

d.o.f.) : 1 o4
¢ = NG ( pee )

Setting aside the gauge kinematic terms the Lagrangian can be written :

D, =0, —igW,.d —igX B,

L= (Do) (D"g) = V(9)
V(9) = 1216 + Mo'0)*

\/E 0

0 In particular for a non
H+v charged vacuum

, 1
The next step is to develop the Lagrangian near : <Q>=—4 ( v >

Choosing the specific real .1
direction of charge 0 of the ¢ =e 10—
doublet is not fortuitous : V2



‘ The Glashow-Weinberg-Salam Model I

Then developing the covariant derivative for the Higgs field :

Just replacing the Pauli matrices :
3 / 1 1772
gﬂ/u +gb’u g(W;—zW;)(p
1, 1772 3 '
W, +,)) g, +g8,

;
DuqO:é)u(p_E

D(p (p__ u u u = O _i‘ \/EgV’y;-*-’\/Egé’y;
n wry ﬁg% —g”/:+glﬂu d,/ 2—gVPZ:+gV£u—géWﬁ+<g'/zBM

For the mass terms only :
2.2 1.2
gV —88V

gV &

u

(D) D'p=0,/d"1+ % SV + %(Wﬁ B)

W
B

Explicit mixing of W3 and B. 17



‘ The Glashow-Weinberg-Salam Model I

Finaly the full Lagrangian will then be written :

1 3 A
L = Sc),,llc)"ll - —/\1 *H? — \H? — IH‘ Massive scalar : The Higgs boson
l ‘)
+ 5 [(j < B,B" — Wl =W ‘B" + —Uu " l'] Massive gauge bosons
1 2 ? e P
+ -[”' B,B"H — ”"’II‘B“H>+———II nwl4
v Gauge-Higgs
/ *v? gvi__ . g*v? - o interaction
+ = H? II "B'H* + —II WrH*

In order to derive the mass eigenstates :
. . .1 g*v?  —gg'v? L[ m% 0
Diagonalize the mass matrix - Y 9  ‘moa =M : M
4\ —ggv® gTv° 0 0
Where

. COS {)H' — sin ()”' . g! Py
= ( sinfy  cos Oy sinf, =—="—— cosf, =

The Weinberg angle was actually first introduced by Glashow (1960)

4 W /
Vg + &2 g+g°

18



‘ What about the fermions? I

Another important consequence of the Weinberg Salam Model...

A specific SU(2) xU(1), problem : ”717?/} manifestly not gauge
invariant

_ — 1 1 _ _
mypy = ”71/}(5(1 - )’5) + 5(1 + 75))1/J =Y, +Y ;)

- neither under SU(2), doublet and singlet terms together
- nor under U(1), do not have the same hypercharge

Fermion mass terms are forbidden

Not the case for Yukawa couplings to the Higgs doublet

Then after SSB one recovers :
/\I;“U_‘ f /\I,‘“ —
v + —=Hyy
2 V2

Which is invariant under U(1)g,

Very important : The Higgs mechanism DOES NOT predict fermion masses

...Yet the coupling of the Higgs to fermions is proportional to their masses
19



‘ What about the fermions? I

But wait...

The coupling to the Higgs fields is the following :
_ - 0 —
Ay, d)) iy dp+ H.C=A,0, ¢,

Can be seen as giving mass to down type fermions...

To give mass to up type fermions, need to use a slightly different coupling :
¢ =100  AO ¢ Up=AUd)) 0 dp+ H.C.

One doublet of complex scalar fields is sufficient to accommodate
mass terms for gauge bosons and fermions !

... But not necessarily only one!

20
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gugs = my/v

guvvy = 2M‘,2//U

Proof of condensate !

gHHVY = 2]\4‘2//1)2

guan = 3Mf /v

_ 2 7,2
guuan = 3Mp /v

‘ Higgs-boson interactions I

Gauge-Higgs and
interactions

Keep this in mind for

the next lecture...

More directly testable
relations!
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‘ Main consequences of the GWS model I

1.- Two massive charged vector bosons :

2 g%v? Corresponding to the observed charged currents
=

4 Thus v = 246 GeV Given the known .W
mass and g coupling

2.- One massless vector boson : 172, = ()
The photon correponding to the unbroken U(1)g,
3.- One massive neutral vector boson Z :
m% = (g°+ ¢"™)v*/4
4.- One massive scalar particle : The Higgs boson

Whose mass is an unknown parameter of the theory as the quartic coupling A

> AANv)mE

ms, = /
H gz

22



‘ Main consequences of the GWS model I

Theory chosen to describe weak

1.- Two massive charged vector bosons : : .
charged current interactions

5 g2v? Corresponding to the observed charged currents

my = —— |
4 Thus v = 246 GeV Given the known W Consequence of the

mass and g coupling choice of developing the
Higgs field in the neutral
and real part of the

2.- One massless vector boson : 1., = ()
doublet

The photon correponding to the unbroken U(1)g,
3.- One massive neutral vector boson Z :
m% = (g°+ ¢"™)v*/4
4.- One massive scalar particle : The Higgs boson

Whose mass is an unknown parameter of the theory as the quartic coupling A

> AANv)mE

ms, = /
H ,(]2
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‘ Main consequences of the GWS model I

1.- Two massive charged vector bosons :

Theory chosen to describe weak
charged current interactions

5 g2v? Corresponding to the observed charged currents

4 Thus v = 246 GeV Given the known ‘W
mass and g coupling

2.- One massless vector boson : 1., = ()

Consequence of the
choice of developing the
Higgs field in the neutral

and real part of the

doublet

The photon correponding to the unbroken U(1)g,
3.- One massive neutral vector boson Z :
9 . 9 9
my = (g°+ g )v°/4

4.- One massive scalar particle : The Higgs boson

PREDICTED!

PREDICTED!

Whose mass is an unknown parameter of the theory as the quartic coupling A

> AANv)mE

ms, = /
H ,(]2




‘ Main consequences of the GWS model I

One additional very important prediction which was not explicitly stated in
Weinberg’s fundamental paper... although it was implicitly clear :

There is a relation between the ratio of the masses and that of the
couplings of gauge bosons :

2 2
M, g 2 g __ Mw
=— = CO0S U, or P= "5 75 9
/IJZ g tg m,COS™ Uy




‘ 1973: Discovery of neutral weak currents I

1973: neutral current discovery (Gargamelle experiment, CERN)

Evidence for neutral current

eventsv+ N — v+ Xin ol b 0 LA ‘\ Y- |
v-nucleon deep inelastic = el RO U R e
: g ~ | Only Hadroms? < .,
scattering S
Vu

1973-1982: sin%b,,
Measurements in deep
inelastic neutrino scattering
experiments (NC vs CC rates
of vN events)

26



‘ And The Prize arrived... I

The Nobel Prize in Physics
1979

Sheldon Lee Abdus Salam Steven Weinberg

Glashow Prize share: 1/3 Prize share: 1/3
Prize share: 1/3

The Nobel Prize in Physics 1979 was awarded jointly to Sheldon Lee
Glashow, Abdus Salam and Steven Weinberg "for their
contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles,
including, inter alia, the prediction of the weak neutral current".

27



‘ Vector-boson scattering I

Triple gauge couplings

Quartic gauge
couplings

Higgs-gauge boson
couplings

28



‘ Vector-boson scattering I

+  Without a “light” Higgs boson (my<1 TeV) the vector boson scattering process would violate perturbative unitarity.

SM without a Higgs boson SM with a 120 GeV Higgs boson
) a(VV — VV), no Higgs \ o(VV — VV) with my, = 120 GeV
_ 1- \
1+ -
- 0.1+
7//
|\ WHW- - 22 S
054 | \arwr wews : S »
[\ S
L7 0.01 WAW= — WHW-
/ WHW- = 22
Wtz - Wtz
M~ O P S WEWE S W
[ - _ -
024 | T WHW= — WHW 0.001 — ZZ-7Z
\ | { \
0 1000 2000 3000 0 1000 2000 3000
V5 [GeV] V5 [GeV]
s t2

5 ] Higgs boson contribution cancels increase at large Vs

oV V=V, X | —§s—t— -
LVL—=VLVL [ s—m% t—m3

Not only a motivation for the Higgs mechanism but is also a strong constraint on its mass
(if you believe in perturbative unitarity...otherwise, the weak force will become strong!)

One of the basis of the No Loose theorem at the LHC!



1976: The birth of Higgs Physics

Nucl. Phys. B 106 (1976) 292

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

*
John Ellis, Mary K. Gaillard ) and D.V. Nanopoulos

CERN -- Geneva

ABSTRACT

A discussion is given of the production,
decay and observability of the scalar Higgs boson
H expected 1in gauge theories of the weak and
electromagnetic interactions such as the Weinberg-
Salam model. After reviewing previous experi-
mental limits on the mass of the Higgs boson, we
give a speculative cosmological argument for a
small mass. If its mass 1is similar to that of
the pion, the Higgs boson may be visible in the
reactions n=p—Hn or yp~—Hp near threshold.

+)

We should perhaps finish with an apology and a caution. We
apologize to experimentalists for having no idea what is the mass of the
Higgs boson, unlike the case with charm 5)54) and for not being sure of

its couplings to other particles, except that they are probably all very

small,

For these reasons we do not want to encourage big experimental
searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

I
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‘ Pre-LEP Higgs boson bounds I

d w /f w n
+ | —N N
7‘ u—/ N s \ ] d
N A\ uct .
‘ et A
h .
h
] ] PR
B8° W X b .
b (7 sd T b
uct b
N oae h

SINDRUM Collaboration measured =t to ev H (ee) Yielding a limit on very light Higgs
CUSB Collaboration Y to Hy yielding limit of ~ 5-6 GeV (dependent on high order

corrections)
Jade and CLEO provided bounds on B to uu+X
CERN-Edimbrgh-Orsay-Mainz-Pisa-Siegen K to = H (ee) below ~50 MeV

Electron beam dump e to eH (ee) excluded 1.2 MeV to 52 MeV (TH uncertainties free)
31



‘ Stalking the Higgs Boson I

Indirect constraints

* Precision EW observables sensitive to the
Higgs-boson mass via quantum corrections.

t H
W W W o, W
-— - -_— L I
b
6 Machzor2 My = 152 GeV
5] Aal(wsa)d =
. i —0.02750=0.00033
1 % % -+ 0.02749:0.00010
4 -« incl. low Q? data
Nx 1
S 37
2 —
1 N
JLEP 5 LHC
0 excluded v, A excluded
T T — T 1
40 100 200

my, [GeV]

mu< 152 GeV (95% CL)

ma, (1 — mh.) = 71'—0(1 + Ar)

m% V2G
A 3a cos? Oy m?
Ttop = — T 7
? 167 sin? Oy Mm%,
lla m?
A o . H
-"A'Higgs =+ o . 9 IUg 2
487 sin” Oy myy

GF=1.166367(5) x 10" GeV-2 (muon lifetime)

o= 1/137.035999679(94) (quantum hall effect)

mz=91.1876 * 0.0021 GeV (LEP1)

my,= 80.385 = 0.015 GeV (Tevatron+LEP2, as of March 2012)
my=173.2 = 0.9 GeV (Tevatron, as of March 2012)
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Stalking the Higgs Boson

. e'e” cross sections Direct searches at LEP (1989-2000)
~ 10 _ . .
g «  Ine'*e collisions up to Vs=209 GeV.
CHE F (£2t) Mostly via h->bb, tt decays.
107+
E e Z,/ e 7, et e
maximum energy ¢ 7 w } |
1060 of LEP collider pEENAL  gmEssE s gemeed
E A h e g L e e
10 SE' "jg 7 b LEP  5=200209 Gev Tight
E PR z + Data
o w'w Qo 6 Backgroand
10 "+ gl B signal (115 GeVic®)
§ sl;!lge\' 7 s ’
[ = all > 109 Gevie
3| ? 4 [ 'Data 18 4
107 = Backgd 14 12
£ 3 | Signal 29 22 + +
2 2
10 HZ { ;
: 60 GeV 1 +
| SRS B I PN - 1
10 ¢ HoZCe\' 0 20 30 100 120
E | 115 GeV
: m,ree (GeV/c?)
l Ll L I Lt I Lt II Illlllll Illllllll 1 Il I|||I|

0 25 50 75 100 125 150 175 200_225 250

Vs (GeV) my> 114.4 GeV (95% CL)

Some hints (~1.7c) of a SM-like Higgs boson with my~115 GeV.
We know now it was just a statistical fluctuation.
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‘ Stalking the Higgs Boson I

Indirect constraints Direct searches at LEP (1989-2000)
* Precision EW observables sensitive to the . In e*e” collisions up to Vs=209 GeV.
Higgs-boson mass via quantum corrections. Mostly via h->bb, tt decays.
W W _V! ..u -' .;‘. !V' N z : 77777777 H _ 77777777 H
b € ‘ t " ik
arch 2012 My = 152 GeV ~
61y - - W: 2 ;- LEP Gowameey  Tight
5 __ Aagd = (,._ + Data
. % —0.02750+0.00033 o6 Backgroand

1 % % -+ 0.02749:0.00010 gl B Signal (115 GeV/e®
4] % - incl. low Q2 data il 2 5

] - . all > 109 Gevie

N i i Data 18
2( 3 ‘:-‘ L:: :t;u'k:d 14 |J

E :: 3 | Signal L] 22 1 1
2 /: , n
1 __-.,-' 1 I n,_T :u

JLEP LHC

excluded e A excluded o bmeant ol 4o ] e P
0 40 T N i i '1(1)0 200 0 20 40 60 80 100 120
GeV .. . . m, Fec (GeV/c?)
my, [GeV] Combining indirect and direct constraints
my< 152 GeV (95% CL) my> 114.4 GeV (95% CL)

- =

114.4 < my< 171 GeV (95% CL)




‘ Hadron colliders take over I

« Tevatron Collider @ Fermilab: 10-year long Run Il ended Sept. 30", 2011.
+ pp collisions at Vs=1.96 TeV.
» Large Hadron Collider (LHC) @ CERN: only hadron collider in operation today.
« pp collisions at Vs=7,8 TeV (2010-2011, 2012), 13 (2015-2018), 13.6 TeV (2022-).

- — 2 - —t\ — - & ﬁ'a.\g\\\ 2 "
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o(pp—H+X) [fb]

g

g

SM Higgs production at hadron colliders

W/Z

Tevatron
Vs=1.96 TeV

100

125

150

175

200

o(pp — H+X) [pb]

q

10?

10

10"

1072

T IIIIIII| T IIIIIII|

q 8 !
s -- H
q 8 r
E ] ' ' ' EEE
: LHESs=8 TeV ;

LHC HIGGS XS WG 2012

11 IIIIII|

11 IIIIIll

IIlIIl

8

1 1 I
0 100

200

300 400



o(pp—H+X) [fb]

SM Higgs production at hadron colliders

g g/ W/Z q J 8 t
¢ H Py H s H
g q H q \ q 8 r
Next most important production mechanism
10‘ E . T T T T T T E g
Tevatron ) ; LHSs= 8 TeV § g
Vs$=1.96 TeV % '_ _‘ g
T 10 g § 3
T - ]
o | .
K>
°© g E
10 =
10-2 E_I 1 I 1 1 1
100 125 150 175 200 225 250 275 300 80 100 200 300 400 1000
m,, [GeV] M, [GeV]



‘ SM Higgs decay modes I

1

S bb 1

g ] § my<135 GeV: H>bb dominates
£ 1=

s 107 = 3 my>135 GeV: H>WW dominates
@ ]

|

sl

_3 M M y N \ 1 M
107 100 200 300 500 1000
M, [GeV]

Y v

t W

ho=== ¢ h=== w Via quantum fluctuations!

t w Very sensitive to New Physics!

Y v

38



‘ Search strategies I

+ Defined by a combination of theoretical and experimental considerations, e.g. is the expected rate high enough?,
can we isolate the signal events?

¢ at w/z i s 1
\
\
\
g q \[] q & 7 10

o 'YE ' ' s 3
3 - \s=T7TeV sM 1
H->bb m -é- 2 1_ _;
H>t*1 1 m 10" _
H9w+w-‘ g 1 1 102 :
H>ZZ z 1 1 10°
103
H>vy g 1 g 00 200 300 40!\:. fggw
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H->vyy

40



‘ Searching for H>yy I

A rare Higgs decay mode but most sensitive search at
my<125 GeV!

Prob(H->vy)~0.2%

Simple strategy:

* Identify two energetic photons

+ Compute their invariant mass

« Search for a bump on top of a smoothly-declining
background

So need:

+ Good photon identification capabilities __ Ancategories Combined

«  Good photon energy resolution 3°°°F cwms Preliminary —+ oae

« Categorization of events depending on their intrinsic SB00Ly, 'S =7TeV L = satT Bka Model
sensitivity (e.g. better measured events, or with 8 °° ot 120 Gav
characteristics that are rare in background, etc) Heoo

1Y

o

o
\I\I‘I\I\l\l\l‘l\\\‘IIH‘HII‘I\I\'\H

I 160 I I ‘ 180
m,, (GeV) 41

®
o
-
N
o
-
B
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‘ Searching for H>yy I

* LHC detectors were designed having this search in mind!
» Efficient photon identification with excellent background rejection from jets misidentified as photons
= Requires finely segmented calorimeters

JATLAS Real photon “Fake” photon

EXPERIMENT _—

0 Dyy

0

Only 1in 10° jets
fakes a photon
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‘ Searching for H>yy I

* LHC detectors were designed having this search in mind!

+ Efficient photon identification with excellent background rejection from jets misidentified as photons

« Excellent diphoton mass resolution: ~1.2%-6%

= Requires best possible energy resolution from electromagnetic calorimeter
(also corrections for material upstream the calorimeter, etc)

CMS electromagnetic calorimeter built from crystals of lead tungstate (PbWQO,)
=> an extremely dense but optically clear material

Events / ( 0.35 GeV/c?)

(<2
[
e
@
g
8
S

-
o

w
Errrr oot

Z.‘ZIZ::::!::Z‘.::Zf::.

CMS preliminary
Simulation

—— Parametric Model | All Categories
Combined

G,y = 1.94 GeV/c?

FWHM = 3.5 GeV/c?

‘:-....:=:::E:~72::r ! |- ;::":-131:' e
110 120 130
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VH enriched

VBF enriched

ggF enriched

Searching for H>yy

LHC detectors were designed having this search in mind!

Efficient photon identification with excellent background rejection from jets misidentified as photons
Excellent diphoton mass resolution: ~1.2%-6%

Event categorization to fully profit from distinctive features.

=> Improve overall

di-photon selection

One-lepton

W(— IV)H, Z(— I)H

l

ET"* significance

W(— IV)H, Z(— vv)H

l

Low-mass two-jet

W(= ji)H, Z(— j)H

l

High-mass two-jet
VBF

. }

9 p;,“n-conversion

ggF

sensitivity by keeping high/low S/B categories separate.

E.g. vector-boson fusion-like events are purest
= Requires being able to identify jets very close to the beam pipe

[cms,/ | ¥
#‘ - |
MWZ 121.9 GeV
MHZ 1460 GeV
s | v
POV e
‘ :

EME B xpor e

Dotk s

RundEven
B

[P, = py™ perpendicular to yy “thrust” axis]
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Searching for H>yy

* LHC detectors were designed having this search in mind!
Efficient photon identification with excellent background rejection from jets misidentified as photons
Excellent diphoton mass resolution: ~1.2%-6%
Event categorization to fully profit from distinctive features.

=>» Improve overall sensitivity by keeping high/low S/B categories separate.
=>» Increase sensitivity to different production modes

di-photon selection

VH enriched

VBF enriched

ggF enriched

One-lepton

W(— IV)H, Z(— I)H

l

ET"* significance

W(— IV)H, Z(— vv)H

l

Low-mass two-jet

W(= ji)H, Z(— j)H

l

High-mass two-jet
VBF

e

9 p;,“n-conversion

ggF

[P, = py™ perpendicular to yy “thrust” axis]

Inclusive
Unconv. central low p

Unconv. central high P,
Unconv. rest low p
Unconwv. rest high P,
Conv. central low p
Conv. central high P,
Conv. rest low [
Conwv. rest high P,
Conwv. transition
Loose high-mass two-jet
Tight high-mass two-jet
Low-mass two-jet
ET™* significance
One-lepton

— g9k mVBF WH ®mZzZH mttH
| _ATLAS Preliminary (simulation) H— vy
B u
| I N
| |
| I N
B (]
B I N
| u
| I N
L .
|
|
= [ I
|
L [
1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 11 11 I 1111 | 1111 I 1111

0O 10 20 30 40 50 60 70 80 90 100
signal composition (%)
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Events / GeV

Data - Fit

The birth of a particle
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- v E 7Tél || Ldt=0/d '] Marks, 2011 -
3 L1 _
2,50 ATLAS Preliminaty |
C H—yy channel 7
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150t —
1 2 *9 S99 | (99 (94 | 96 * |® L 2K 3 L 2 2 ——:E
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n T T T T :_
2001 -]
0
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Events / GeV

Data - Fit

‘ The birth of a particle I

=LA L L L L >5000 T rrrrrryrrrr[rrrrrr T
4500 _ — L
s=7TeV | Ldt=4.83f" Nov 3,2011 I [} - CMS Preliminary —4—Data 1
4000 — % o810y | Lot 22065 Doc 92012 O] C Vs=7TeV,L=51f6"(MVA) —— :EB;?C ]
= s=8Te = 20. ec 9, - — T
3500 F- = L0 L Ys=8TeV,L=19.6fb" (MVA) — +1i t Component |
c -~ ATLAS Preliminary —4000 I 2 ]
3000 — \ H—yy channel —| ~~ L - i
- = L2 i i
2500 o = (]C) L _
2000 = >3000[- B
. E L : -
1500 — — zo) L _
- —4Data = 9 - i
1000 E_ — Background-only —E CQOOO __ __
500 — Sig-+Bkg. (m =126.8 GeV) = ko) i ]
= - %) L i
Ny e
200~ ' ' ' ' ' — - i
1000 —
0 i I :
T 5 : ]
-200 C 1 1 | 1 L 1 ] \\-’ O _l | | | | 1 l | 1 l | 1 I | 1 l | | 1 L 1 1 | | 1
100 110 120 130 140 15&” [Ge\1/]60 o 110 120 130 140 150
~200 signal events mW (GeV)

ATLAS and CMS observe signal-like excesses at the same mass (~125 GeV)

47



Events / GeV

Data - Fit

‘ The birth of a particle I

LA L L A L L L L L ) O L B ) L B L L B B B >5000 T 1 | 1T T 1 | L I 1 T 1 | L | 1]
4500 R — .
ys=7TeV | Ldt=4.83f" Nov 3,2011 J ) - CMS Preliminary —¢— Data -
4000 ys=8TeV | Ldt=20.65f "' Dec 9, 2012 E O [ 15=7TeV, L=511" (MVA) ES;EB;?C t i
= s=8Te = 20. ec 9, - — DU
3500 F- E L0 - (s=8TeV, L=1961" (MVA) — +1i t Component |
= PN ATLAS Preliminary —4000 — .
3000 — \ H—>yy channel —| ~ L - i
= E 2 i _
2500 o = QC) L _
2000 £ = >3000 - B
= - L i i
1500 — — zo) L _
- —4Data = 9 - i
1000 E_ — Background-only —E 52000 __ __
500 — Sig-+Bkg. (m =126.8 GeV) = ko) i ]
c - g L i
Ny ey
200 ' ' ' ' ' B i i
1000 =
0 e I .
U"S I ]
-200 _ 1 1 1 L 1 1 \\-’ O _I 1 | 1 | 1 1 | 1 | | 1 I | 1 l | | 1 1 1 1 | | 1
100 110 120 130 140 15&” [Ge\1/]60 (@p)] 110 120 130 140 150

m,, (GeV)
Many different event categories considered, so hard to visualize a possible signal
=> plot all events in same histogram with different event categories weighted by their expected purity
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H->ZZ()->4|

49



‘ Searching for H>ZZ() >4l I

An even rarer Higgs decay mode if both Z bosons are
required to decay into electrons or muons!

Prob(H>ZZ->4e, 4 or 2e21)~0.01%

But it makes this channel a golden discovery mode over

most of the mass range:

+ Clean signature with very small background (mainly
non-resonant ZZ production)

« Can reconstruct Higgs mass with good resolution =
again, bump hunt!

« Main limitation is that it requires high statistics (but
eventually this won'’t be a problem!)

So need:
« Efficient lepton identification down to low energies
* Good lepton energy resolution

0
Signal
g ian
e 2
H
8 70% I
€+
Background
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Searching for H>ZZ() >4l

An even rarer Higgs decay mode if both Z bosons are
required to decay into electrons or muons!

Prob(H>ZZ->4e, 4 or 2e21)~0.01%

But it makes this channel a golden discovery mode over

most of the mass range:

+ Clean signature with very small background (mainly
non-resonant ZZ production)

« Can reconstruct Higgs mass with good resolution =
again, bump hunt!

« Main limitation is that it requires high statistics (but
eventually this won'’t be a problem!)

So need:
« Efficient lepton identification down to low energies
* Good lepton energy resolution

[ Simulation

® m,=130GeV
Gaussian fit

0.08

a.u./0.5GeV

H—>ZZ*—>4p (\s =8 TeV)
0.06

m = (129.50 + 0.04) GeV
o = (2.13 £ 0.04) GeV
fraction outside + 26: 16%

0.04

T T T T T T T T
I I T T

0.02

without Z mass constraint

80™ 80 *700 110

L B L

. RS ER R,
0.1~ ATLAS Preliminary Signal

P B

120 130 140 150

m,, [GeV]
Tt S L M —
[0 r * Data B
[0 E ]
o 35 E |:| Z+X B
% 305 Ozrzz S
§ 25; []m=126 Gev é
m E ]
20 =
15H =
10} -
5 =

0:

m,, (GeV)
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‘ H%ZZ(*)94p candidate event I

m12=84 GeV
m34=34.2 GeV
m4|=123.5 GeV

Run Number: 204769
Event Number: 82599793
Date: 2012-06-10, 13:12:52 CET

EtCut>0.4 GeV
PtCut>1.0 GeV

Muon: blue
Cells: Tiles, EMC

‘?é

"
\

=Y 7y~r-r-nrrr-r ==
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Events / 5 GeV

Data - Background

The birth of a particle

0.25

0.2

0.15

0.1

0.05

e

s =7 TeV Ldt=0.18fb"' Ma 4, 2011
Yy

ATLAS Preliminary
H—2Z"—41 channel

[__] Signal (mH=125'GeV)
I Background zz"'
I Background Z+jets, tt
—4— Data

]

1=

50

100

150 200 250 300 350 400 450 500
M, [GeV]

ATLAS and CMS observe signal-like excesses at the same mass (~125 GeV)
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Events / 5 GeV

Data - Background

35?
30
25/
20@
15|

10}

‘ The birth of a particle I

- ™ T

s =7TeV {Lduaaam” Nov 3, 2011

E Ys=8TeV | Ldt=2065fb " Dec 9,2012

E ATLAS Preliminary
H-2ZZ' -4l channel

[ Signal (m =125 GeV) -
B Background zz" ]
B Background Z+jets, it
—pe Dl

CMS Preliminary

- +Dat_a Vs=7TeV:L=5.1f" 1]
: S;H:;;B GeV Vs=8TeV:L=196f"
L ’Y, =
- O z+x .
A vl ;
- ' \ T
; I A ]
n I g
§ I } ]

600 800
my, [GeV]

80 100 200 300 460

ATLAS and CMS observe signal-like excesses at the same mass (~125 GeV)
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Statistical methods
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Events/ 1 GeV

Data - Bkg model

Statistical interpretation

Hypothesis testing using the likelifiood Definiticn:

Profile likelihood ratio... simplified

ey L0) = [, (M) + [P (M)

Inclusive diphoton sample
. Data 2011
Background model
--------- SM Higgs boson m_ = 120 GeV (MC)

800

700

T T

- ATLAS Preliminary
L (Simulation)

L |

600

—-h

500 \Ns=7TeV, J Ldt=4.9fb"

Ml-llllllllllll IIIIIllIlIIIlIIlIIl

400 +# 0.08|- H-yy ., m =120 GeV .
300 0-06:— FWHM = 4.0 GeV Relates to
200 0.04F Higgs mass

hypothesis

lllllllllllllllIIIIIIIIIIIIIIIIIII

100~ ATLAS Preliminary - 0.02F
0 R S B B B N ]
100 T T T ™ T = % 105 110 115 120 125 1 5 14 45
50 t 5 (G
0% 1l ln+ul*AA +J_Ll 14 ++ l+ L+ 41 éx .+§- + 1+++ .+ﬂ§ m{[ eV]
L B TR T A oC M
‘10&):0 1110 1é0 150 ‘1);0 160 1:60 S Global coherent factor
Ge -
e n, = uoBrLe
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‘ Profile likelihood ratio I

A, = M(1,6) = L(L“(f(:))) q,= -21In )LM

M : signal strength

0: nuisance parameters parameterizing impact of uncertainties

10 '
o |
st :
o~ T likelihpod ratio without prdfiling
=. :
~— 6 |
5 .
= i
4 '
Q\ i
1 3 E
do |
2 i
1 \ : /
0 : : : -
0 0.5 1 s 2 2.5 3 3.5 4 45 5
L Htest 1
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Fitting the signal strength

Hypothesis testing using the Profile likelihood ratio...

/\
> g
0] 800—_ Inclusive diphoton sample _:
= . Data 2011 3
z 700: Background model = Expected
c = - WV G T SM Higgs boson m, =120 GeV(MC) o . §
2 600F- - Relate to Higgs mass Signal
i E 1 hypothesis
500F \l§=7Tev,JLdt=4.9fb" =
: : E LY L FET S  O.PRL EAL WEOSELTRL LA I 8N ol S|
a00E- +# i 3E_ ATLAS Preliminary H—>YY —
g ] & E —Bestfit f Ldt=4.9 fb" .
. - w — —
300 -1 = 2 E=10 Vs = 7 TeV ]
g 1 52 Y 3
200 e = e
- ] o -
100 ATLAS Preliminary = E =
- - -1 —
0'_. PRETEREN BT T L, LS S S S N SR S SR S S S N N S = E E
g 10g = ] Sk E
S 50& = S 1
£ B E # i 1 i *ﬂ -3;“ N T T 2011 Data L
o O{Hﬁ # ?fH' P{fﬁ ik ++++I ’W' 24 ﬁ** 116 (1157726 125 136 13p 140 145 150
5 50 = M, [GeV]
: A0 T T T T e 180
- my, [GeV] Expected Excess
Background Deficit
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‘ Excluding a signal hypothesis I

= IS N S WAL S LI B T A
*g‘a 3£ ATLAS Preliminary H—>yy 3 L ’H
S [ —Bestit f[_dt 490" . A,“ =A(u,0)= M
§ 25_ O+1o s =7Tev _E L(M,H)
(o)) - -
»n 1- -
@ E = q - _2 hl A{
oF - u u
e = Background likeliness
2k = 5
E 1 ™
-3 2011 Data 1-Po
e =2 s A AL
& |  — Observed CLlimit 1
® 7  —ExpectedCL_limit  H—yy N
5 - M+t ATLAS Preliminary ]
£ °F +26 Data 2011, Vs = 7 TeV E
s St _[Ldt =491 :
R o
g -
CL,,, Probability that a signal-plus-
background experiment be more
background-like than observed
1?6|'11'5" 720925 730 135 140 145 150
_ o my [GeV] Exclude at 95% CL values of
Median expected limit u for which CL.<0.05

(b-only hypothesis)



‘ Local significance of an excess I

S 3 ATLAS Prelminary = H—>Yy SRR -
S [ — Bestfit f Ldt = 4.9 fb” ] A
D 2= O+1o B L O 6 O
g ls=7TeV ] Ay = 1(0’9)=M
o F E L(u,0)
E 4y =—21InA,
B ] } Signal likeliness
-31- 2011 Data ‘\ b -_— >
*ll\‘|1\\||\\||\\ll‘\l\\‘ll\vll \||\\— \
QO :I Tvevvrpovy LN B LA LA LA B | I Tirvy ] L— \ ‘;_, ~ S'n
10 L—— Observed p, Data 2011, \l_ 7TeV | |\
- SM H — yy expected p : 1 | i ™ 2
ik °  Judt=s9n’ ] L %
S, S W, (L SO 1
10‘1 3 h SR LT TTPPAPA W e 3
2 Pl RSN, W] PN [SEIERSIR Py 5 p, Probability that a background only
10°¢ E experiment be more signal like than
10 g W A S DR i observed
g ATLA‘ Preliminary 3
104 R /1 . N SR A | SR BT L f
10 115 420 125 130 136 140 145 150
62 m,, [GeV]

Median expected significance
(s+b hypothesis)



Local vs global significance

B —
10 L-—— Observed p, ata2011,\Vs=7TeV |
...... SM H - vy expected P, 1 ;
1L J.Ldt=4.9 '
10_1:;15;.....-..-..-..-.:..-.:.:_- cdefoenn ] Probability of observing an excess at one
T X — ] specific mass
1021 . : :
] ] (in absence of signal)...
10‘3[—39 e D T e e R AR "lj;
3 ATLAS Preliminary 3
10-4']‘- Pl ST EPEFETErE BN S BN ST R
o 115 120 125 130 135 140 150

' % What is the probability of observing an

0 = excess at least as large as observed
_1_(5)0 A . jE within a mass range ?
o0 110 120 130 140 150 160
I myy [GeV]
S 0 i i 2 e e i e s o i e i e e e

Trial factor ¥~ Number of possible independent outcomes within a
mass range... (dependence on the significance)
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‘ Local vs global significance I

Approximate formula

III|II|I|1 I|II |I! .
% 3 ATLAS Preliminary "Hoyy Based on counting the numbers of up-
g — Best fit det—4 91b" crossings
L2 2 =1
S E=10 s=7TeV
2
1) 1 """""""""""""""""""""""""""""""

Then applying the very simple following

formula (Z is the local significance)

ZZ

L @)
H’IIIIlIIII|IIII‘\IIIlH\IlIIIIlII
II|IIlI|IIII|III]|IIII|III]|IIIIIII

| L 2011 Data
110 115 120 125 130 135 140 145 150

— 2
M, [GeV] P global ~— P local +N xe

For more details:

E. Gross and O. Vitells, Trial factors for the look elsewhere effect in high energy physics,
Eur. Phys. J. C70 (2010) 525-530.
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Combination of results

+ Today we just discussed about the search modes with best mass resolution, but searches were performed in many
other modes (H>W*W-, H>bb, H>1*1, etc).

« Combination of multiple search channels yields the greatest sensitivity!

E = I T T T T -
@) r 7
© - ATLAS 2011 + 2012 Data ]
g L JLdt~46-48f6"1s=7TeV [Ldt~5859f6"1s=8TeV .
(o] o| - Expected Combined - -- Expected H— ZZ* > Il - - - Expected H - WW* — Ivlv |
= 1 0 F — Observed Combined —— Observed H—»ZZ* >l — Observed H—»WW* - viv 3
E I --- Expected H— yy Expected H— ZZ* - llvv - - - Expected H—> WW* - Ivqq -
T I —— Observed H— yy Observed H—s ZZ* s vy~ — Observed H > WW* - Ivqq
_ I~ --- Expected H— bb - == Expected H—» ZZ* - llqq Expected H— 1t ]
O  — Observed H— bb — Observed H— ZZ* - liqq Observed H— 1t 1
X 10
o]
(0)]

T IIIITTII
1 1 lIlllll

N\

Remember, a-priori we
don’t know the mass so
need to look everywhere...

Signal cross section excluded
at the 95% confidence level
relative to the SM prediction

—_

T T T TTTrT

1 1 1 11111

200 300 400 500 600
my [GeV]

—
O_
o

my values for which limit on o/cgy is <1, are excluded at 95% CL 64



‘ LHC combined limits I

T T T T T T

=AY -
s | ATLAS 2011-2012 [+t -
'E' [ \s=7TeV: [Ldt=46-48 b [ J+20 -
5 [ Vs=8TeV: [Ldt=5859f" — Observed y
1 C oA Bkg. Expected p
O 1 Excluded g- =Xp
o
[g]
(@))
10" CL, Limits —
110 150 200 300 400 500
m,, [GeV]

The ATLAS data is inconsistent with the presence of a SM Higgs boson over a wide mass range!
Excluded at 95% CL: 111 <my <122 GeV, 131 < my < 559 GeV

A narrow region remains unexcluded, because there is a signal-like excess!

Similar conclusions achieved by the CMS experiment!

65



‘ Tevatron combined limits I

10
& | — Observed Tevatron Run I, L, < 10 b
E [ === Expected w/o Higgs SM Higgs combination
5 [ B9 Expected = 1 s.d.
i [ ] Expected + 2 s.d.
O [ == Expected if m,=125 GeV/c®
X
= Excluded

.
100 120 140

! | ! L ! | ! ! !
160 180 200
my (GeV/cz)

Expected exclusion: 90 < my < 120 GeV, 140< my < 184 GeV
Observed exclusion: 90 < my < 109 GeV, 149 <my < 182 GeV
95% CL limit at my=125 GeV: 1.06xSM (expected), 2.44xSM (observed)

66



‘ Significance of the results I

po: probability that the data could come from a model with no Higgs boson.
Very high standards:

Evidence benchmark = p, = 0.00135 (3 Gaussian standard deviations)
Discovery benchmark = pg= 2.6 x 107 (5 Gaussian standard deviations)

o 1CMS Vs=7TeV,L=511b" \I§=8TeV,L=5.3fo"§
IIIIIIII|IIIIIIIIIIIIIIIII]IIIIIIIII T LI LI IIIIIIIIIIIIIIIIIII
> o
ATLAS 2011 -2012 Obs. =215 NN 0

5=7TeV: [Ldt=4.6481" e Exp. > 102
5=8TeV: [Ldt=5859 " ERL %‘ 107 E \\ /%30
8 10" N/ 1.

RN R
10 56
107
108 S
qF .. 60
10 = Combined obs.
1 0_10 = = =: Expected for SM H
10—11 —5=T7 TeV
10'11llllIllllIlllllllllIllllll:"l“lllllllllll 10'12&47151:1811’?\{ lllllllllllllllllll 76
110 115 120 125 130 135 140 145 150 116 118 120 122 124 126 128 130
m, [GeV] m,, (GeV)

5.96 at my=126.5 GeV 5.0c at my=125.5 GeV 67



—— ATLAS Prel, [28] JLdt=51"

3
L
Summer 07/2011 S = b
cMS Prel. o] ‘ST 7 T?V b
ATLAS Prel, [21] JLat=11b 3
, h ! , , )
ety ;\-?’;aer.'.":_"v\. o
/ 3
.
3
i
3
i
Spring 2012 S = B
COMS 25] Is=7TeV :

Council/ICHEP 07/2012 1
CMS Prel. [23] 7I§nd ESﬂ;I"eV b
——— ATLAS Prel. [22] t~10

r
.
0

| NPT IS IS WIS WP WA W W
115 120 125 130 135 140 145 1

7 and 8 TeV
JLdt~ 25 1b"

HCP/Council 2012
—— CMS Prel. [24]

—— ATLAS Prel. [23] ]

m,, [GeV]

A textbook discovery

Summer 2011: EPS and Lepton-Photon

First (and last) focus on limits (scrutiny of the p,)

December 2011: CERN Council
First hints

Summer 2012: CERN Council and ICHEP

Discovery!

Rolf-Dieter Heuer (t{r?tgqn ra.of CERN)



‘ One year later... I

The Nobel Prize in Physics
2013

Photo: A. Mahmoud Photo: A. Mahmoud
Francois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Frangois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"
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One year later...

IHiggs Bosons — H° and H I

A REVIEW GOES HERE - Check our WWW List of Reviews

in Different Channels
Combined Final States
WT W™ Final State
~ Z2* Final State
~7 Final State
bb Final State
nal State
Standard Model HO (Higgs Boson) Mass Limits
HO Direct Search Limits
HO Indirect Mass Limits from El
Searches for Other Higgs Bosons
Mass Limits for Neutral Higgs Bosons in Supersymmetric Mox
— HY (Higgs Boson) Mass Limits in Supersymmetric Models

owesk Analysis

— AP (Psevdoscalar Higgs Boson) Mass Limits in Supersymmetric Models
— HO (Higgs Boson) Mass Limits in Extended Higgs Models
Limits in General two-Higgs-doublet Models
Lirmits for HO with Vanishing Yukawa Couplings
Limits for HO Decaying to Invisible Final States
Limits for Light A0
Other Limits
(Charged Higgs) Mass Limits
L (doubly-charged Higgs boson)
£ with Ty

Limits for HE% with T3 = 0

HO (Higgs Boson)

The observed signal is called a Higgs Boson in the follwing, although its
detailed properties and in particular the rol at the new particle plays
in the context of electroweak symmetry breaking need to be further ciar.

ified. The signal was discovered in searches for a Standard Model (SM)
like Higgs. See the following section for mass limits obtained from these
searches.
H°® MASS
125.9::0.4 OUR AVERAGE
125804204 = CHATRCHYAN13) CMS  pp. 7 and 8 TeV
1260204204 2AAD ATLS pp. 7 and 8 TeV
® o o We do not use the fellowing data for averages, fits, limits, etc. o o o
1262206202 3 CHATRCHYAN CMS  pp. 7and 8 TeV
1253204205 4 CHATRCHYAN CMS  pp. 7and 8 TeV
1 Combined value from Z Z and 7 final S
2

AD 124 obtain results based on 4.6-4.8 fb

58-59 fo at E 8 TeV.
«
significance of 5.9 7 & obs

1 of pp collisions at Ey = 7 TeV and

of events over backs

und with a local
V. See also AAD 1204

3 Result based on ZZ — 4f final states in 5.1 fo™ 1 of pp collisions at £, =7 TeV
and 1226 L at £ =8 Tev

4 CHATRCHYAN 12K obtain results bosed on 4.9-5.1 o~ 1 of
7 TeV and 5.1-5.3 fb~ 1 at £ = 8 TeV. An excess of events over background with
3 local significance of 5.0 7 is observed at about m; = 125 GeV. See also CHA
TRCHYAN 128Y.

pp collisions at Ecy =

NODE=5055

NODE:
NODE:

SOS5CNT
SOS5CNT

NODE=S055CNT

NODE=5055210

NODE=5055210

NODE:
NODE:

SO55HBM
SOS5HEM

OCCUR=2

NODE=S055HBM;LINKAGE=CA
NODE=S055HBM;LINKAGE=AA

NODE=S055HBM;LINKAGE=CT

NODE=S055HBM;LINKAGE=CH

The Higgs boson enters the
Particle Data Group listing!
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With the discovery of the Higgs boson the Standard Model

‘ What have we learned? I

is “complete”.

However, the Higgs sector is somehow the least elegant

sector of the Standard Model:

It accounts for most unknown parameters
(masses and mixing angles).
There is no underlying gauge principle.

Open questions

Is it the Higgs boson of the Standard Model?
Is it elementary or composite?
What makes p? negative?

What'’s the explanation for the flavor mass
hierarchy?

Is the mechanism responsible for the mass of
gauge boson also responsible for fermion
masses?

Is the Higgs sector minimal?

Is there a connection between the Higgs sector
and dark matter?
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‘ Next lecture I

Lecture 2: Studying the Higgs boson
. Overview of Run 1 studies

. Summary of recent Run 2 results
. Future prospects
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Backup
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‘ SSB - Local Symmetry I

Let the aforementioned continuous symmetry U(1) be local : «(x) now depends on

) the space-time x.
io(x)

p—=e @
i itten : £ =(0,@) D'¢p— M Lp
The Lagrangian can now be written : Z = ( VQO) Q- Hp)- Z v
In terms of the covariant derivative : D =0, —zed,
The gauge invariant field strength tensor : Y =0"A" =-9" A"
And the Higgs potential : @)= ’g g+ M@ @)
1
Here the gauge field transformsas: A, = A, +—d,a
e
_ o v+n+ 4§
Again translate to local minimum frame : @ = T

1. . 1 y 1 v
L= Eavga E+ 5&77& n+un -vant+ 5621/2{4”/4“ —evd "E - F™F,, +1Ts

Mass term for the gauge field! But...
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‘ SSB - Local Symmetry I

What about the field content?

A massless Goldstone boson &, a massive scalar n and a massive gauge boson!
— 7

Number of d.o.f. : 1 1 1
Number of initial d.o.f. : 2 Oooops... Problem!
But waitly,,,en & martin p. 326 The term €¥4,0“S  is unphysical

The Lagrangian should be re-written using a more appropriate expression
of the translated scalar field choosing a particular gauge where h(x) is
real : P

o=+ Hx)e " Gauge fixed to absorb 6

Then the gauge transformations are : ¢ — @: A, — A, + eiva!ﬁ
/= %avﬁa‘%_ AMPA = A/ _%/V;“ Massive scalar : The Higgs boson
+(1/2)ev’ 4, 4" - F" 7, Massive gauge boson
+(1/2)€2/4#14”52 + V€214,/4l% Gauge-Higgs interaction

The Goldstone boson does not appear anymore in the Lagrangian
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‘ SSB - Local Symmetry I

Before SSB

Not gauge invariant Not existing vertex

A, A" A, A"

A A h

AVAVAVAVYS WAVAVAVaV:

—_—— —— -

After SSB

Not only existing but also closely related!

2.2 u 2 u
(1/2)é 4,4 v d, A"
X X X
\ / \ A
A \\ // A h \\
AVAVAVAVAVAVAVAVAVAV. - — > -
A

Proof of condensate !
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