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Overview

● Short recap
● Higgs search strategies in different channels
● Results

– 2010 data

– 2011 data

– 2012 data; Higgs discovery

● Outlook/Future
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Higgs mechanism
The problem with the gauge invariance can be solved by introducing
a new scalar isospin doublet field Φ (instead of a mass constant) 
which respects gauge invariance.

L = (Dμ Φ)(Dμ
Φ) +...+ ydϕ dLdR + yuϕ uLuR +...

with the covariant derivative:

Dμ = ∂μ + (i g W μ
j σ j + ig ' Y Bμ)

Yukawa couplings

This field creates simultaneously vector boson and fermion masses
and breaks electroweak symmetry if the vacuum expectation values
(vev) of the Higgs field is non-zero!

Φ = (0ϕ )
vector boson masses fermion mass terms
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Higgs Field Parametrisation

ϕ=v+χ+i ξ
choose minimum to be on the real axis (symmetry breaking):

χ

ξ

Mexican hat potential: −μ
2
ϕ

∗
ϕ − λ(ϕ

∗
ϕ)

2

v

minimum if: v2=
−μ

2

2λ
(vev if lambda negative)

Higgs field
in complex plane
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SM Lagrangian with Higgs Field

L = (Dμ Φ)(DμΦ) −μ2 Φ∗Φ −λ (Φ∗ Φ)2+ yd ϕ d LdR + yuϕ uLuR +...

Higgs self coupling

Higgs self interactions

depends on lambda
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Higgs-Gauge Boson Interactions

mW
2

=
1
4

v2 g2

Higgs vector boson interactions:

H

W,Z

W,Z

also here, coupling proportional to mass!

L = (Dμ Φ)(Dμ
Φ) − μ

2
Φ

∗
Φ − λ (Φ

∗
Φ)

2
+ yd ϕ dLdR + yuϕ uLuR +...

mZ
2
=

v2

4
(g2

+ g ´2
) → v=246 GeV

HW,Z

W,Z H

W,Z

H

tanΘW =
g´
g (Weinberg angle)
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Higgs-Fermion Interactions
Higgs-Fermion Coupling:

LY =− yd L̄ΦdR − yu L̄ Φ̃uR with L = ( tb ) Φ =
1

√2 ( 0
v+h )

Φ̃ = i τ2Φ
∗

md ,u =
yd ,u v

√2

Higgs couples to masses:

, ,

H

d

d

coupling proportional to mass
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Higgs Mass?

λ (Φ∗ Φ)2

coupling lambda is not known!
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Higgs Production at Hadron Colliders

proton-proton at LHC s1/2=14 TeV
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Higgs Production at Hadron 
Colliders
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Cross Sections in Higgs Decay Channels
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Higgs Decays
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MC Simulation Studies
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Cross Section Expectations

2010-2011: running at 7 TeV

Higgs cross sections  ~ O(pb)
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Higgs Decay Channels
Main Higgs Branching Ratios

Pros and Cons of Higgs Decay channels

H → bb: largest BR at low mass, b-tagging  : huge QCD BG

H → ττ: large BR at low mass, clear signature  : BG +issing neutrinos

H → γγ: clearest signature  : large BG + tiny BR

H → WW: clear signature  : SM WW BG + missing neutrinos

H → ZZ: very clear signature  : SM ZZ BG + small BR at low mass
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H → ZZ
Which decay channel(s)?

most promising llνν final state allows no Higgs mass reconstruction

But Higgs Mass estimate:

E
T

2 p
T

2m
T

2 = -
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H → ZZ → llνν
Selection:

● two leptons; invariant mass compatible with Z-mass
● E

t
miss > 0.4 m

H
 -30 GeV 

expected
signal

 Backgrounds

this channel is promising at high masses!
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H → ZZ → llνν
MC expectations
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H → ZZ → llbb
Selection:

● two leptons; invariant mass compatible with Z-mass
● two b-tagged jets, invariant mass compatible with Z-mass 

additional cut on azimuthal
opening of the two b-jets

Z

ZH

b

b

Φ

small opening angle of Z is boosted (m
H
 large)

reduces BG
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H → ZZ → llbb

expectation for L=1fp-1
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H → ZZ → llll
Combine: 2e and 2µ decay channels of Z pair:

Expected number of events for L=1 fb-1

very small Higgs yields in this channel due to small Z branching fractions

B(Z→l
i
 l

i
) = 0.03 B(Z→νν) = 0.30c.t.
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Expected Sensitivity: H → ZZ 

highest sensitivity!

test Higgs high mass region 
even with small integrated 
luminosity
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H → WW → llνν
Selection:

● two leptons (electron or muon) with p
T
 >15 GeV (trigger!)

● if leptons identical flavor, then Z mass veto (no Z → ll)
● missing transvere energy (2 neutrinos):  p

T
miss

 
>30 GeV

expected exclusion
limit

high sensitivity in 
WW mass 

threshold region
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H → γγ
Selection:
● two photons (em. cluster with no track match)
● photons are also identified if converted: γ → e+ e-

● no missing transverse momentum

H
γ

e-

γ

e+

Background:
● misidentified pions
● accidental coincidence of π0 → γγ-  and  π+ track
● no missing transverse momentum

for L=1fb-1 at 7 TeV

high BG!!
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Expected Exclusion for H → γγ

 best sensitivity at m
H
 = 125 GeV

 BG dominated: sensitivity scales with

 factor 10 needed for 95% exclusion

 much much more needed for 5 sigma discovery

∝
1

√L
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H → bb and H → ττ
● low selection efficiencies and high backgrounds
● not highly sensitive discovery channel
● but only ones testing Yukawa coupings!  (fermiophobic Higgs?)

At mass 125 GeV at least 72 = 50 fb-1 needed for firm statements
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ATLAS Result Moriond Conference

Difficulty: BG estimation

March 2011
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ATLAS Result Moriond Conference
March 2011
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...one month later
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 Higgs Blogs I
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 Higgs Blogs II

In the following days
Easter 2011 many
people in ATLAS
were very busy!

Is it possible to have
a Higgs signal 30 times
larger than expected
from the SM?
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Higgs beyond the SM

4th generation top partner can enhance
the Higgs production cross section!

T

T

T

T

T

T

… and the decay rate into two photons!
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The Higgs at m
H_

= 115 GeV
had only a very short lifetime!

28.04.2011
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The official ATLAS Result
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The official ATLAS Result
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The official ATLAS Result
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… And CMS?
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… And CMS?

no sign of signal!
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2011 Summer Conferences CMS

CMS overtakes Tevatron experiments and can also exclude 160 GeV region
with the WW-channel!
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2011 Summer Conferences ATLAS

ATLAS as well... 
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CERN Jamboree
before Christmas 2011
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New Results from 2011

heavy Higgs ruled out
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No Higgs hypothesis
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Higgs Exclusion Plots ATLAS
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 H → γγ Search at CMS

statistical fluctuations much larger than
Higgs signal expectation!

where is the Higgs?
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CMS: ZZ and γγ Combination

only small region left

No Higgs hypothesis
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 H → γγ Search at ATLAS

“bump” at 125 GeV

region above 130 Gev excluded
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Summary of Higgs Channels at CMS

indication of Higgs at 124 GeV?indication of Higgs at 119 GeV?
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Summer 2012 (ICHEP conference)
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 H → γγ Search at ATLAS
combined
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 H → γγ Search at ATLAS

breakdown of different categories
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derived by summing up six different H→γγ event classes using weights

 H → γγ Search at CMS
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Photon Energy Calibation at CMS

2007 2008

Search sensitivity depends crucially on the energy calibration!
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 H → γγ Candidate at CMS
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H → ZZ Search at CMS
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H → ZZ → eeee Candidate
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H → ZZ Search at CMS
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H → ZZ Search at ATLAS

can only be
interpreted in
combination
with other channels
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ATLAS Higgs Significance!

5 sigma  discovery!
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The 125 GeV region at CMS
Two dominant channels All  channels

5 sigma  discovery!
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Higgs Branching Ratios

CMS: branching ratios

“semi-fermiophobic”?

coupling to vector bosons and fermions
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What is it?

Question to R.Heuer, CERN director general:
why do you call the newly discovered particle Higgs-like particle?

Answer by R.Heuer:
Because we all like the Higgs!
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What is it?

 It looks like a Higgs
 It smell like a Higgs
 It sounds like a Higgs
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The real and important Question

 Is it the SM Higgs?

Answer:

Measure the couplings
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Status HCP conference (Nov 2012)
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OUTLOOK
 Main task is the precise measurement of the Higgs couplings

 New Physics like Supersymmetry predict one light Higgs boson
with mass < 130 GeV with (slightly) different couplings

 LHC cannot measure the absolute value of the Higgs couplings.
A linear Collider (ILC or CLIC) is required for measuring 
invisible Higgs decays.

 High precision requires high rates and high luminosity
→ LHC luminosity upgrade 2021/22
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ATLAS Sensitivity Study
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