
Teilchenphysik 2 — W/Z/Higgs an Collidern

Sommersemester 2019
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4. Physics of the W and Z Bosons

4.1 Determination of SM parameters
◦ Z factories
◦ Precision measurements at the Z pole
◦ W production at colliders
◦ Global electroweak fits

4.2 W/Z physics at the LHC
◦ Single W/Z boson production
◦ W/Z + jets production
◦ Vector boson pair-production
◦ Vector boson scattering
◦ Anomalous couplings
◦ Exotic resonances
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4.2 W/Z physics at the LHC

Matthias Schröder – W/Z/Higgs an Collidern (Sommersemester 2019) Vorlesung 11 3/63



4.2.6. Exotic resonances
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Resonant Diboson Searches

◦ Typical model: Graviton with extra
spatial dimensions
◦ Explains relative weakness of gravity
◦ EWK+QCD confined to 3 dimensions
◦ Gravitation propagates additionally in

extra dimensions

◦ Compactified extra dimensions: prevent
macroscopic effects
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Example: Graviton Search
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◦ Search for G→ ZZ
◦ Reconstruct Z bosons and search for peak in invariant mZZ distribution

◦ Typically: semi-leptonic decay of ZZ system
◦ Good compromise between signal yield and purity (signal-to-bkg. ratio)
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Boosted Topologies

◦ Heavy resonances
◦ V bosons strongly boosted (high pT)
◦ (Hadronic) decay products collimated→ merged into one jet

(more precisely: not reconstructed as two resolved jets)

◦ V tag: find “fat jet” compatible with V decays
◦ Sensitivity from jet mass and jet substructure
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Example: Jet Mass

◦ Jet mass = sum of
jet-constituents’ 4-momenta

◦ Steeply falling spectrum for
quark/gluon jets
◦ Peak at ≈ 80/90 GeV for W/Z
◦ W/Z not easy to distinguish

(resolution not good enough)
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Example: Massdrop + Filter

◦ Start: fat jet (Cambridge–Aachen algorithm dij =
∆Rij

R )

◦ Uncluster jet into pair of
subjets
◦ Stop in case of mass drop
◦ Repeat on more massive

subjet otherwise

◦ New clustering with smaller
radius
◦ Keep only particles from N

hardest subjets (“filtering”)

◦ Improves mass resolution ATLAS-CONF-2012-065
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Jet-Substructure Landscape
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Does This Really Work?

◦ How to find hadronically decaying V bosons for validation?
→ look at semi-leptonic tt events

◦ Select events with lepton + b-jet (= t quark)
→ a second t quark is likely in the event

◦ Remaining jets: non b-tagged jets likely from W boson decay
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Graviton Search with Boosted W/Z
“resolved analysis”
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“boosted analysis”
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Boosted topologies: higher reach in diboson mass
But as of now, still no graviton found . . .
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A More Complete Picture

G→ ZZ
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Many More Searches

t* → tg S=3/2

t* → tg S=1/2

b* → tW KL=1

b* → tW KR=1

b* → tW k=k=1

t* → tg S=3/2

Observed limit 95%CL (TeV)
0 0.4 0.8 1.2 1.6 2

T → tH cWb)=1.5

T → tH cZt=2.5

T → tH cWb=1.5

T → tH cZt=2.5

T → tZ cWb=1.5

T → tZ c(Zt)=1.5

B → bZ c(Wt)=1.5

T → bW c(Wb)=1.5

Y→ tH c(Wb)=1.0

Observed limit 95%CL (TeV)
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

13 TeV

Q → qW 

T → tH 

T → tZ 

T → bW 

B → bH 

B → bZ 

B → tW 

X5/3 → tW 

X5/3 → tW 

T → bW 

Observed limit 95%CL (TeV)
0 0.3 0.6 0.9 1.2 1.5

Z’(1.2%) → tt

Z’(10%) → tt

gKK → tt

W’ → tb

W’ → tb Mν<MW’

W’ → tb Mν>MW’

Z’(1%) → tt

Z’(10%) → tt

Z’(30%) → tt

gKK → tt

W’ → tb Mν<MW’

W’ → tb Mν>MW’

Z’→ Tt

Observed limit 95%CL (TeV)
1 1.5 2 2.5 3 3.5 4 4.5 5

40 fb

40 fb

15 fb

8 fb 80 fb

500 fb

8 TeV

13 TeV

radion → HH

W’ → WH 

Z’ → ZH

GBulk → WW 

GBulk → ZZ

W’ → VW  HVT(B)

W’ → WH HVT(B)

Z’ → VH HVT(B)

radion → HH

Observed limit 95%CL (TeV)
0 0.5 1 1.5 2 2.5 3

8 TeV

13 TeV
10 fb

13 fb

20 fb

28 fb

6 fb

30 fb

B2G
new physics searches with heavy SM particles

35 fb

25 fb

7 fb

7 fb

35 fb

9 fb
8 TeV

13 TeV4 fb

20 fb

300 fb

60 fb

800 fb

900 fb

50 fb

50 fb

4.2 fb

10 fb

22 fb

19 fb

70 fb

60 fb

70 fb

40 fb

18 fb

⟡model-independent

(KL/KR=1)

(KR=1)  

(KL=1)  

 Gbulk

 Gbulk

8 TeV

⟡

⟡600 fb

400 fb

200 fb

200 fb

200 fb

200 fb

250 fb

15 fb

20 fb

18 fb

⟡

t → lep
cWb=1.5
t → lep
cZt=2.5
t → had
cWb=1.5
t → had
cZt=2.5

  cWb=1.5  

  cZt=1.5   

  cWt=1.5   

  cWb=1.5     

  cWb=1.0     

2.4 fb

LQ->top+mu

LQ->top+tau

LQ->bmu

0 0.375 0.75 1.125 1.5

13 TeV

13 TeV

70 fb

11 fb

→ tZt (50%) 
+ tHt (50%)

Vector-like quark single production                                                                                                                              

Vector-like quark pair production                                                                                                                              Resonances to heavy quarks Excited quarks

Resonances to dibosons

Leptoquarks

Observed limit 95% CL (TeV)

(KR=1)  

(Mν<MW’)

(Mν>MW’)

(Mν<MW’)

(Mν>MW’)

0.31 fb

CMS TWiki
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Models with W’ and Z’

◦ Many new-physics models include new heavy gauge bosons
◦ Often called W’/Z’, but properties can vary wildly depending on model

◦ W’: additional SU(2) gauge group
◦ Examples: left-right symmetric models, GUTs, Superstring theories
◦ Common assumption: same left-handed couplings as W (but also purely

right-handed and mixed states)

◦ W’ phenomenology
◦ For W’ masses & 180 GeV: decay W′ → tb kinematically allowed
◦ If only right-handed couplings and right-handed neutrinos more massive

than W’: decay to leptons suppressed
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Models with W’ and Z’

◦ Hundreds of models with Z’ bosons
◦ New broken U(1) gauge symmetries, E6 gauge group
◦ Additional strong force
◦ Extradimensions (Kaluza–Klein models)

◦ Z’ phenomenology
◦ (Within conservation laws) arbitrary fermion couplings depending on

model: leptophobic, leptophilic, . . .
◦ Many possible decays: l+l−, tt, W+W−, ZH, . . .
◦ Decay width: narrow (1 % of mass) or wide (> 10 % of mass)
→ different search strategies

◦ Some models: mixing between SM Z boson and Z’ boson
→ distortion in mass spectrum or decay products
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5. Physics of the Higgs Boson
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5.1 Properties of the Standard Model Higgs-Boson
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The Higgs Boson

◦ Consequence of the Higgs mechanism:
massive scalar particle

◦ Prediction: coupling to gauge bosons and
fermions (and self-interaction) with very
specific coupling structure

↓
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Higgs-Boson Couplings
to fermions:

gHff = mf
v = λf√

2
(×i)

to massive gauge bosons V = W±,Z :

gHVV = 2 m2
V

v (×− igµν) gHHVV = 2 m2
V

v2 (×− igµν)

self coupling:

gHHH = 3 m2
H

v (×i) gHHHH = 3 m2
H

v2 (×i)

◦ Coupling terms can be read-off from Lagrangian
◦ H is indistinguishable particle: additional combinatorial factor to all

amplitudes with more than 1 H field at vertex
◦ At vertex, additional factors i or −igµν
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Higgs-Boson Partial Decay Widths

◦ Decay to fermions and massive gauge bosons (LO)

Γ(H → f f̄ ) = 1
8πv2 NcmHm2

f β
3
f

Γ(H → VV) = 1
8πv2

m4
V

mH
δv
(

1
4x2 − 1

x + 3
)
βV

more complicated for virtual V∗

(3-body decay H → VV∗ → Vf f̄ )

with δW = 2, δZ = 1, xf ,V =
m2

V
m2

H
, βf ,V =

√
1− 4x

◦ Decay to photons (mH � 2mt, 2mW)

Γ(H → γγ) = α2
em

256π2v2 m3
H

[
4
3Ncq2

t︸ ︷︷ ︸
t-quark

−7︸︷︷︸
W

]2
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Higgs-Boson Partial Decay Widths
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Higgs-Boson Branching Ratios
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◦ Higgs boson couples to mass of particles
◦ ≈ dominant decay channels: to heaviest particles

(that are kinematically allowed)
◦ In case of WW , ZZ : one (or both) can be virtual
◦ Also different factors than for fermions
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Higgs-Boson Branching Ratios
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◦ mH . 130 GeV: dominated by bb̄
◦ 130 GeV . mH . 2mZ: H → VV(∗) starts to dominate

◦ Γ(H → f f̄ ) approximately ∝ mHm2
f

◦ Γ(H → VV) approximately ∝ m3
H

◦ WW entirely dominates between 2mW < mH . 2mZ
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Higgs-Boson Branching Ratios
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◦ Opening of t t̄ channel changes little, contribution decreases for larger mH
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Higgs-Boson Branching Ratios
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Higgs-Boson Branching Ratios

 [GeV]HM
120 121 122 123 124 125 126 127 128 129 130

B
ra

nc
hi

ng
 R

at
io

-410

-310

-210

-110

1

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

01
6

bb

ττ

µµ

cc

gg

γγ

ZZ

WW

γZ

◦ At 125 GeV: many open channels — experimentally interesting!
◦ But not all experimentally accessible. . .
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Higgs-Boson Total Decay Width
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◦ Very narrow in low mH regime
◦ At 125 GeV: 4 MeV
◦ Experimentally: entirely dominated by detector and reconstruction effects

◦ Steep increase with mH, in particular where H → VV opens
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Summary

◦ Consequence of the Higgs mechanism: massive scalar particle
◦ Very specific coupling to gauge bosons and fermions (and

self-interaction), depending on particle masses
◦ Dominant coupling to heaviest particles
◦ Coupling to massless particles (γγ, gg) via loops
◦ mH = 125 GeV: many open decay channels (VV with one virtual V∗)

◦ Only free parameter: mH

◦ As soon as Higgs-boson mass known: all Higgs-boson
interactions determined!
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5.2 Discovery and first measurements of the Higgs boson
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5.2.1. Search for the Higgs boson and discovery
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Overview

◦ Higgs boson mass range limited by theoretical arguments
(perturbativity, triviality, vacuum stability)
→ roughly 100 GeV to 1 TeV

◦ Strategies to search for the Higgs boson
(or any new particle):
◦ Direct search for Higgs production and decay at colliders
→ limited by centre-of-mass energy and luminosity

◦ Search for indirect effects in higher-order corrections (“loops”)
→ sensitive to much higher Higgs masses but possibly model-dependent

◦ Brief history of Higgs boson searches
◦ LEP (1989–2000), SLC (1989–1998): direct and indirect searches
◦ Tevatron (1992–1996, 2001–2011): direct searches
◦ LHC (Run I 2010–2012): direct searches→ discovery
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Reminder: Constraints on Higgs-Boson Mass

◦ Global fit
◦ LEP Electroweak Working Group

(Summer 2011): last result
before Higgs discovery

◦ 18-parameter χ2 fit: Z pole + W
boson + top quark

◦ Results
◦ Best-fit Higgs mass:

mH = 94+29
−25 GeV

◦ Light Higgs preferred
◦ Logarithmic dependence: mH

only weakly constrained

“Blue Band Plot”: Higgs mass limits
(before LHC)
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Production Processes at LEP

◦ LEP 1: centre-of-mass energy ≈ 91 GeV (Z pole)
◦ Only lower limits from non-observation of Z decays including Higgs

bosons
◦ Exclusion of light scalar particles

◦ LEP 2: nominal centre-of-mass energy increased from 161 GeV (WW
production threshold, 1996) and 209 GeV (limit of LEP cavities, 2000)
◦ Production channels: Higgs-strahlung (most sensitive), ννH (WW fusion)

◦ Access up to mH ≈
√

s −mZ ≈ 118 GeV

◦ Preferred decay channels: H→ bb/ττ , Z→ ll/qq/νν
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Higgs-Boson Candidate at ALEPH
Process: e+e− → ZH→ qqbb
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The Final Word from LEP
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◦ Observed (expected) 95 % C.L. limit: mH > 114.4 GeV (115.3 GeV)
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Higgs Production at the Tevatron

1

10

10
2

10
3

100 125 150 175 200 225 250 275 300
m

H
 [GeV]

σ
(p

p
→

H
+

X
) 

[f
b

]

Tevatron

√s


=1.96 TeV

pp
–
→H (NNLO+NNLL QCD + NLO EW)

pp
–

→WH (NNLO QCD + NLO EW)

pp
–
→ZH (NNLO QCD + NLO EW)

pp
–
→qqH (NNLO QCD + NLO EW)pp

–
→tt

–
H (NLO QCD)

PDG 2012

◦ Cross section steeply falling with mH

→ only accessible for light Higgs boson

◦ gluon-gluon fusion: large QCD background
→ preferred: associated WH production
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Figure 2: SM Higgs boson production cross
sections for pp collisions at 1.96 TeV, including
theoretical uncertainties [53,70–72].
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Figure 3: SM Higgs boson production cross
sections for pp collisions at 7 TeV, including
theoretical uncertainties [76].

July 25, 2012 15:44

Cross section steeply falling with mH  
→ only accessible for light Higgs boson 

gg fusion: large QCD background 
→ preferred: associated WH production
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Decay Channels at the Tevatron

◦ Relevant Higgs-boson decay channels at the Tevatron:
◦ H→ bb: identification via b-tagging, but large QCD background
◦ H→ ττ : large background from QCD (and Z→ ττ )

◦ H→ WW: sensitivity
for mH = 2mW ≈
160 GeV, works with
gg fusion

◦ H→ γγ: very clean
but small branching
fraction, works with
gg fusion

◦ Most sensitive
channels: VH(bb)
◦ pp→ WH→ lνbb
◦ pp→ ZH→ llbb

dijet mass in VH(bb) after background subtraction
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Combination & Statistical Analysis

All analysis bins sorted by
signal-to-background ratio
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◦ Strategy for final combination
◦ Very small signal cross section
→ combine as many
production/decay channels as
possible (> 50 per experiment, all
add to final sensitivity)

◦ Uncertainty of background much
larger than signal
→ event selection & b-tagging rely
heavily on multivariate analysis
methods
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The Final Word from Tevatron
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background-only hypothesis usingRfit
profile, chosen a priori as

the test statistic. These p-values express the probability to
obtain the value of Rfit

profile observed in the data or larger,

assuming a signal is absent. These p-values are shown in
Fig. 7 along with the expected p-values assuming a SM
signal is present, separately for each value of mH. The
median expected p-values assuming the SM Higgs boson
is present with mH ¼ 125 GeV=c2 for signal strengths of
1.0 and 1.5 times the SM prediction are also shown. The
median expected excess at mH ¼ 125 GeV=c2 corresponds
to 1.9 standard deviations assuming the SM Higgs boson is
present at that mass. The observed local significance at
mH ¼ 125 GeV=c2 corresponds to 3.0 standard deviations.
The maximum observed local significance is at mH¼
120GeV=c2 and corresponds to 3.1 standard deviations.
The fluctuations seen in the observed p-value as a function
of the testedmH result from excesses seen in different search
channels, as well as from point-to-point fluctuations due to
the separate discriminants at each mH, and are discussed in
more detail below. The width of the dip in the observed
p-values from 115 to 140 GeV=c2 is consistent with the
resolution of the combination of the H ! b !b and H !
WþW# channels, as illustrated by the injected signal curves
in Fig. 7. The effective resolution of this search comes from
two independent sources of information. The reconstructed
candidate masses help constrain mH, but more importantly,
the expected cross sections times the relevant branching
ratios for theH ! b !b andH ! WþW# channels are strong
functions of mH in the SM. The observed excess in
the H ! b !b channels coupled with the slight excess in

the H!WþW# channels determines the shape of the
observed p-value as a function of mH.
Figure 8 shows the quantity CLsþb, corresponding to

the p-value for the signal-plus-background hypothesis.
The observed value, along with the expected p-values
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FIG. 7 (color online). The solid black line shows the background
p-value as a function of mH for all of CDF’s and D0’s SM Higgs
boson searches in all decaymodes combined. The dotted black line
shows themedian expected values assuming a SMsignal is present,
evaluated separately at each mH. The associated dark- and light-
shaded bands indicate the 1 and 2 s.d. fluctuations of possible
experimental outcomes under this scenario. The blue lines show
the median expected p-values assuming the SM Higgs boson is
present with mH ¼ 125 GeV=c2 at signal strengths of 1.0 times
(short-dashed) and 1.5 times (long-dashed) the SM prediction.
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FIG. 6 (color online). The best-fit signal cross section
expressed as a ratio to the SM cross section as a function of
Higgs boson mass for all of CDF’s and D0’s SM Higgs boson
searches in all decay modes combined. The dark- and light-
shaded bands show the 1 and 2 s.d. uncertainty ranges on the
fitted signal, respectively. Also shown with blue lines are the
median fitted cross sections expected for a SM Higgs boson
with mH ¼ 125 GeV=c2 at signal strengths of 1.0 times
(short-dashed) and 1.5 times (long-dashed) the SM prediction.
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FIG. 8 (color online). The solid black line shows the signal-
plus-background p-value as a function of mH for all of CDF’s
and D0’s SM Higgs boson searches in all decay modes com-
bined. The dotted black line shows the median expected values
assuming no SM signal is present, evaluated separately at each
mH . The associated dark- and light-shaded bands indicate the 1
and 2 s.d. fluctuations of possible experimental outcomes under
this scenario. The blue lines show the median expected p-values
assuming the SM Higgs boson is present with mH ¼
125 GeV=c2 at signal strengths of 1.0 times (short-dashed)
and 1.5 times (long-dashed) the SM prediction.
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Background-Only p Value

background-only hypothesis usingRfit
profile, chosen a priori as

the test statistic. These p-values express the probability to
obtain the value of Rfit

profile observed in the data or larger,

assuming a signal is absent. These p-values are shown in
Fig. 7 along with the expected p-values assuming a SM
signal is present, separately for each value of mH. The
median expected p-values assuming the SM Higgs boson
is present with mH ¼ 125 GeV=c2 for signal strengths of
1.0 and 1.5 times the SM prediction are also shown. The
median expected excess at mH ¼ 125 GeV=c2 corresponds
to 1.9 standard deviations assuming the SM Higgs boson is
present at that mass. The observed local significance at
mH ¼ 125 GeV=c2 corresponds to 3.0 standard deviations.
The maximum observed local significance is at mH¼
120GeV=c2 and corresponds to 3.1 standard deviations.
The fluctuations seen in the observed p-value as a function
of the testedmH result from excesses seen in different search
channels, as well as from point-to-point fluctuations due to
the separate discriminants at each mH, and are discussed in
more detail below. The width of the dip in the observed
p-values from 115 to 140 GeV=c2 is consistent with the
resolution of the combination of the H ! b !b and H !
WþW# channels, as illustrated by the injected signal curves
in Fig. 7. The effective resolution of this search comes from
two independent sources of information. The reconstructed
candidate masses help constrain mH, but more importantly,
the expected cross sections times the relevant branching
ratios for theH ! b !b andH ! WþW# channels are strong
functions of mH in the SM. The observed excess in
the H ! b !b channels coupled with the slight excess in

the H!WþW# channels determines the shape of the
observed p-value as a function of mH.
Figure 8 shows the quantity CLsþb, corresponding to

the p-value for the signal-plus-background hypothesis.
The observed value, along with the expected p-values
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FIG. 7 (color online). The solid black line shows the background
p-value as a function of mH for all of CDF’s and D0’s SM Higgs
boson searches in all decaymodes combined. The dotted black line
shows themedian expected values assuming a SMsignal is present,
evaluated separately at each mH. The associated dark- and light-
shaded bands indicate the 1 and 2 s.d. fluctuations of possible
experimental outcomes under this scenario. The blue lines show
the median expected p-values assuming the SM Higgs boson is
present with mH ¼ 125 GeV=c2 at signal strengths of 1.0 times
(short-dashed) and 1.5 times (long-dashed) the SM prediction.
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FIG. 6 (color online). The best-fit signal cross section
expressed as a ratio to the SM cross section as a function of
Higgs boson mass for all of CDF’s and D0’s SM Higgs boson
searches in all decay modes combined. The dark- and light-
shaded bands show the 1 and 2 s.d. uncertainty ranges on the
fitted signal, respectively. Also shown with blue lines are the
median fitted cross sections expected for a SM Higgs boson
with mH ¼ 125 GeV=c2 at signal strengths of 1.0 times
(short-dashed) and 1.5 times (long-dashed) the SM prediction.
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FIG. 8 (color online). The solid black line shows the signal-
plus-background p-value as a function of mH for all of CDF’s
and D0’s SM Higgs boson searches in all decay modes com-
bined. The dotted black line shows the median expected values
assuming no SM signal is present, evaluated separately at each
mH . The associated dark- and light-shaded bands indicate the 1
and 2 s.d. fluctuations of possible experimental outcomes under
this scenario. The blue lines show the median expected p-values
assuming the SM Higgs boson is present with mH ¼
125 GeV=c2 at signal strengths of 1.0 times (short-dashed)
and 1.5 times (long-dashed) the SM prediction.
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Best-Fit Signal Cross Section

Bayesian 95% CL Upper Limit

masses up to ! 185 GeV=c2. The data are consistent with
the background-only hypothesis (the black dashed line) at
masses smaller than ! 110 GeV=c2 and above approxi-
mately 145 GeV=c2. A slight excess is seen above approxi-
mately 195 GeV=c2, where our ability to separate the two
hypotheses is limited. For mH from 115 to 140 GeV=c2, an
excess above 2 s.d. in the data with respect to the SM
background expectation has an amplitude consistent with
the expectation for a standard model Higgs boson (dashed
red line). Additionally, the LLR curve under the hypothesis
that a SM Higgs boson is present with mH ¼ 125 GeV=c2

is shown. This signal-injected-LLR curve has a similar
shape to the observed one. While the search for a
125 GeV=c2 Higgs boson is optimized to find a Higgs
boson of that mass, the excess of events over the SM
background estimates also affects the results of Higgs boson
searches at other masses. Nearby masses are the most
affected, but the expected presence of H ! WþW$ decays
for a 125 GeV=c2 Higgs boson implies a small expected
excess in theH ! WþW$ searches at all masses due to the
poor reconstructed mass resolution in this final state.

The upper limit on SM Higgs boson production as a
function ofmH is extracted in the range 90–200 GeV=c2 in
terms of Robs

95 , the ratio of the observed limit to the pre-
dicted SM rate. The ratios of the 95% C.L. expected and
observed limits to the SM cross section using the Bayesian
method are shown in Fig. 5 for the combined CDF and D0
analyses. The observed and median-expected ratios are
listed for the tested Higgs boson masses in Table IV, as
obtained by the Bayesian and the CLs methods.

Intersections of piecewise linear interpolations of the
observed and expected rate limits with the SM ¼ 1 line
are used to quote ranges of Higgs boson masses that are
excluded and that are expected to be excluded. The regions
of Higgs boson masses excluded at the 95% C.L. are 90<
mH < 109 GeV=c2 and 149<mH < 182 GeV=c2. The
expected exclusion regions are 90<mH < 120 GeV=c2

and 140<mH < 184 GeV=c2.
The observed excess for mH from 115 to 140 GeV=c2

is driven by an excess of data events with respect to
the background predictions in the most sensitive bins of
the discriminant distributions, favoring the hypothesis
that a signal is present. To characterize the compatibility
of this excess with the signal-plus-background hypothesis,
the best-fit rate cross section, Rfit, is computed using
the Bayesian calculation, and shown in Fig. 6. The mea-
sured signal strength is within 1 s.d. of the expectation for a
SM Higgs boson in the range 115<mH < 140 GeV=c2,
with maximal strength between 120 GeV=c2 and
125 GeV=c2. At 125 GeV=c2, Rfit¼1:44þ0:49

$0:47ðstatÞþ0:33
$0:31'

ðsystÞ(0:10ðtheoryÞ.
The significance of the excess in the data over the

background prediction is computed at each hypothesized
Higgs boson mass by calculating the local p-value under the
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FIG. 5 (color online). Observed and median expected (for the
background-only hypothesis) 95% C.L. Bayesian upper produc-
tion limits expressed as multiples of the SM cross section as a
function of Higgs boson mass for the combined CDF and D0
searches in all decay modes. The dark- and light-shaded bands
indicate, respectively, the 1 and 2 s.d probability regions in
which the limits are expected to fluctuate in the absence of
signal. The blue short-dashed line shows median expected limits
assuming the SM Higgs boson is present at mH ¼ 125 GeV=c2.

TABLE IV. Ratios of observed and median expected (for the
background-only hypothesis) 95% C.L. upper production limits
to the SM cross section as a function of the Higgs boson mass for
the combined CDF and D0 searches in all decay modes, obtained
using the Bayesian and CLs methods.

Bayesian CLs

mH (GeV=c2) Robs
95 Rexp

95 Robs
95 Rexp

95

90 0.37 0.74 0.39 0.74
95 0.48 0.80 0.49 0.81
100 0.62 0.72 0.62 0.73
105 0.89 0.77 0.93 0.77
110 1.02 0.82 1.03 0.83
115 1.63 0.90 1.67 0.91
120 2.33 1.00 2.40 0.99
125 2.44 1.06 2.62 1.07
130 2.13 1.11 2.10 1.10
135 2.03 1.04 2.12 1.06
140 2.10 1.01 2.08 1.00
145 1.35 0.88 1.29 0.90
150 0.94 0.79 0.91 0.78
155 0.64 0.69 0.62 0.68
160 0.46 0.51 0.45 0.51
165 0.37 0.47 0.36 0.47
170 0.54 0.57 0.53 0.57
175 0.71 0.68 0.68 0.68
180 0.87 0.81 0.86 0.82
185 1.20 1.02 1.18 1.04
190 1.86 1.29 1.86 1.27
195 2.74 1.44 2.64 1.48
200 3.07 1.66 2.97 1.67

T. AALTONEN et al. PHYSICAL REVIEW D 88, 052014 (2013)

052014-14

P
hys. R

ev. D
88 (2013) 052014

Excess observed in Tevatron data:  
Up to 3σ for 115 GeV < mH < 140 GeV 
Compatible with approx. 1.5 × σSM 

95%-CL exclusion from Tevatron data: 
90 GeV < mH < 109 GeV 
149 GeV < mH < 182 GeV

P
hys.R

ev.D
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(2013)052014
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Higgs Production at the LHC
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Higgs Production at the LHC
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Example: gg→ H

◦ State-of-the-art for gg→ H inclusive cross section:
NNNLO QCD and NLO electroweak (EWK) corrections1

◦ NNNLO in effective field theory (EFT)
with mt →∞, rescaled to exact LO
result (σLO

ex /σ
LO
EFT)

◦ Corrections: massive quarks, EWK
O(α3), mixed QCD-EWK O(αα3

s)

◦ Result for mH = 125 GeV at 13 TeV
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σ(gg→ H) = 48.58 +2.22
−3.27 (theory)± 1.56 (PDF + αs) pb → about 6 % uncertainty

1
Details: (C. Anastasiou et al., JHEP 1605 (2016) 058) and Handbook of LHC Higgs Cross Sections, Vol. 4
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Most Important Analysis Channels
Rationale: favourable combination of cross section times branching ratio,
selection efficiency, signal-to-background ratio, resolution, . . .
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Production Decay Remark

gg → H H → ZZ(*) → 4ℓ excellent mass resolution

gg → H 
qq → qqH H → γγ small branching fraction but excellent 

mass resolution

gg → H 
qq → qqH H → WW(*) → ℓ𝜈 ℓ𝜈 large production cross section but poor 

mass resolution (two neutrinos)

gg → H 
qq → qqH H → 𝜏𝜏 decay into fermions with large branching 

fraction but large QCD background

qq → VH H → bb large QCD background → additional tag 
through (leptonic) vector-boson decay

gg → ttH  
gg → tHq/tHW

H → bb, γγ,  
multi-leptons access to top-quark Yukawa coupling

Rationale: favorable combination of cross section times branching fraction,  
selection efficiency, signal-to-background ratio, resolution, …

Matthias Schröder – W/Z/Higgs an Collidern (Sommersemester 2019) Vorlesung 11 43/63



Higgs Discovery Timeline

◦ First serious Higgs searches at the
LHC: 2011 dataset (5 fb−1 @ 7 TeV)

◦ CERN public seminar (December 13, 2011)

◦ Excess at mH ≈ 125 GeV, both in
ATLAS and CMS

◦ ≈ 3σ (≈ 2σ) local (global)
significance

◦ Update2 with 2011 data + first part of
2012 data (July 4, 2012):
◦ Significance: 5.0σ/4.9σ in

ATLAS/CMS on 5 + 5fb−1 per
experiment

◦ CERN DG R. Heuer: “As a layman I
would say: ‘I think we have it!”’

2July 4, 2012: “Latest update in the search for the Higgs boson”
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July 4th, 2012
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H → γγ Candidate
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H→ γγ Analysis

◦ Signature: small narrow peak on huge
combinatorial background

◦ Detect photons (ECAL) and e+e− pairs
from photon conversion before ECAL

◦ Dijet tag for VBF Higgs production

◦ Background: QCD diphoton production
+ jets misidentified as photons

◦ Background estimated from data: fit
empirical function outside signal region
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◦ Signal and background separation: cut-based or boosted decision
trees (ECAL cluster shape, object kinematics, consistency with
primary vertex)

◦ Experimental challenge: excellent calibration of photon energy scale
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trees (ECAL cluster shape, object kinematics, consistency with
primary vertex)

◦ Experimental challenge: excellent calibration of photon energy scale
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Title Text
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H → ZZ → 4𝓵 Candidate
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H→ ZZ→ 4l Analysis

◦ Signature: 4 isolated high-pT leptons
(e, µ), invariant mass of one pair
compatible with Z boson

◦ Sensitive over wide Higgs-boson mass
range (100–600 GeV)

◦ Excellent Higgs mass resolution 1–2 %
◦ Background:
◦ ZZ∗ continuum: estimated from MC
◦ Z + jets, tt: estimated from control

regions in data

◦ Selection: kinematics of 4-lepton system
(5 angles, 2 pair masses)

 [GeV]4lm
100 150 200 250

E
ve

nt
s/

5 
G

eV

0

5

10

15

20

25

-1Ldt = 4.8 fb∫ = 7 TeV: s

-1Ldt = 5.8 fb∫ = 8 TeV: s

4l→(*)
ZZ→H

Data
(*)Background ZZ

tBackground Z+jets, t

=125 GeV)
H

Signal (m

Syst.Unc.

ATLAS

P
hys.Lett.B

716
(2012)1

 [GeV]12m
50 60 70 80 90 100

 [G
eV

]
34

m

20

30

40

50

60

70

80
=125 GeVHm

<130 GeV)
4l

Bkg (120<m
<130 GeV)

4l
Data (120<m

ATLAS

4l→(*)
ZZ→H

-1Ldt = 4.8 fb∫ = 7 TeV: s
-1Ldt = 5.8 fb∫ = 8 TeV: s
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Combination

◦ Best sensitivity: combination of all decay channels H→ γγ,
H→ ZZ(∗)→ 4l , H→ WW(∗)→ lν lν, H→ ττ , H→ bb

◦ Local p values for combination: ≥ 5σ excess around mH = 125 GeV

Summer Semester 2017Particle Physics II – Higgs Physics (4022181) – Lecture #8

Combination
Best sensitivity: combination of all decay channels  
H → γγ, H → ZZ(*) → 4𝓵, H → WW(*) → ℓ𝜈 ℓ𝜈, H → 𝜏𝜏, H → bb  

Local p values for combination: ≥5σ excess around mH = 125 GeV

361

CMS Collaboration / Physics Letters B 716 (2012) 30–61 41

Fig. 13. The CLs values for the SM Higgs boson hypothesis as a function of the
Higgs boson mass in the range 110–145 GeV. The background-only expectations are
represented by their median (dashed line) and by the 68% and 95% CL bands. (For
interpretation of the references to colour, the reader is referred to the web version
of this Letter.)

Fig. 14. The observed local p-value for 7 TeV and 8 TeV data, and their combination
as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

7.1. Significance of the observed excess

The consistency of the observed excess with the background-
only hypothesis may be judged from Fig. 14, which shows a scan of
the local p-value for the 7 and 8 TeV data sets and their combina-
tion. The 7 and 8 TeV data sets exhibit an excess of 3.2σ and 3.8σ
significance, respectively, for a Higgs boson mass of approximately
125 GeV. In the overall combination the significance is 5.0σ for
mH = 125.5 GeV. Fig. 15 gives the local p-value for the five decay
modes individually and displays the expected overall p-value.

The largest contributors to the overall excess in the combina-
tion are the γ γ and ZZ decay modes. They both have very good
mass resolution, allowing good localization of the invariant mass
of a putative resonance responsible for the excess. Their com-
bined significance reaches 5.0σ (Fig. 16). The WW decay mode
has an exclusion sensitivity comparable to the γ γ and ZZ decay
modes but does not have a good mass resolution. It has an excess
with local significance 1.6σ for mH ∼ 125 GeV. When added to
the γ γ and ZZ decay modes, the combined significance becomes
5.1σ . Adding the ττ and bb channels in the combination, the final
significance becomes 5.0σ . Table 6 summarises the expected and
observed local p-values for a SM Higgs boson mass hypothesis of
125.5 GeV for the various combinations of channels.

Fig. 15. The observed local p-value for the five decay modes and the overall com-
bination as a function of the SM Higgs boson mass. The dashed line shows the
expected local p-values for a SM Higgs boson with a mass mH.

Fig. 16. The observed local p-value for decay modes with high mass-resolution
channels, γ γ and ZZ, as a function of the SM Higgs boson mass. The dashed line
shows the expected local p-values for a SM Higgs boson with a mass mH.

Table 6
The expected and observed local p-values, expressed as the corresponding number
of standard deviations of the observed excess from the background-only hypothesis,
for mH = 125.5 GeV, for various combinations of decay modes.

Decay mode/combination Expected (σ ) Observed (σ )

γ γ 2.8 4.1
ZZ 3.8 3.2

ττ + bb 2.4 0.5
γ γ + ZZ 4.7 5.0
γ γ + ZZ + WW 5.2 5.1
γ γ + ZZ + WW + ττ + bb 5.8 5.0

The global p-value for the search range 115–130 (110–145) GeV
is calculated using the method suggested in Ref. [115], and corre-
sponds to 4.6σ (4.5σ ). These results confirm the very low proba-
bility for an excess as large as or larger than that observed to arise
from a statistical fluctuation of the background. The excess consti-
tutes the observation of a new particle with a mass near 125 GeV,
manifesting itself in decays to two photons or to ZZ. These two
decay modes indicate that the new particle is a boson; the two-
photon decay implies that its spin is different from one [135,136].

Phys. Rev. B716 (2012) 30
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Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4ℓ and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → ℓνℓν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4ℓ, (b) H → γ γ and (c) H → W W (∗) → ℓνℓν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

Phys. Rev. B716 (2012) 1

H→γγ: most 
significant (4σ)

H→WW:  
broad excess

H→ZZ: 3σ
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Best-Fit Signal Cross Section

All decay channels compatible with SM (µ = 1) 
First measurement of mH: 126.0 ± 0.6 GeV (ATLAS), 125.3 ± 0.6 GeV (CMS)

362

42 CMS Collaboration / Physics Letters B 716 (2012) 30–61

Fig. 17. The 68% CL contours for the signal strength σ /σSM versus the boson mass
mX for the untagged γ γ , γ γ with VBF-like dijet, 4ℓ, and their combination. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. In this combination, the relative signal
strengths for the three decay modes are constrained by the expectations for the SM
Higgs boson.

7.2. Mass of the observed boson

The mass mX of the observed boson is determined using the
γ γ and ZZ decay modes, with the former dominating the preci-
sion of the measurement. The calibration of the energy scale in the
γ γ decay mode is achieved with reference to the known Z boson
mass, as described in Section 5.1. There are two main sources of
systematic uncertainty: (i) imperfect simulation of the differences
between electrons and photons and (ii) the need to extrapolate
from mZ to mX ≈ 125 GeV. The systematic uncertainties are evalu-
ated by making comparisons between data and simulated samples
of Z → ee and H → γ γ (mH = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated
between all the γ γ event categories in the 7 and 8 TeV data. For
the ZZ → 4ℓ decay mode the energy scale (for electrons) and mo-
mentum scale (for muons) are calibrated using the leptonic decays
of the Z boson, with an assigned uncertainty of 0.4%.

Fig. 17 shows the two-dimensional 68% CL regions for the signal
strength σ /σSM versus mX for the three channels (untagged γ γ ,
dijet-tagged γ γ , and ZZ → 4ℓ). The combined 68% CL contour
shown in Fig. 17 assumes that the relative event yields among the
three channels are those expected from the standard model, while
the overall signal strength is a free parameter.

To extract the value of mX in a model-independent way, the
signal yields of the three channels are allowed to vary indepen-
dently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to
a particle with a unique mass mX. The combined best-fit mass is
mX = 125.3 ± 0.4(stat.) ± 0.5(syst.) GeV.

7.3. Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the
SM Higgs boson is provided by examination of the best-fit value
for the common signal strength σ /σSM, obtained in a combination
of all search channels. Fig. 18 shows a scan of the overall σ /σSM
obtained in the combination of all channels versus a hypothesised
Higgs boson mass mH. The band corresponds to the ±1σ uncer-
tainty (statistical and systematic). The excesses seen in the 7 TeV
and 8 TeV data, and in their combination, around 125 GeV are

Fig. 18. The observed best-fit signal strength σ /σSM as a function of the SM Higgs
boson mass in the range 110–145 GeV for the combined 7 and 8 TeV data sets. The
symbol σ /σSM denotes the production cross section times the relevant branching
fractions, relative to the SM expectation. The band corresponds to the ±1 standard
deviation uncertainty in σ /σSM.

Fig. 19. Values of σ /σSM for the combination (solid vertical line) and for individual
decay modes (points). The vertical band shows the overall σ /σSM value 0.87± 0.23.
The symbol σ /σSM denotes the production cross section times the relevant branch-
ing fractions, relative to the SM expectation. The horizontal bars indicate the ±1
standard deviation uncertainties in the σ /σSM values for individual modes; they
include both statistical and systematic uncertainties.

consistent with unity within the ±1σ uncertainties. The observed
σ /σSM value for an excess at 125.5 GeV in a combination of all
data is 0.87±0.23. The different decay channels and data sets have
been examined for self-consistency. Fig. 19 shows the measured
values of σ /σSM results obtained for the different decay modes.
These results are consistent, within uncertainties, with the expec-
tations for the SM Higgs boson.

8. Conclusions

Results are presented from searches for the standard model
Higgs boson in proton–proton collisions at

√
s = 7 and 8 TeV in

the CMS experiment at the LHC, using data samples correspond-
ing to integrated luminosities of up to 5.1 fb−1 at 7 TeV and
5.3 fb−1 at 8 TeV. The search is performed in five decay modes:
γ γ , ZZ, W+W− , τ+τ− , and bb. An excess of events is observed
above the expected background, with a local significance of 5.0σ ,
at a mass near 125 GeV, signalling the production of a new par-

14 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

Table 7
Characterisation of the excess in the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) → ℓνℓν channels and the combination of all channels listed in Table 6. The mass value
mmax for which the local significance is maximum, the maximum observed local significance Zl and the expected local significance E(Zl) in the presence of a SM Higgs
boson signal at mmax are given. The best fit value of the signal strength parameter µ̂ at mH = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Search channel Dataset mmax [GeV] Zl [σ ] E(Zl) [σ ] µ̂(mH = 126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]

H → Z Z (∗) → 4ℓ 7 TeV 125.0 2.5 1.6 1.4 ± 1.1
8 TeV 125.5 2.6 2.1 1.1 ± 0.8
7 & 8 TeV 125.0 3.6 2.7 1.2 ± 0.6 124–164, 176–500 131–162, 170–460

H → γ γ 7 TeV 126.0 3.4 1.6 2.2 ± 0.7
8 TeV 127.0 3.2 1.9 1.5 ± 0.6
7 & 8 TeV 126.5 4.5 2.5 1.8 ± 0.5 110–140 112–123, 132–143

H → W W (∗) → ℓνℓν 7 TeV 135.0 1.1 3.4 0.5 ± 0.6
8 TeV 120.0 3.3 1.0 1.9 ± 0.7
7 & 8 TeV 125.0 2.8 2.3 1.3 ± 0.5 124–233 137–261

Combined 7 TeV 126.5 3.6 3.2 1.2 ± 0.4
8 TeV 126.5 4.9 3.8 1.5 ± 0.4

7 & 8 TeV 126.5 6.0 4.9 1.4 ± 0.3
110–582 111–122, 131–559
113–532 (*) 113–114, 117–121, 132–527 (*)

uncertainties, evaluated as described in Ref. [138], reduces the lo-
cal significance to 5.9σ .

The global significance of a local 5.9σ excess anywhere in the
mass range 110–600 GeV is estimated to be approximately 5.1σ ,
increasing to 5.3 σ in the range 110–150 GeV, which is approxi-
mately the mass range not excluded at the 99% CL by the LHC com-
bined SM Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measurements [12].

9.3. Characterising the excess

The mass of the observed new particle is estimated using the
profile likelihood ratio λ(mH ) for H → Z Z (∗) → 4ℓ and H → γ γ ,
the two channels with the highest mass resolution. The signal
strength is allowed to vary independently in the two channels,
although the result is essentially unchanged when restricted to
the SM hypothesis µ = 1. The leading sources of systematic un-
certainty come from the electron and photon energy scales and
resolutions. The resulting estimate for the mass of the observed
particle is 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as a function
of mH . The observed excess corresponds to µ̂ = 1.4 ± 0.3 for mH =
126 GeV, which is consistent with the SM Higgs boson hypothesis
µ = 1. A summary of the individual and combined best-fit values
of the strength parameter for a SM Higgs boson mass hypothesis
of 126 GeV is shown in Fig. 10, while more information about the
three main channels is provided in Table 7.

In order to test which values of the strength and mass of a
signal hypothesis are simultaneously consistent with the data, the
profile likelihood ratio λ(µ,mH ) is used. In the presence of a
strong signal, it will produce closed contours around the best-fit
point (µ̂,m̂H ), while in the absence of a signal the contours will
be upper limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH ) is distributed as
a χ2 distribution with two degrees of freedom. The resulting 68%
and 95% CL contours for the H → γ γ and H → W W (∗) → ℓνℓν
channels are shown in Fig. 11, where the asymptotic approxima-
tions have been validated with ensembles of pseudo-experiments.
Similar contours for the H → Z Z (∗) → 4ℓ channel are also shown
in Fig. 11, although they are only approximate confidence intervals
due to the smaller number of candidates in this channel. These
contours in the (µ,mH ) plane take into account uncertainties in
the energy scale and resolution.

The probability for a single Higgs boson-like particle to pro-
duce resonant mass peaks in the H → Z Z (∗) → 4ℓ and H → γ γ

Fig. 10. Measurements of the signal strength parameter µ for mH = 126 GeV for the
individual channels and their combination.

Fig. 11. Confidence intervals in the (µ,mH ) plane for the H → Z Z (∗) → 4ℓ, H →
γ γ , and H → W W (∗) → ℓνℓν channels, including all systematic uncertainties.
The markers indicate the maximum likelihood estimates (µ̂,m̂H ) in the corre-
sponding channels (the maximum likelihood estimates for H → Z Z (∗) → 4ℓ and
H → W W (∗) → ℓνℓν coincide).

channels separated by more than the observed mass difference, al-
lowing the signal strengths to vary independently, is about 8%.

The contributions from the different production modes in the
H → γ γ channel have been studied in order to assess any ten-
sion between the data and the ratios of the production cross

µ ⌘ �

�SM
Phys. Rev. B716 (2012) 30Phys. Rev. B716 (2012) 1

µ = 0.87 ± 0.23

◦ All decay channels compatible with SM (µ = 1)
◦ First measurement of mH:
◦ 126.0± 0.6 GeV (ATLAS)
◦ 125.3± 0.6 GeV (CMS)
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Summary

◦ Higgs searches at the Tevatron
◦ Challenging: low cross sections, large backgrounds
◦ Combination of all analysis channels in CDF and D0: up to 3σ excess

compatible with Higgs boson production in 115 GeV < mH < 140 GeV

◦ Large theory effort: accurate predictions of Higgs signals and
important backgrounds (up to NNNLO)
◦ July 4, 2012: discovery of a “Higgs-like particle” at the LHC
◦ Main discovery channels: H→ γγ, H→ ZZ(∗)→ 4l (mass peaks)
◦ Other channels contributing: H→ WW(∗)→ lν lν, H→ ττ , H→ bb
◦ Combination of all analysis channels: ≥ 5σ independently in ATLAS and

CMS
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5.2.2. Property Measurements
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Higgs-Boson Mass

◦ Reminder: importance of the Higgs-boson mass
◦ mH only free parameter of SM Higgs sector: consistency check of SM

(relation to mt and mW through quantum corrections)
◦ Improved knowledge on mH → more precise predictions of other Higgs

properties
◦ Decay channels with best mass resolution: H→ γγ (low signal purity),

H→ ZZ→ 4l (small signal rate)

◦ Experimental challenge: control of calibration uncertainties
◦ γγ: ECAL response and material in front of ECAL
◦ 4l : energy/momentum scale and resolution for e−/µ
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Matthias Schröder – W/Z/Higgs an Collidern (Sommersemester 2019) Vorlesung 11 57/63



Higgs-Boson Mass: Run 1 Combination

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9

Total Stat. Syst.CMS and ATLAS
 Run 1LHC 						Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

P
hys.R

ev.Lett.114
(2015)191803

◦ Measurement precision: 2 · 10−3 → one of most precisely known SM
parameters, still statistics limited

◦ Breakdown of systematic uncertainties:
±0.11 (scale) ± 0.02 (others) ± 0.01 (theory) GeV
→ energy scale uncertainties dominant
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Higgs-Boson Mass: Uncertainties

0 0.05 0.1

ATLAS
Observed
Expected

combined result
Uncertainty in ATLAS

0 0.05 0.1

 [GeV]Hmδ

CMS
Observed
Expected

combined result
Uncertainty in CMS

0 0.02 0.04 0.06

Combined
Observed
Expected

combined result
Uncertainty in LHC

Theory uncertainties

Additional experimental
systematic uncertainties

Integrated luminosity

 background modelingγγ →H ATLAS 

Muon momentum scale & resolution

CMS electron energy scale & resolution

 calibration ee→Z 

 vertex & conversionγγ →H ATLAS 
reconstruction

Photon energy resolution

ECAL lateral shower shape

ECAL longitudinal response

Material in front of ECAL

ATLAS ECAL non-linearity /
  photon non-linearityCMS 

CMS and ATLAS
 Run 1LHC

Phys.Rev.Lett. 114 (2015) 191803
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Higgs-Boson Mass: Status (2019)
[JHEP 1711 (2017) 047]
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 H(125)

*γZZ, Z→q q

*γZZ, Z→ gg

 Z+X

Most precise measurement in H→ ZZ→ 4l channel by CMS

3D fit of mass, event-by-event resolution, S/B discriminant
mH = 125.26± 0.20 (stat)± 0.08 (syst) GeV (< 0.2 % level)
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Higgs-Boson Width

◦ Reminder: natural total decay
width ΓH of Higgs boson in SM
only 4 MeV
◦ Typical mass resolution in

H→ γγ/4l : 1–2.5 % (1–3 GeV)
◦ Measured Higgs line shape

entirely resolution dominated

◦ Ideas for Higgs-boson width
measurement
◦ Direct (model-independent): fit of

Higgs line shape
◦ Indirect (model-dependent):

off-shell effects
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ΓH: Direct Measurement
◦ Invariant mass distribution of unstable particles with decay width Γ:

Breit–Wigner distribution
dσ

dm2 ∝
1

(q2 −m2)2 + m2Γ2
Γ→0−→ π

mΓ
δ(q2 −m2)

◦ q: momentum transfer
◦ Γ→ 0: narrow-width approx.
→ production and decay factorise

◦ Experimentally accessible:
convolution of decay width and
detector resolution
◦ Decay channels: H→ γγ, H→ 4l
◦ Likelihood fit to signal model:

consistent with ΓH = 0
◦ Upper 95 % CL limit (Run 1):

ΓH < 1.7 GeV (2.3 GeV expected)
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Higgs-Boson Width (Status 2019)
[JHEP 1711 (2017) 047] [Phys. Rev. D99 (2019) 112003]

◦ Most precise measurements in H→ ZZ→ 4l channel
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