
Search for Higgs boson 
at CMS

Roberta Volpe 
National Central University (Taiwan)

for the CMS Collaboration

QFTHEP 2013
 June 23-30, Repino, Russia



Roberta Volpe QFTHP 2013, June 23-30, Repin, Russia

Outline
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The ingredients needed to find and study the Higgs

Analyses included in the latest combination:

  H→γγ

  H→ZZ

  H→WW

  H→ττ

  H→bb

 Properties of the new particle with the combination results

 Short look at new Higgs analyses (published for LHCP and LP)



Roberta Volpe QFTHP 2013, June 23-30, Repin, Russia

What has been needed 
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July 4th
ICHEP 2012

HCP 2012

effi
cie
ncy
>9
6%

for
	 ev
ery

	 su
bd
et.

•Performance of LHC

•CMS detector

•Data recording

•Physics Object reconstruction

•understand the PU

•Standard Model measurements

•understand the background

Higgs(-like) boson 
observation 
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•Performance of LHC
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observation 

What has been needed 

4

the performance is made as 
stable as possible as a function 

of the number of vertices

examples:

e
μ vertexing for γγ analysis
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SM measurements
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•Performance of LHC

•CMS detector

•Data recording

•Physics Object reconstruction

•understand the PU

•Standard Model measurements

•understand the background

Higgs(-like) boson 
observation 

top quark cross section measuremens: 

EW cross section measurements

single top

ttbar
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Higgs production modes and decays
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
CrossSections

LHC Higgs Cross Section WG
See yellow reports:
YR1: Inclusive cross sections
YR2: Differential cross sections
YR3: Properties (to appear)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections
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CMS publications of SM Higgs analyses
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H→γγ CMS-PAS-HIG-13-001

H→ZZ→4l CMS-PAS-HIG-13-002

H→WW→2l 2ν,   0/1 jet CMS-PAS-HIG-13-003

H→WW→2l 2ν,  VBF tag CMS-PAS-HIG-12-042

H→WW→2l 2ν, WH tag CMS-PAS-HIG-13-009

H→ττ, inclusive and VBF CMS-PAS-HIG-13-004

H→ττ,  WH and ZH tag CMS-PAS-HIG-12-053

H→bb, VH tag CMS-PAS-HIG-12-044

H→bb, ttH tag arXiv:1303.0763,   JHEP C
om

bi
na

ti
on

C
M

S-
PA

S-
H

IG
-1

3-
00
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H→Zγ CMS-PAS-HIG-13-006

ttH H→γγ CMS-PAS-HIG-13-015

H→ZZ→2l 2ν CMS-PAS-HIG-13-014

H→WW→lνqq’ CMS-PAS-HIG-13-008

H→bb, VBF tag CMS-PAS-HIG-13-011

H→bb, VH tag CMS-PAS-HIG-13-012

VH, H→WW→lνlν, V→qq’ CMS-PAS-HIG-13-017

H→γγ properties CMS-PAS-HIG-13-016

NEW 
(shown at LHCP2013)

VERY NEW!
 (shown for the first time 
last Monday at LP2013)
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Statistical treatment of data
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Test Statistic:  Profile likelihood ratio

modified frequentist approach:  CLS 

Systematic uncertainties:  frequentist paradigm
Asymptotic formulae 

p-value

local significance Z

signal parameter a: 

Each analysis as well as the combination uses:

agreement with ATLAS 
in summer 2011

ATL-PHYS‐PUB/CMS NOTE 2011.11,2011/005,(2011)
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H→γγ
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5.1 fb-1 @ 7TeV +

19.6 fb-1  @ 8TeV

Mγγ=125.9 GeV
σM/M=0.9%
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H→γγ
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m2
γ1,γ2

= 2Eγ1Eγ2(1− cosθ)

 Good photon energy resolution Efficient vertex finding algorithm

Data/MC ratio 
using Z→μμ 

MC signal 
efficiency

H→γγ
HIG-13-001

search for a peak over a smoothly falling bkg shape in mγγ distribution  

main ingredients:
 good invariant mass resolution 

 photon identification, photon pair selection, event categorization

MVA Mass Factorized Analysis
 (better expected expected UL of 15%)

Cut based

baseline analysis

cross-check
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data/MC agreement
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MVA diphoton selection
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 diphoton selection: A single discriminant 
(BDT) trained on MC signal and background 
using
• photon kinematics 
• photon ID MVA score 
• di-photon mass resolution 
 4 untagged categories are defined on the 
output of the di-photon BDT
‣ Validation of the MVA inputs (photonID, 

energy resolution) done on Z→ee and 
Z→μμγ

 Output of the MVA validated using Z→ee

 photon pt cuts scaled with mγγ

 single photon ID BDT:  photon/jet discriminator 

(trained on simulated jet+γ events) 
input: shower shape and isolation 

 choose the ID photon pair with highest sum ET

cut:  diphoton BDT > -0.05

Rejected

ca
t0

ca
t1

ca
t2

ca
t3

H→γγ
HIG-13-001 photon selection:
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Event Classification
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Muon tag    (pt(μ)>20 GeV)  negligible -
no difference

Electron tag  (pt(e)>20 GeV) negligible -

Di-Jet tight tag   20% + MVA analysis uses a dijet BDT-
based selection
 (validated using Z+jets events)Di-Jet loose tag   50% +

   MET tag (MET>70 GeV) 20% - no difference

  untagged 0,1,2,3 + different categorizationp 
u 

r 
e 

n 
e 

s 
s

gg->H 
contamination sensitivity

differences between 
cut based  and MVA

H→γγ
HIG-13-001
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Background composition and estimation
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 Background	 modeling

•fit to the data mass spectrum in [100,180] GeV 
range

•several fitting function tested

•choice of the functional form and number of degrees 
of freedom performed with possible bias study

from 3th to 5th order polynomial

(possible bias < 0.2 x stat unc.)

 Background	 composition

MC not used in the bkg estimation

in [100,150] GeV
72% of the selected data is constituted of 
irreducible bkg  (2 prompt photons)

another analysis, MVA mass sideband analysis, with different background modeling, has been 
performed and gives similar results 

(see old publication HIG-12-001 for a description of such analysis) 

H→γγ
HIG-13-001
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γγ results
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MVA mass-factorized

Local significance: 

H→γγ
HIG-13-001

3.2 σ at 125.0 GeV
each event weighted by the 
S/(S+B) value of its category

Expected significance: 

4.2 σ at 125.0 GeV
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γγ results
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MVA mass-factorized

σ/σSM= 0.78+0.28 -0.26

Fitted signal strength:

H→γγ
HIG-13-001

σ/σSM= 1.11+0.32 -0.30

consistent with 
cut based result:
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γγ mass and μVμF
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The systematic uncertainty is 
dominated by the overall photon 
energy scale uncertainty (0.47%)

MH = 125.4 ± 0.5(stat.) ± 0.6(syst.) GeV
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ZZ Introduction
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H→ZZ
HIG-13-002

 4 isolated high pT leptons
• from the same vertex
• from Z decays

 low 
background, the 
most is 
irreducible non 
resonant ZZ

 high resolution:  2-4 GeV
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Background composition

19
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ZZ→4l

Zγ→4l

X→ZZ→4l

reducible 
background
(estimated from data)
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KD discriminant 
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Matrix Element Likelihood Analysis:
uses kinematic inputs to build a 

kinematic discriminant (KD) for signal 
to background discrimination using 
{m1,m2,θ1,θ2,θ*,Φ,Φ1}

~25 events in signal region, not enough 
full angular analysis
Construct a likelihood ratio discriminator 
based on kinematical quantities
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SIGNAL BACKGROUND
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Event Categorization
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Split events by number of jets and use different variables to separate contributions 

≥ 2 jets: 
“VBF-tagged”

0/1 jets:
 NOT-“VBF-tagged”

use a discriminant VD,
 based on mJJ and |ΔηJJ| 

use pT/m4l 

P(m4l)xP(KD)x(VD)

cut on  
121.5 < m4l <130.5 GeV  
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Properties: mass and couplings
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MH= 125.8 ± 0.5(stat) ± 0.2(syst) GeV 
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Properties: JP
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• use a kinematic discriminant

• probability ratio between 2 signal hypotheses

example  0+ vs 0- 
the kinematic of the new particle decaying to ZZ 
is sensible to its spin and other properties 

fully reconstructed final state
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WW Introduction
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H→WW
HIG-13-003

Analysis on the full data set for WW+0 jets and +1 jets categories
 (The W+2jets (VBF) channel is in progress)

e:  34 GeV

MET:
47 GeV

μ: 32 GeV

➡2 opposite charged leptons (leptons only e, μ)

➡2 neutrinos → missing transverse energy (MET)

No Higgs mass peak
Basically a counting analysis

Selection optimization for each mass point

small opening angle
 between leptons  
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Selection, bkg estimation
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         Analysis challenge
Understand backgrounds:

	 WW,	 W+jets,	 top,	 DY
Determined from control regions

excess of events over the bkg observed

same flavor channels:
cut based analysis
selection on the variables:

different flavor channels:
bi-dimensional analysis

mll and mT

After the only WW selection
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Results

28
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Properties: study of JP
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 sensitivity to distinguish SM and spin-2 resonance with minimal couplings to bosons

with signal strength 
from fit to data: 
0.76 for 0+

0.83 for 2+m

2+m  is disfavored with CLs of 14% 
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WH, with H→WW
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H→WW
HIG-13-009

is used as discriminant

main background contributions

good 
data/MC 

agreement

3 high pt leptons (e, μ)

divide in categories:

•Opposite Sign Same Flavor (OSSF)

•Same Sign Same Flavor (SSSF)

tribosons

SSSF OSSF
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H→ττ

31

H→ττ
HIG-13-004

eμ
μμ
μτh

eτh

τhτh

each lepton flavor 
channel is splitted in 

VBF

ggH with 
a high pT  jet

the 0 jet category is 
used to constraint 
the background

high pT(τ)

low pT(τ)

1 forward and 
1 background jets 

use a kinematic fit to construct 
the mττ from the visible mττ

invariant mass of all the decay 
product of the taus: e,μ,π,γγ
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H→ττ, background estimation
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H→ττ
HIG-13-004

Z→ττ
Normalization 
from Z→μμ 

data   
(Syst: 5%)

EW
Shape from 
simulation

Normalization from 
control region
Syst: 10-20% 

QCD
SS data, corrected 

for SS/OS ratio
Syst: 10%

Combine the sensitive categories of 
all channels with a S/B weight

ttbar 
(important 

for eμ 
channel)

simulation 
rescaled to 
yield from 

control 
sample

Syst: 10%
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VH, with H→ττ

33

H→ττ
HIG-12-053

visible mττ :  
invariant mass of all 
the decay product of 
the taus: e,μ,π,γγ

L: e,μ ,τh

main systematics: 
PDF
non-prompt bkg estimation
WZ and ZZ cross section
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Results
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H→ττ
HIG-13-004
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1-Jet
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Compatibility test with SM Higgs production

Upper limit Local p-value

combination also 
with WWW HIG-12-053
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VH, with H→bb
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H→bb

HIG-12-044CSV: likelihood discriminant based on track impact parameters and 
secondary vertices 

2 leptons

large MET
tight btag

loose btag

tight btag

loose btag

medium METMVA regression to estimate the pT(b-jets) 
MVA to separate signal from background, 
the output is used in the limit settings 

VH
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ttH, with H→bb

36

H→bb

different ANNs
 for each
 category

combination 
of all the 
categories

example:

different categories 
according to the 
number of jets and 
number of tags

signal has 
large number 
of jets and tag

arXiv:1303.0763
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Combination
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combination

HIG-13-005

}

high resolution channels

mass measurement 
and 

compatibility tests 
for several properties
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mass meas. with: γγ and ZZ
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 ZZ# + H "" #H 

•relative signal strength between γγ and 
ZZ constrained to the SM value
•Overall signal strength as free parameter

90% CL

68% CL

mX = 125.7± 0.4 GeV 

mX = 125.7± 0.3 (stat) ± 0.3 (syst)  GeV 

by scanning the test statistics the statistical 
uncertainty is evaluated to be 0.3

combination

HIG-13-005

68% CL contour

use the high resolution channel 
to measure the mass 
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Signal strength
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SM Higgs Fermiophobic Bkg. only

Couplings

40

Mass is fixed to 125.7 GeV

Test of custodial symmetry

Test of couplings 
to fermions 
and bosons
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combination

HIG-13-005

assumptions:  ΓBSM =0

in the following tests, we assume
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BSM particles and coupling to fermions 

41
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V$, q$, lq!

combination

HIG-13-005

H →γγ decay and gg→H 
production are sensitive to 

the presence to new particles  
which couple with H

presence of BSM particles

in models with 2 Higgs 
doublets (2HDM)

the coupling of the neutral boson 
to fermions can be different w.r.t. 
the Yukawa couplings in the SM
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Independent couplings

42
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ΓBSM =0test of model with 6 independent couplings

 constraints on ΓBSM    
assuming κV≤ 1

  everything is compatible with the SM
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Spin: combination of ZZ and WW
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combination

HIG-13-005
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+2
CMS datatest performed with:

•SM signal strength
•measured signal strength

is disfavored by the data with a CLS= 0.60% 
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H→Zγ
HIG-13-006

For some models the 
BR(H→Zγ) and BR
(H→γγ) are not 
correlated, so a 
combined analysis of 
the two decay modes 
can give information 
on new physics

H→Zγ 
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Signal m
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with S 
from SM

expected  6÷19 × SM 12 × SM
observed  3÷31 × SM 9 × SM

main systematics (apart the theo sys): 
 event class migration
 signal scale and resolution 

at mH=125 GeV
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VBF and VH production, with H→bb
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H→bb
NEW

HIG-13-012HIG-13-011
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Combination of VH and VBF

46

H→bb
NEWVERY 

NEW!

95% CL limit observed (expected) at 125 GeV: 1.79  (0.89)
Significance observed (expected) at 125 GeV :  2.1σ (2.2σ)
Signal strength at 125 GeV:  μ= 0.97±0.48 
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ttH with H→γγ
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H→γγ
HIG-13-015

NEW

combine 
semileptonic
and fully hadronic
 ttbar decays 

background estimated from selected data

understanding 
the bkg by using 
a control sample



Roberta Volpe QFTHP 2013, June 23-30, Repin, Russia

ttH, combination of H→bb and H→γγ

48

H→γγ

H→bb

very

NEW
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Spin with H→γγ
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NEW H→γγ
HIG-13-016

4 x 5 categories 

Barrel-endcap and 
converted/unconverted

VERY 

NEW!

before cuts after cuts

m
os

t d
is

cr
im

in
an

t b
in

uniform ratio 

(Acc x ε)/(Acc x ε) SM 

categories

The present γγ data does not have the
power for a significant hypothesis test
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VERY 

NEW!

Higgs Decay Width (GeV)
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 Reinterpretation of H→γγ results

50

H→γγ
HIG-13-016

125 GeV state is considered
 as a background2HDM

search for 2 near-
degenerate states

high resolution of γγ

relative strength 
of the 2 signals:
x: fraction of the signal in 
the lower state
rx,  r(1-x)

Δ
m
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G
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)

x

Δ
m

 (
G
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x

ObservedmH and r are profiled Expected

best	 fit	 value

5.9 6.9

expected observed

width < 95% CL

Upper limit to the natural width
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VH,H→WW, V→qq’

51

NEW H→WW
HIG-13-017

WW analysis lepton cuts
2 jets:

• |jet η|<2.5

•  65<Mjj<105 GeV

•  Δηjj<1.5

7 TeV:  cut and count
8 TeV: shape analysis 
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Searches for high mass Higgs

52

H→ZZ→2l2ν
VH
H→WW→2l2ν

H→ZZ→4l WW→lνqq’

H→WW
HIG-13-008

H→WW
HIG-13-003

H→ZZ
HIG-13-002

H→ZZ
HIG-13-014

VERY 

NEW!

NEW

no other SM-like Higgs, with SM couplings with mass <~ 1 TeV
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BSM Higgs ?

53

1 Standard Model like Higgs: h	 with CP=+1
2 neutral Higgs:  A with CP=-1 and H with CP=1
2 charged Higgs:  H+  and H-

MSSM

h/H/A→μμ 

Fermiophobic	 Higgs

Higgs	 in	 fourth	 generation	 models:

light	 charged	 Higgs

for tanβ > 5
H

+ preferentially decays as H+ → τ+ντ

Look for an enhancement of 
taus w.r.t. other leptons in the 
final state, in top pair events

analysis strategy:
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BSM Higgs ?

54

WW→lνqq’

H→WW
NEW

model with a singlet scalar where a heavy boson couples with 
the 125 GeV state

h: SM Higgs with m~125 GeV, with coupling C

h’: new EW singlet state, with coupling C’

unitariety ⇒C2+C’2=1

HIG-13-014

BRnew=0

mH = 600 GeV

mH BRnew

HIG-13-008

ZZ→llνν

H→ZZ
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Conclusions

55

 Discovery of a particle with m~ 125 GeV

 It looks like a Higgs-like particle

 full phase-1 dataset, properties studied, it is a “Higgs”

 The mass of the new particle is measured to be:                     
(125.7±0.4) GeV

 Several compatibility tests performed on properties,    
no discrepancy to SM observed

 First sign of decays to fermions, ττ and bb 

 Keeping on looking for deviation from SM, by using 
the phase-1 dataset with new analyses, and plan 
strategies to be ready to use the next LHC run dataset

Mar
ch	 1
4

(decays to bosons)

The	 present:
10 fb-1@7 TeV

300 fb-1 @14 TeV

The	 future:

The	 past:

 CMS-NOTE-2012-006

Thank you

http://cds.cern.ch/record/1494600?ln=en
http://cds.cern.ch/record/1494600?ln=en
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Back Up

56
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Projections at 14 TeV
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7 TeV

 CMS-NOTE-2012-006

CMS submission to the 
European Strategy Group 

http://cds.cern.ch/record/1494600?ln=en
http://cds.cern.ch/record/1494600?ln=en
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ECAL performance
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m2
γ1,γ2

= 2Eγ1Eγ2(1− cosθ)

 Good photon energy resolution

ECAL Barrel

Z→ee mass resolution better than 1.2% 
for electrons with low bremsstrahlung in 

the barrel.

Stable performance already using promptly reconstructed data

Z mass resolution as a 
function of time after 
application of analysis 
level corrections

Z→ee lineshape: good 
agreement between data/MC

Both electrons in ECAL Barrel with low bremsstrahlung

H→γγ
HIG-13-001
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Vertex finding

59

m2
γ1,γ2

= 2Eγ1Eγ2(1− cosθ)

Efficient vertex finding algorithm

pT(ɣɣ)  

Higgs production vertex is selected using a Boosted Decision Tree (BDT)       
•  Inputs: ΣpT

2 of vertex tracks, vertex recoil wrt diphoton system, pointing from converted photons
An additional BDT is used to estimate the vertex probability in the MVA analysis.
Control samples: Z→μμ for unconverted photons, γ+jets for converted photons

Number of vertices

Data/MC ratio 
using Z→μμ 

MC signal 
efficiency

H→γγ
HIG-13-001
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Cut based diphoton selection
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H→γγ

cut-based photon identification

• Photon identification data/MC efficiency scale factors computed from Z→ee and 
Z→μμγ.

 choose the ID photon pair with highest sum ET

 4 categories are defined according to the photon characteristics
• Barrel-endcap and converted/unconverted from shower shape

• Different mass resolution and S/B among the 4 categories

Cat 0 Both photons in barrel Both photons R9 > 0.94

Cat 1 Both photons in barrel At least one photon with R9 < 0.94

Cat 2 At least one photon in endcaps Both photons R9 > 0.94

Cat 3 At least one photon in endcaps At least one photon with R9 < 0.94

Cut based

 photon pt cuts scaled with mγγ

HIG-13-001

 converted photons discriminated by 

R9 =  Σ E(3×3)/ESC
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MVA MFA VS Cut based
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Cut-basedMVA mass-factorized

H→γγ
HIG-13-001

Local significance:
 3.9 σ at 124.5 GeV

Local significance: 
3.2 σ at 125.0 GeV
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Results: fitted signal strenght
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MVA mass-factorized

 0.78±0.27
 (MVA)

H→γγ

Fitted 
signal strength:

 (GeV)Hm
110 115 120 125 130 135 140 145 150

  
SM
!/

!
Be

st
 F

it 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5
68% CL Band

 (CIC)-1 = 8 TeV L = 19.6 fbs
 (CIC)-1 = 7 TeV L = 5.1 fbs

CMS preliminary

Cut-based
HIG-13-001

   1.11±0.31 
(Cut-based) 

Fitted 
signal strength:
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compatibility between the two analyses
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We estimate the correlation between the two analyses 
using the resampling jackknife technique

 (Quenouille M (1949), Tukey JW (1958))

The correlation coefficient between the two 
measurements is found to be r=0.76

A large number of tests have been performed. No 
source of systematic error was found. Differences 
appear to be of a statistical nature.

Compatibility 
(including correlation)

MVA vs CUT BASED 
in full dataset 1.5 σ
MVA vs CUT BASED 
only in 2012 dataset 1.8 σ

H→γγ

how much the MVA and Cut Based results are compatible?
the two results are correlated because of common events, 
we need to take into account the correlation  

HIG-13-001

within 2 σ
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γγ  cross checks
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Mass spectrum for each category
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Rejected

cat0cat1cat2cat3

ca
t0
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t2

ca
t3

inclusive categories

plots shown are for 8 TeV
Best fit with a floating signal strenght
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ttH,  H→γγ  

66

semi leptonic

fully hadronic
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WW, 0 jet bin
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WW, 1 jet bin
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H→ττ, Selection
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ZZ
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Object isolation
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Photon isolation: 

Lepton Isolation:   

Particle flow technique:

�
pT (PFcand) +

�
ET (PFcand)

pT (lep)
< 0.4

cone ΔR<0.4

cone ΔR<0.3

�
pT (ChHad) < 1.5, 1.2

�
pT (NeuHad) < 1, 1.5

�
pT (Photons) < 0.7, 1

Barrel, EndCap

Pile Up correction 

applied to both leptons 

and photon PF isolation

example for electrons:

H→Zγ
HIG-13-006

detector 

based
PF

with medium 
energy per 
unit area (ρ) 
subtracted

isolation variables

independent 

of nVtx 



Roberta Volpe QFTHP 2013, June 23-30, Repin, Russia

combination
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combination

HIG-13-005
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