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Higgs Boson Production at LHC
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Higgs Production in 7 TeV pp Collsions 

gg H is dominant 
production  mechanism  

2 

Irreducible backgrounds in  
H  WW, ZZ, γγ are from 
qq annihilation; S/B better 
than at Tevatron except in VH 

- 

Gluon Fusion Vector Boson Fusion Associated Production

Gluon fusion : Dominant production 
mechanism
Vector Boson Fusion : Contributes ~10%
Associated Production : Contributes ~1% 
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Higgs Boson Decays
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 = 7 TeVs

-1L = 4.6-4.8 fb

Expected limits
Combined

)-1 bb   (4.7 fb→H 
)-1    (4.6 fbττ →H 
)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Expected limits
Combined

)-1 bb   (4.7 fb→H 
)-1    (4.6 fbττ →H 
)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Expected limits
Combined

)-1 bb   (4.7 fb→H 
)-1    (4.6 fbττ →H 
)-1    (4.8 fbγγ →H 
)-1 WW  (4.6 fb→H 
)-1 ZZ    (4.7 fb→H 

Higgs Branching Ratios 95% CL expected upper limits in various channels

Sensitivity driven by H→ZZ for m(H) > 200 GeV
Sensitivity driven by H→WW for 130 GeV < m(H) < 200 GeV
Sensitivity for m(H) < 130 GeV dominated by H→ɣɣ; crucial contribution from 
H→ZZ & H→WW

Friday, April 27, 12



Looking For A Needle In A Hay Stack

4

Backgrounds a few orders of magnitude larger than signal !
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An Additional Nuisance : Pileup
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20 reconstructed interaction vertices 

Overlapping soft pp interactions

Pileup interactions spew more energy in the event
Pileup affects lepton isolation, Jets, 
Missing ET resolution- all key observables

10 avg. pileup interactions in 2011
Expect twice as many in 2012
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CMS H→ZZ ,WW Searches In 2011
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Channel Mass Range (GeV)
Data Used

(fb-1)
Document

110-600 4.6 arxiv:1202-1489
Published in PLB

115-200 4.6 HIG-11-034

110-600 4.7
arxiv:1202-1997
Published in PRL

250-600 4.6
arxiv:1202-3478

Published in JHEP

135-165/200-600 4.6
arxiv:1202-1416

Published in JHEP

190-600 4.7
arxiv:1202-3617

Published in JHEP

 H→WW→ νν

 WH→WWW→ ννν

 H ! ZZ ! 4!

 H ! ZZ ! ! ! ""

 H ! ZZ ! ! ! qq

 H ! ZZ ! ! ! ""
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                        : The Workhorse
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µ PT 
32 GeV e PT 

34 GeV 

MET 
47 GeV 

ΔΦ 

• Sensitive to a wide Higgs mass range

• No Higgs mass peak : undetected 
neutrinos

★ Makes the analysis challenging

★ Need good control over backgrounds

• H→WW Event Signature

★ Two opposite sign prompt, isolated 
leptons

★ Significant MET from escaping neutrinos

★ Small Δφ(ll) : Higgs scalarity

 H→WW→ !ν!ν
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                   Backgrounds
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•  W+Jets :

• One prompt isolated lepton + 1 jet faking a lepton

• Drell Yan : 

• Two prompt isolated leptons 

• BUT not large MET in the event

• Top : 

• Two prompt isolated leptons + large MET

• BUT also one or more b-jets in the event

•  WW : 

• Quite similar to signal - hence ‘irreducible’

 H ! WW ! ! " ! "
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A TTbar Event
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µ+                     

39 GeV 
MET                     

 88 GeV 

Jet                      

 56 GeV 

Jet                      

 42 GeV 

µ-                     

35 GeV 

Simulation 

Kill by vetoing events with b-jets
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A Drell Yan Event
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Kill by requiring large MET

µ+                     

22.7 GeV 

µ-                     

21.1 GeV 

MET                     

 6.9 GeV 

Simulation 
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                                 Background Reduction
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• Lepton pT > 15 GeV with tight ID/isolation

• To kill the QCD, W+jets background

•  Large MET, veto Z mass window in ee/μμ events

• To kill the Drell-Yan background

• Veto events with b-jets, soft muons from b-decays

• To kill the top background

• What remains is largely WW background 

• Similar in topology to the H→WW signal

¥ Similar but not quite the same

WW-level Selection

 H→WW→ !ν!ν
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WW Background
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Large Δφ separation between the leptons
Not likely Higgs candidate
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Key Distributions after WW selection
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Δφ(ll) Distributions
0-jet bin 1-jet bin

m(ll) Distributions

0-jet bin 1-jet bin

Higgs signal typically has small values of Δφ(ll) and m(ll) compared to background 
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                        Analysis Strategy
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• Analysis performed in 0, 1, 2 jet bins to maximize sensitivity

• Background composition differs in the various jet bins

• VBF signature of the signal can be exploited in the 2-jet bin

• Analysis performed in two ways

• Cut-and-count approach : 

• Apply cuts on key discriminating variables : lepton pT, m(ll), Δφ(ll), mT 

• Multi-variate approach :

• Exploit correlations between the discriminating variables

• Use the shape of the MVA discriminator to extract signal 

• MVA analysis ~20% more sensitive than cut-based analysis

 H ! WW ! ! " ! "
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                    Cut Evolution
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Good agreement between data and background prediction

0-jet bin

WW Selection

Higgs Selection

~40 Higgs events

~200 Bkg events

 H ! WW ! ! " ! "
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                         : Cut-based Limits
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Expected 95% CL limit : 129 GeV < mH < 236 GeV
Observed 95% CL limit : 132 GeV < mH < 238 GeV 

 H ! WW ! ! " ! "
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                   : MVA Results
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BDT Classifier in 0-jet bin and 
eμ final state 95% CL exclusion limits (MVA)

Expected 95% CL limit : 127 GeV < mH < 270 GeV
Observed 95% CL limit : 129 GeV < mH < 270 GeV 

 H ! WW ! ! " ! "
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                    : The Golden Channel
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• Cleanest of all Higgs channels, high S/B

• 4 prompt, isolated leptons (4e, 4μ, 2e2μ)

• Full mass reconstruction with high 
resolution ~1%

• Sensitive over a wide mass range

• BUT there are challenges 

• small σ x BR : only 0.4% of all H→ZZ 
events

• Need high lepton reconstruction, selection 
efficiency (ε) : overall efficiency ~ ε4

PT 
43 GeV 

PT 
26 GeV 

PT 
20 GeV PT 

48 GeV 

4 muon event

 H ! ZZ ! 4!
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                   : Signal Efficiency

19

• A challenge to catch the lowest pT leptons 
especially for a low mass Higgs

• Need to set lepton pT thresholds low to 
maximize efficiency - 5 GeV for muons, 7 GeV 
for electrons

Signal selection efficiency

 H→ ZZ→ 4
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               : Backgrounds

20

• Reducible backgrounds

• ttbar→2l2ν2b, Z+bb/cc, Z+light jets

• Two prompt isolated leptons + two misidentified leptons (mostly b-
decays)

• Suppressed using isolation, impact parameter significance cuts on all 
leptons

• Estimated from data using a control sample of Z+ two same flavor, 
same sign leptons

• Irreducible background - Non-resonant ZZ continuum

• Very similar to the signal - just no mass peak

• Derived from simulation due to low yield in data

 H→ ZZ→ 4
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                         : Kinematic Selection
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• Require an on-shell Z candidate (Z1)

• 50 GeV < m(Z1) < 120 GeV

• Lepton pT > 20, 10 GeV (driven by 
trigger thresholds)

• Require a second Z candidate (Z2), relaxed 
mass, lepton pT requirements

• 12 GeV < m(Z2) < 120 GeV

• Lepton pT > 7(5) GeV for e(μ)

5
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Figure 1: a) Distribution of the four-lepton reconstructed mass for the sum of the 4 e, 4µ, and
2e2µ channels. b) Expansion of the low mass range with existing exclusion limits at 95% CL;
also shown are the central values and individual candidate mass measurement uncertainties.
Points represent the data, shaded histograms represent the background and unshaded his-
togram the signal expectations.

and its uncertainty. The reducible and instrumental background rates are small. These rates191

have been obtained from data and the corresponding m4! distributions are obtained from MC192

samples.193

The measured distribution is seen to be compatible with the expectation from SM direct pro-194

duction of ZZ pairs. We observe 72 candidates, 12 in 4e, 23 in 4µ, and 37 in 2e2µ, while195

67.1± 6.0 events are expected from standard model background processes. No hard photon196

(p!
T > 5 GeV) was found, outside the isolation veto cone that surrounds each lepton, that197

could be unambiguously identiÞed as FSR. Thirteen of the candidates are observed within198

100 < m4! < 160 GeV while 9.5± 1.3 background events are expected. We observe 53 can-199

didates for the high-mass selection compared to an expectation of 51.3± 4.6 events from SM200

background. This high-mass event selection is used to provide a measurement of the total cross201

section " (pp ! ZZ + X) " B(ZZ ! 4! ) = 28.1+ 4.6
# 4.0(stat.) ± 1.2(syst.) ± 1.3(lumi. ) fb. The mea-202

surement agrees with the SM prediction at NLO [46] of 27.9 ± 1.9 fb. The local p-values, repre-203

senting the signiÞcance of local excesses relative to the standard model expectation, are shown204

Table 1: The number of candidates observed, compared to background and signal rates for each
Þnal state for 100 < m4! < 600 GeV for the baseline selection. For the Z+X background, the
estimations are based on data

Channel 4e 4µ 2e2µ
ZZ background 12.27± 1.16 19.11± 1.75 30.25± 2.78
Z+X 1.67± 0.55 1.13± 0.55 2.71± 0.96
All background 13.94± 1.28 20.24± 1.83 32.96± 2.94
mH = 120 GeV 0.25 0.62 0.68
mH = 140 GeV 1.32 2.48 3.37
mH = 350 GeV 1.95 2.61 4.64
Observed 12 23 37

Event Yields

100 GeV < m(4l) < 600 GeV
Expected Bkg Yield : 67.1 ± 6.0
Observed Yield : 72

 H→ ZZ→ 4!
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                    : Low Mass Zoom

22

100 GeV < m(4l) < 160 GeV
Expected Bkg Yield : 9.5 ±1.3
Observed Yield : 13

Channel 4e 4μ 2e2μ

Yield
(Observed)

3 5 5

Yield
(Expected)

1.7 3.3 4.5

 H ! ZZ ! 4
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            Results

23

Exclusion Limits on μ = σ / σSM

Excesses at 119 and 320 GeV
Not significant after accounting for the Look 
Elsewhere Effect

Standard Model Higgs boson excluded in 
the mass ranges : 
[134, 158], [180, 305], [340, 465] GeV

p! value= Prob (n " nobserved |background)

 H ! ZZ ! 4!
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                          Results : Low Mass Zoom 

24

Exclusion Limitsp-values

Largest excess at 119 GeV
Local significance : 2.5 σ
Global significance : 1.6 σ in the range 100-160 GeV

 H→ ZZ→ 4!
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                            : High Mass Search

25

• Sensitive to high mass Higgs (> 250 GeV)

• No Higgs mass peak due to undetected neutrinos

• Event signature : Two prompt, isolated leptons from an on-
shell Z boson and large MET 

• Backgrounds :

• Z+Jets largest background:  Suppressed by MET cut

• TTbar,WW : Reduced by the Z mass cut; top 
suppressed with b-jet, soft μ veto

• WZ : Suppressed by third lepton veto

• ZZ : Irreducible

 H ! ZZ ! 22"
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               :  Results

26

• Analysis Strategy

• Transverse mass used as the final 
discriminant

• Cut-based and MT shape analyses

• Background Estimation:

• Z+jets estimated from ɣ+jets events in data

• Top/WW estimated from eμ events in data

• WZ, ZZ backgrounds from simulation

3

energy density ( ! ) is determined event by event [50]. Then the pile-up contribution to the91

isolation sum is estimated as the product of ! and the area of the cone in which the isolation92

sum is computed, and it is subtracted from the isolation sum to make it largely insensitive to93

pile-up. The combined reconstruction, identiÞcation and isolation efÞciency is measured in94

data by using Z decays and ranges between 90% and 97% for muons, and between 70% and95

90% for electrons, depending on the pT and " of the leptons.96

The high instantaneous luminosity delivered by the LHC provides an average of about 10 pile-97

up interactions per bunch crossing, leading to events with several possible primary vertices.98

The vertex with largest value of ! p2
T for the associated tracks is chosen to be the reference ver-99

tex. According to simulation, this requirement provides the correct assignment for the primary100

vertex in more than 99% of both signal and background events.101

The presence of a large imbalance in transverse momentum in an event (Emiss
T ) is a fundamen-102

tal feature of the signal. The value of Emiss
T is the modulus of the !Emiss

T vector computed as103

the negative of the vector sum of the transverse momenta of all reconstructed objects identi-104

Þed through the particle-ßow algorithm, which aims to reconstruct all particles produced in105

a collision event by combining information from all sub-detectors [51]. A large Emiss
T thresh-106

old is imposed to suppress the bulk of the Z+jets background, which contains little genuine107

Emiss
T . The region of large Emiss

T is populated by Z+jets events in which the Emiss
T is largely due108

to jet mismeasurement. To suppress the background with Emiss
T arising from mismeasurement109

of jets, events are removed if the angle in the azimuthal plane between the Emiss
T and the clos-110

est jet with transverse energy ET > 30 GeV is smaller than 0.5 radians. For events having111

no jets with ET > 30 GeV, this requirement is imposed between Emiss
T and the closest jet with112

ET > 15 GeV. Jets are reconstructed from particle-ßow candidates [51, 52] by using the anti-kT113

clustering algorithm [53] with a distance parameter R of 0.5, as implemented in the FASTJET114

package [54, 55].115

Top-quark decays are characterized by the presence of jets originating from b quarks (b jets),116

which are tagged on the basis of impact parameters of tracks in a jet, relative to the primary117

vertex [56, 57]. The top-quark background is suppressed by applying a veto on events having118

a b tagged jet with transverse energy greater than 30 GeV that lies within the tracker volume119

(|" | < 2.4). To further suppress the top-quark background, a veto is applied on events con-120

taining a Òsoft muonÓ with pT > 3 GeV, which is typically produced in the leptonic decay of121

a b quark. The soft-muon veto along with the b-jet veto reduces the top-quark background by122

a factor of six. To reduce the WZ background in which both bosons decay leptonically, any123

event with a third lepton ( eor µ) with pT > 10 GeV and passing the identiÞcation and isolation124

requirements is rejected.125

4 Analysis Strategy126

The search for the SM Higgs boson is performed by using a transverse mass (M T) variable as127

the Þnal discriminant in searching for an excess of events from the presence of the signal. The128

transverse mass is deÞned as follows:129

M 2
T =

! "
pT("" )2 + M("" )2 +

"
Emiss

T
2 + M("" )2

# 2

! (!pT("" ) + !Emiss
T )2.

where pT("" ) and M("" ) are the transverse momentum and invariant mass of dilepton system,130

respectively.131

Expected Exclusion : 290-490 GeV
Observed Exclusion : 270-440 GeV

 H ! ZZ ! 2! 2"
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The Grand Combination

27

Expected Exclusion at 95% CL : 114.5 - 543 GeV
Observed Exclusion at 95% CL : 127.5 - 600 GeV

Higgs boson mass (GeV)
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Expected (95%)

Observed

Expected (68%)

Expected (95%)

-1L = 4.6-4.8 fb

 = 7 TeVsCMS Preliminary,  Observed

Expected (68%)

Expected (95%)

-1L = 4.6-4.8 fb

 = 7 TeVsCMS Preliminary,  
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Exclusion Limits : Per Channel
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Higgs boson mass (GeV)
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Observed Excesses

29

Three 4l events at 119 GeV
But deficit in H→ɣɣ

Higgs boson mass (GeV)
110 115 120 125 130 135 140 145

Lo
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l p
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Combined obs.
Exp. for SM Higgs

)-1 bb   (4.7 fb"H 
)-1    (4.6 fb## "H 
)-1    (4.8 fb$$ "H 
)-1 WW  (4.6 fb"H 
)-1 ZZ    (4.7 fb"H 

Global significance
 in range 110-600 GeV!0.8
 in range 110-145 GeV!2.1

CMS Preliminary
 = 7 TeVs

-1L = 4.6-4.8 fb

H→ɣɣ excess at 125 GeV
Two 4l events close-by
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Higgs Hunt In 2012

30

• 2012 could be a defining year for Higgs 
physics

• Low mass region 114-127 GeV in focus

• Expect LHC to deliver ~15 fb-1 of 
integrated luminosity at 8 TeV

• 10-20% gain in sensitivity going from 
7→8 TeV

• Expect conclusive evidence on the 
existence or absence of the Standard 
Model Higgs boson

• Both H→ZZ and H→WW expected to 
make important contributions

5!  line 

Expect 15 fb-1 /experiment in 2012  at ! s=8 TeV 

LE
P 

Ex
cl

ud
ed
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H→WW :  Targeting 2012 

31

• Low mass Higgs is a challenging search region

• Signal leptons have low pT : difficult to keep 
high signal efficiency and control background 

• W+jets background increases - probability 
of a jet faking a lepton is higher at low pT

• Pileup : Expect more than 20 pileup interactions 
per bunch crossing

• Degradation in MET performance -  more 
Drell Yan background

• Adverse impact on VBF jet tagging

•  Adverse impact on lepton isolation 
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How will a Higgs excess
look like?

  Excess diffused over a wide mass range
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H→ZZ :  Targeting 2012 

32

• H→ZZ→4l is a high resolution channel and will 
be sensitive to a low mass Higgs signal

• Low mass Higgs presents a challenging phase 
space

• Signal efficiency falls sharply with the Higss mass

• So does the sensitivity

• Need to keep lepton pT as low as possible to 
catch signal

• At the same time need to keep the Z+jets 
background under control
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Thank You

Friday, April 27, 12



34

Backup
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WH→WWW→3l3ν Analysis

35

• Higgs search in the associated production mode

• Low signal production cross-section

• Useful probe of fermiophobic Higgs scenario

• Cut and count analysis

• Higgs mass independent selection

• Require 3 leptons in the event

• Large MET

• Veto events with a Z resonance

• Veto events with b-jets, soft muons from b-
jets

• Cuts on ΔR(ll), m(ll)

SM Higgs exclusion limits

Fermiophobic Higgs exclusion limits
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H→ZZ→2l2q

36

• Highest σxBR of all H→ZZ modes

• Analysis performed in 0,1,2 b-jet categories

• Higgs mass fully reconstructed

• Likelihood discriminant from angular variables 
used to separate out the large Z+jets background

• Background estimated from sidebands

Low Mass

High Mass
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H→ZZ→2l2τ

37

• High mass Higgs search (190-600 GeV)

• Main backgrounds : Z+jets, ZZ
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A 4-lepton Candle

38

• Clean 4 lepton resonance at Z mass

• Requirement on the Z2 mass relaxed to 
4 GeV

• Useful candle for direct calibration of the 
4 lepton mass scale, resolution

• Phase space similar to a H→ZZ→4l 
decays

1

1 Introduction1

We present the Þrst observation of Z ! 4! production in proton-proton (pp) collisions at
"

s =2

7 TeV, and the measurement of the production cross section ! (pp ! Z) áBR(Z ! 4! ) and3

branching fraction BR(Z ! 4! ). In this paper ! denotes an electron or muon. Previously,4

all four LEP collaborations reported observations of four-fermion ( f ) production e+ e# ! 4f ,5

which includes e+ e# ! Z ! 4f (e.g., Refs. [1Ð4]). However, the observation of Z! 4! decays6

in pp collisions is of special interest. The clean resonant peak in the four-lepton invariant mass7

distribution at m4! = mZ can be used as a standard candle for direct calibration of the four-8

lepton mass scale, the four-lepton mass resolution, and the overall four-lepton reconstruction9

efÞciency in phase space similar to the Higgs boson four-lepton decays, H ! ZZ ! 4! . The10

pp ! Z ! 4! process and its implications for the H ! ZZ ! 4! search at the Large Hadron11

Collider (LHC) were Þrst studied in Ref. [5].12

The results presented are based on the data collected in 2010 and 2011 by the CMS detector at13

the LHC in pp collisions at
"

s = 7 TeV. The dataset used in the analysis corresponds to the14

total integrated luminosity of 5.02 fb # 1.15

2 Signal DeÞnition16

The leading order (LO) Feynman diagram for the production and decay, qøq ! Z ! 4! , is17

presented in Fig. 1 (left). This process is sometimes referred to as single-resonant four-lepton18

production.19

We deÞne signal events as those with four leptons, e+ e# e+ e# (4e), µ+ µ# µ+ µ# (4µ), e+ e# µ+ µ#
20

(2e2µ), with four-lepton invariant mass is 80 < m4! < 100 GeV and di-lepton masses for all21

six possible pairings of leptons satisfying m!! > 4 GeV. The reason for this di-lepton mass22

requirement stems from the fast increase in the rate of backgrounds with non-prompt leptons23

for m!! < 4 GeV. The branching fraction we report is for events in the m4! and m!! phase space24

speciÞed above.25

Another noteworthy feature of Z ! 4! is that the relative branching ratios of 4 e, 4µ, and 2e2µ26

are not related as 0.25:0.25:0.50 as one might expect. Decays to four leptons of the same ßavor27

allow for additional Feynman diagrams with permutations of same-ßavor, same-sign leptons.28

Besides cutting away the phase space not easily accessible experimentally, them!! > 4 GeV29

Figure 1: (Left) Z ! 4! diagram (ÒsignalÓ). (Right) Z" $ ! 4! diagram for the irreducible
ÒbackgroundÓ ofZ ! 2! production with the initial state radiation undergoing an internal
conversion " $ ! 2! . Technically, both Z and " $ are present in all propagators. The choice of
propagators shown in the Þgures corresponds to dominant contributions in the phase space
80 < m4! < 100 GeV.
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