


Higgs Production At Hadron Colliders 

ggà H is the dominant production mechanism  
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LHC & Tevatron Compared (I) 

Stirling et al 

For MX > 140 GeV 
 
gg à H cross section at 7 TeV 

is >15 times that at 2 TeV 

Irreducible backgrounds (WW,ZZ) 
originate from        process which 
rises relative slowly (                ) 

qq

! Larger signal, better S/N

pp vs pp
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LHC & Tevatron Compared (II) 
Stirling et al 

For MX < 130 GeV 
Modest rise in      cross section at    
7 TeV, pp à VH production only 
x3 larger than at 2 TeV 

Major backgrounds are                    
which rises sharply due to rise in 
gg cross section       

!  Small signal, worse S/N

qq

W/Z+bb & t t
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Higgs Decay Modes Vs Its Mass 



95% CL Exclusions:  158 < MH < 175 GeV ; 100 < MH < 109 GeV             
Limit : 1.5x σSM for MH = 115 GeV  

Higgs Searches At Tevatron: Picture at ICHEP’10 
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Tevatron : Status & Prospects 
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10.5 fb-1 delivered, ≈ 9 fb-1 acquired 

Tevatron operations to end in Sept 2011 
Expect  ≈ 12 fb-1 delivered, ≈ 10 fb-1 recorded 

Expect full set of search results from 9 fb-1 by summer’11 
Current thrust à improving search efficiencies by 15-60 %  



Tevatron Low Mass Higgs Search 
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“Low Mass” (100 < MH< 150 GeV) Higgs searches : P.Totaro 

No new combined limit  for “Low Mass” Higgs 

Experi
ment 

Lumi 
fb-1 

Exp. Limit for 
 MH = 115 

GeV 

Obs. Limit for 
MH = 115 GeV 

H → ττ+jets CDF 6.0 15.2 x SM 14.6 

H → ττ+jets D0 4.2 12.8x SM 
 

32.8 

 H→ gg  D0 8.2 11.0x SM 19.9 
ZH→νν bb D0 6.2 4.0x SM 

 
3.4 



Tevatron “High Mass” (130 < MH< 200 GeV) Searches 
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D0   :  8.2 fb-1  ; CDF:  7.1 fb-1 

Both searching in Hà WW mode 

For the first time both experiments 
“touch down” below SM expectation 

(sweet spot : MH = 165 GeV) 



Tevatron “High Mass” (100 < MH< 150 GeV) Searches 

Observed: 
SM Higgs Boson excluded 
at 95% CL: 158 < MH<173 

GeV 
Expected:  

95% CL: 153 < MH<179 
GeV 

Now showing 99.5 % exclusion limit 
                 158 < MH<173 GeV 

Bo Jayatilaka; CONF-11-044-E  



165 GeV 

Improvement in Higgs Sensitivity Over the Years 
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Based on the current list of expected improvements CDF 
can do better than original projections   



Tevatron Projections: ICHEP 2010 
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By end of 2011:  
Ø  2.4σ expected sensitivity across mass range;  

Ø  3σ at 115 GeV 

 
Proposed Run 3 ,Sadly, did not materialize  

(A little competition is always good) 
 

   

Kilminster 



100 200     300      400      500     600 0 
114 

158 173 

Low Mass  
( MH≈ 120 GeV ) 

Hàγγ 
H à WW 
 qqHàττ 
V+ Hàbb  
qqHàbb 

V+ HàWW 

Mid Mass 
( MH ≈ 160 GeV ) 

 
HàWW 
HàZZ 

 
 
 

High Mass 
( MH≈ 400 GeV ) 

 
HàZZ 

HàWW 
 
 
 

The Higgs Search Landscape: LHC Joins The Fray ! 

Tevatron LEP 
+ 

Tevatron 

95% CL Excluded Mass range 
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Basic Pillars of Higgs Searches 
•  Efficient Higgs search requires excellent performance from the 

entire detector and several reconstructed “objects” 
•  Key objects:   

–  Photon 
–  Electron and Muon 
–  Tau  
–  b quark-jet tagging (b-tag) 
–  Jets 
–  Missing transverse energy (MET) 

14 

2010 data has demonstrated excellent performance of  
ATLAS & CMS in reconstruction of these basic objects 

Performance in data closely matches expectations based  
on simulations (MC) and sometimes exceeds it   

à ATLAS & CMS have very sharp tools for discovery 



ATLAS & CMS Detector Performance: It All Starts Here ! 
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≈ 100M channels each  
≈ 98% channels operational 
Makes event reconstruction 

and comparison with 
simulations much easier ATLAS 

> 98% 

CMS > 98% 



Muon and Electron Reconstruction  

16 

Muon & Electron  
reconstruction 
performance 

close to design   

µ+µ! Resolution
J/!  = 30 MeV
"  = 70 MeV
Z = 900 MeV

CMS 



b-tagging  
 data vs MC 

 
 
 
 
 

b quark-jet tagging: Worked Out Of The Box ! 

      Top xsection  
analysis    

Efficiency and mis-tag rate evaluated from data.  
Agreement with MC simulation within few % 

CMS  

Mistag rate 
measurement 

Heavily used in several EWK, TOP measurements & searches already 17 



Jet Reconstruction  

18 

Jet energy resolution for central jets 
Total uncertainty below 5% 

CMS : Innovative “Particle Flow” algorithm brings similar precision 



Missing Energy (MET) Resolution Measured From Data 

19 

10-15 in-time pileup gives a 
resolution of ~10 GeV 

MET in pp! µ+µ"X

ATLAS Preliminary 

MET resolution and spectra 
understood within weeks of  

accumulating the first 7 TeV data   



Fake rate below % level 

Tau Reconstruction 

20 

For same efficiency, fake rate 
reduced by x3 compared to TDR 

C
le

an
 s

am
pl

e 
of

 Z
à
ττ

 

) / NNLO predictionττ→ BR(Z×Z) → (ppσ
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

-1CDF RunII 350 pb

-1D0 RunII 1000 pb

-1CMS Combined 36 pb
Excellent  
validation 
for searches 



! =  83.0±29.6±9.1(lumi) pb

Putting It All Together: Single Top  at LHC   
An Example of finding tiny signals with lepton, MET, b-tag & jets 

21 

Two methods employed: 
•  Cut based using angular info 
•  MVA with 37 kinematic observables 

4

The establishment of the presence of the electroweak
production of single top quarks in pp̄ collisions is an im-
portant goal of the Tevatron program. The reasons for
studying single top quarks are compelling: the produc-
tion cross section is directly proportional to the square
of the CKM matrix [1] element |Vtb|, and thus a mea-
surement of the rate constrains fourth-generation mod-
els, models with flavor-changing neutral currents, and
other new phenomena [2]. Furthermore, because single
top quark production is a well-understood process in the
standard model (SM), it provides a solid anchor to test
the analysis techniques that are also used to search for
Higgs boson production and other more speculative phe-
nomena.

In the SM, top quarks are expected to be produced
singly through t-channel or s-channel exchange of a vir-
tual W boson as shown in Fig. 1. This electroweak
production of single top quarks is a difficult process to
measure because the expected production cross section
(σst ∼ 2.9 pb [3, 4]) is much smaller than those of com-
peting background processes. Also, the presence of only
one top quark in the event provides fewer features to use
in separating the signal from background, compared with
measurements of top pair production (tt̄), which was first
observed in 1995 [5]. To overcome these challenges, a va-
riety of multivariate techniques for separating single top
events from the backgrounds have been developed. Us-
ing different combinations of techniques, both the CDF
and D0 collaborations have published evidence for single
top quark production at significance levels of 3.7 and 3.6
standard deviations, respectively [6, 7]. This Letter re-
ports a significant update to the previous measurement
including a larger data sample and new analysis tech-
niques and achieves a signal significance of 5.0 standard
deviations, thus conclusively observing electroweak pro-
duction of single top quarks.

The likelihood function (LF), matrix element (ME),
and neural network (NN) analyses [6] are updated with
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FIG. 1: Representative Feynman diagrams of single top quark
production. Figures (a) and (b) are t-channel processes, and
Fig. (c) is the s-channel process.

an additional 1 fb−1 of integrated luminosity; their meth-
ods remain unchanged. In addition, three new analy-
ses are added: a boosted decision tree (BDT), a likeli-
hood function optimized for s-channel single top produc-
tion (LFS), and a neural-network-based analysis of events
with missing transverse energy "ET [8] and jets (MJ). The
BDT and LFS analyses use events that overlap with the
LF, ME, and NN analyses, while the MJ analysis uses an
orthogonal event selection that adds about 30% to the
signal acceptance. This paper will concentrate on the
three new analyses and their combination with the anal-
yses of Ref. [6] using 3.2 fb−1 of integrated luminosity
collected with the CDF II detector [9].

For these analyses, we assume that single top quarks
are produced in the s- and t-channel modes with the SM
ratio, and that the branching ratio of the top quark to
Wb is 100%. We seek events in which the W boson decays
leptonically in order to improve the signal-to-background
ratio s/b. We simulate single top events using a tree-level
matrix-element generator [10].

For the LF, ME, NN, BDT, and LFS analyses we se-
lect " + "ET + jet events as described in Ref. [6], where "
is an explicitly reconstructed electron or muon from the
W boson decay and at least one jet is identified as con-
taining a B hadron. The background has contributions
from events in which a W boson is produced in associa-
tion with one or more heavy flavor jets (W +HF ), events
with mistakenly b-tagged light-flavor jets (mistags), mul-
tijet events (QCD), tt̄ and diboson processes, as well as
Z+jet events. The expected event yields in Table I are
estimated as in Ref. [6] where the signal, tt̄, and diboson
categories are Monte Carlo predictions scaled to the total
integrated luminosity while the remaining categories use
predictions derived from control samples taken from the
full event sample.

The MJ analysis is designed to select events with "ET

and jets and to veto events selected by the " + "ET +jet
analyses. It accepts events in which the W boson decays
into τ leptons and those in which the electron or muon
fails the lepton identification criteria. We use data cor-
responding to 2.1 fb−1 of integrated luminosity for the
MJ analysis and select events that have "ET > 50 GeV
and two jets within |η| < 2.0, at least one of which has
|η| < 0.9. The jet energy measurements include informa-
tion from both the calorimeter and the charged-particle

t channel  
(σ ≈ 62 pb @ 7 TeV) 



A Brief Portrait of Key SM Higgs 
Discovery Channels at LHC 



 

•  Signal: 2 isolated leptons with small Δϕ 
+ MET + 0, 1, 2 jets 

•  Reduction of major backgrounds:  
–  WW: Δϕ & mll 
–  ttbar:  Central jet veto, Δϕ & mll 
–  W+jets: tight lepton ID 
–  DY reduced by MET requirement 
–  WZ/ZZ: 2 leptons in final state, MET 

•  Count excess above a cut on MVA output 

•  Backgrounds are assessed using data-
driven techniques: WW, ttbar, W+jets, Z
+jets 

H→WW→2l2v : Work Horse For 120 < MH< 200 

ΔΦ 

H à WW 
Simulation 

MET 

µ+                     

39 GeV 
MET                     

 88 GeV 

Jet                     

 56 GeV 

Jet                     

 42 GeV 

µ-                     

35 GeV 

ttbar Simulation 

µ-  

µ+  
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H → ZZ(*) → 4 leptons:  Golden Channel 
•  Signal: four isolated leptons, fully 

reconstructed à narrow mass peak 
•  Backgrounds: 

–  ZZ à irreducible background,  
–  ttbar & Z+bb removed by lepton 

isolation & impact parameter 
requirements 

•  low background, But low yield 
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Figure 26: Reconstructed 4-lepton mass for signal

and background processes, in the case of a 130 GeV

Higgs boson, normalized to a luminosity of 30 fb
−1

.
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Figure 27: Reconstructed 4-lepton mass for signal

and background processes, in the case of a 150 GeV

Higgs boson, normalized to a luminosity of 30 fb
−1

.
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Figure 28: Reconstructed 4-lepton mass for signal

and background processes, in the case of a 180 GeV

Higgs boson, normalized to a luminosity of 30 fb
−1

.
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uncertainties in lepton energy scale, reconstruction and identification efficiency. The impact of these un-

certainties on the analysis is studied by applying variations to offline reconstructed variables. The level

of these variations has been provided by the performance groups.

Uncertainties in lepton energy scale
Uncertainties on the energy scale of electrons arise from the EM calibration. These are considered by

varying by ±0.5% the ET of the reconstructed electrons. Energy scale uncertainties for muons arise due

to the imperfect knowledge of the magnetic field. Here the recostructed muon pT is varied by ±1%.

These values are assumed on the basis of the foreseen in-situ determination of the detector performance.

Uncertainties in lepton energy resolution
The level of knowledge of the material distributions in ATLAS affects the lepton energy reconstruction.

To properly evaluate the impact of this contribution on the analysis, the reconstructed electron energies

are smeared with a Gauss function using a σET = 0.0073·ET . This extra smearing deteriorates the trans-

verse energy resolution of 50 GeV electrons by a relative 10%. In the muon system, an additional term

can be added to this smearing, to take into account misalignment uncertainties. The total muon smearing

is σ1/pT = 0.011/pT ⊕0.00017 (with pT in GeV). In the pT range of interest for Higgs boson searches,

the second term is negligible. The values of the corrections described above have been chosen so that the

18

HIGGS – SEARCH FOR THE STANDARD MODEL H → ZZ
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certainties on the analysis is studied by applying variations to offline reconstructed variables. The level

of these variations has been provided by the performance groups.

Uncertainties in lepton energy scale
Uncertainties on the energy scale of electrons arise from the EM calibration. These are considered by

varying by ±0.5% the ET of the reconstructed electrons. Energy scale uncertainties for muons arise due

to the imperfect knowledge of the magnetic field. Here the recostructed muon pT is varied by ±1%.

These values are assumed on the basis of the foreseen in-situ determination of the detector performance.

Uncertainties in lepton energy resolution
The level of knowledge of the material distributions in ATLAS affects the lepton energy reconstruction.

To properly evaluate the impact of this contribution on the analysis, the reconstructed electron energies

are smeared with a Gauss function using a σET = 0.0073·ET . This extra smearing deteriorates the trans-

verse energy resolution of 50 GeV electrons by a relative 10%. In the muon system, an additional term

can be added to this smearing, to take into account misalignment uncertainties. The total muon smearing

is σ1/pT = 0.011/pT ⊕0.00017 (with pT in GeV). In the pT range of interest for Higgs boson searches,

the second term is negligible. The values of the corrections described above have been chosen so that the
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HIGGS – SEARCH FOR THE STANDARD MODEL H → ZZ
∗ → 4l

64

1260

Simulation 
M = 150 GeV  

Simulation 
M = 300 GeV  

Prob. of observing a ppà ZZ à4µ event in 36 pb-1 is ~ 20%   

A beautiful event 
observed in data 
(walked in 
early !) 
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 Sensitive Modes at High Mass: H à ZZ à 2l2ν,2l2b,2l2j 

25 

•  Major background is pp à WZ, ZZ, Z+jets (x 90,000) & Top 
•  Take advantage of precise Jet & MET reconstruction & b-(anti) tagging 
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Figure 6: The invariant mass of the ll j j system for the Higgs boson masses mH = 200, 300, 400, 500 and

600 GeV.

The limit calculation in this analysis is a counting experiment in the selected signal candidates with

control regions for the dominant backgrounds. The backgrounds from WW, top and W+jets are all

measured from control regions in the data, and there is therefore a component of the background estimate

error which scales with the data sample size. Extrapolation into the signal region has errors coming from

the simulated samples which are between 7% and 108% as detailed in Ref. [1]. Both of these types of

error contribute to the limit calculation.

The sensitivity to the Standard Model Higgs boson with a luminosity of 1 fb
−1

at 7 TeV is shown in

Fig. 7 and in Table 9. The results are presented in terms of the expected exclusion limit on the cross-
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Figure 6: The invariant mass of the ll j j system for the Higgs boson masses mH = 200, 300, 400, 500 and

600 GeV.

The limit calculation in this analysis is a counting experiment in the selected signal candidates with

control regions for the dominant backgrounds. The backgrounds from WW, top and W+jets are all

measured from control regions in the data, and there is therefore a component of the background estimate

error which scales with the data sample size. Extrapolation into the signal region has errors coming from

the simulated samples which are between 7% and 108% as detailed in Ref. [1]. Both of these types of

error contribute to the limit calculation.

The sensitivity to the Standard Model Higgs boson with a luminosity of 1 fb
−1

at 7 TeV is shown in

Fig. 7 and in Table 9. The results are presented in terms of the expected exclusion limit on the cross-

13

Background estimated from data driven methods 



 A ZZ→µµνν Candidate in ATLAS Data 
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Mµµ = 94 GeV, ET
miss = 161 GeV 

MET 



 H → γγ 
Signature: 2 isolated γ, à mass peak 
Bkgnd: QCD, and is large and partly 
irreducible: measured from data 

–  ATLAS measurement in 36 pb-1 
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Figure 13: Expected di-photon invariant mass distribution at √s= 7 TeV for an integrated luminosity of
1 fb−1. The left-hand plot has the signal contribution enhanced by a factor 10.

PYTHIA cross-section 10 TeV (pb) PYTHIA cross-section 7 TeV (pb) Rescaling factor
γγ 9.3×102 7.7×102 0.82
γ j 2.9×105 2.3×105 0.78
j j 1.5×109 1.1×109 0.78

Table 13: Cross-sections at
√s= 10 TeV and at √s= 7 TeV and the rescaling factor from √s= 10 TeV

for each background component.

mH (GeV) 110 115 120 130 140
Expected exclusion 5.8 5.0 4.6 4.4 5.2

Table 14: The mean signal cross-sections, in multiples of the standard model cross-section, that are
expected to be excluded at 95% CLwith an integrated luminosity of 1 fb−1, at√s= 7 TeV using H→ γγ .

7.4 Systematic Uncertainties in H→ γγ

In the di-photon channel, because all background properties will hopefully be estimated from the data in
side-bands, the correlations of systematic uncertainties between signal and background are typically very
small. For this reason signal and background related uncertainties will be treated separately. Systematic
errors are evaluated in this analysis using Monte Carlo toy experiments which are generated and fitted
using different parameterisations of the signal and background shapes or different numbers of events.
Three signal-related sources of systematic uncertainties are considered here by applying the varia-

tion and observing the change in results. The first is the precise knowledge of the mass resolution. In
particular the energy resolution will depend on the absolute calibration of the calorimeter using Z events.
To account for the possibility of having a constant term in the photon energy resolution increased from
0.7% to 1.1%, the limits are extracted using a degraded invariant mass distribution smeared accordingly,
resulting in in a degradation of +0.4 in the expected limit shown in Fig. 14 (top plot). The second is the
uncertainty on the photon reconstruction efficiency (which still needs to be determined from data driven
methods). As the backgrounds are estimated from the data, the systematic uncertainty on the efficiency is

18

ATLAS-CONF-2011-004 
ATLAS CONF-2011-033 

Good agreement 
found between 
data and 
simulation using 
data driven 
methods  

27 



LHC Higgs Search Results From 2010 data 
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CMS 

     ATLAS
•  H!W +W "

•  H! !!

•  H! " +  " "

• H! ZZ
•NMSSM Higgs

ATLAS & CMS  
reporting competitive 

Higgs search  
results already 

from 36 pb-1 

Luminosity uncertainty < 4%  
already ! 

à Good understanding of 
machine 

      CMS
•  H!W +W "

•  H + ! ! +"

•  H! ! +  ! "

•  H ++ ! !+!+

( Irreducible ) backgrounds in Higgs searches
! pp"WW  cross section
! pp" Z" ! +! #  cross section
! pp" ""  rate vs M""

! Discriminating variables in H+  search

+ Studies of   



H à γγ : ATLAS & D0 Limits Overlaid 
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M.Schumacher; ATLAS CONF-2011-025 P. Totaro; D0 Note 6177-CONF 

LHC already competitive with Tevatron 
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   H !WW ! 2!2"

Azimuthal angle between leptons 

Search : CMS  
http://arxiv.org/abs/1102.5429 pp à WW event 

Dilepton inv. mass 

From 13 observed events passing 
pp!WW  cut-based selection, measure: 
! (pp!WW ) = (41.1±15.3± 5.8± 4.5(lumi)) pb

Higgs search used 2 counting methods: 
•  Cut on kinematic observables 
•  Cut on a BDT output & count 

•  15% higher eff for same bkgnd 

Progression of Cuts: data vs MC 



HàWW Limits: ATLAS & CMS 
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Higgs boson mass [GeV]
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), SM ν 2l2→ WW → BR(H ⋅  H→gg σ

), SM4 ν 2l2→ WW → BR(H ⋅  H→gg σ

σ 1±upper limit, Expected 
σ 2±upper limit, Expected 

95 % CL Limit  
for MH = 160 GeV 

CMS  
(Bayesian) 

Expected  3.0 x SM 

Observed 2.1 x SM 

95 % CL Limit  
for MH = 160GeV  

ATLAS  
( CLS ) 

Expected  2.7 x SM 

Observed 2.1 x SM 

SM-like Higgs in 4-gen models excluded for (144 < MH< 207) GeV 
Better limit (already) than CDF+ D0 combined   

SM 

SM4 

M.Schumacher; ATLAS CONF 2011-005 ArXiv:1102.5429; submitted to Phys. Lett. 
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MSSM  H !"" :  Breaking New Grounds
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SUSY H+ & Exotic Higgs Searches (CMS) 
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•  Arises in models with extra Higgs triplets 
•  Φ++, Φ+, Φ0 

•  Triplet responsible for small neutrino mass 
•  Unknown neutrino mass matrix 

à unknown branching ratios à broad search 
•  Below M ≈2MW, only leptonic decays 

Excluded by Tevatron or LEP
-1 L=36 pb∫=7 TeV sCMS 

CMS Preliminary 2010

 in GeV++ΦMass of 
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BP1: normal hierarchy
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Surpassing 
Tevatron limits 



Higgs Search Projections For 2011-2012 
•  Used state of the art cross-sections:  

–  e.g: NNLO for ggà H, NLO for VBF,VH ; Background processes at NLO (MCFM) 

•  Full GEANT based detector simulation 
•  Simple cut-based analysis; mostly counting events,  

–  no SHAPE analysis used (can improve sensitivity by ~ (20-100)% ) 

•  Robust & conservative systematic uncertainties: 
–  e.g.: ATLAS uses 10% JES error (achieved 5%), 10% lumi error (achieved < 4%)   

•  Validation from 2010 data: 
–  Excellent agreement between data and detector simulation 
–  Detector performance close to design in most cases 
–  Measured production rates of background processes (γ, Jets, W/Z, Top, 

Dibosons etc) in good agreement with expectations (5-30 % uncertainties) 

•  In general, analyses with data more sensitive than the simulation 
based studies used in the projections...and will continue to improve! 
–  As CDF & D0 have already shown 

•  Projections are indicative not predictive ! 34 



SM Higgs Channels Studied 
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Channels included  ≈ Mass range (GeV) 

Hà γγ 115-150 

VBF Hà ττ 115-145 

VH, Hàbb (highly boosted) 115-125 

VH, HàWWàlvjj 130-200 

HàWWà2l2v + 0/1 jets 120-600 

VBF HàWWà2l2v 130-500 

HàZZà4l 120-600 

HàZZà2l2v 200-600 

HàZZà2l2b 300-600 



 CMS Projected Exclusions with 1 fb-1 @ 7 TeV 
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114 



ATLAS Projected Exclusions with 1 fb-1 @ 7 TeV 

37 ATLAS & CMS projections are in excellent agreement 



CMS & ATLAS Projections Compared 
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CMS Projected Higgs Exclusions: 5 fb-1 @ 7 TeV 
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ATLAS Higgs Boson Exclusion Limits 
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Significance of Observation with 5 fb-1 @ 7 TeV 

41 114 



ATLAS Higgs Discovery Sensitivity 

•  5fb-1 enough to close gap with LEP at 7 TeV  
•  Expected 3σ observation from 123 to 550 

GeV 
42 



Higgs Sensitivity : 1, 2, 5, 10 fb-1 @ 7 TeV 

43 



Summary Of Sensitivity To SM Higgs 
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 ATLAS + CMS 

≈ 2 x CMS  
95% CL 

exclusion 
3σ sensitivity  5σ sensitivity	

1 fb-1 120 - 530 135 - 475 152 - 175 

2 fb-1	 114 - 585 120 - 545 140 - 200 

5 fb-1	 114 - 600	 114 - 600 128 - 482 

10 fb-1	 114 - 600	 114 - 600 117 - 535 



Challenges in 2011-12 
•  Projections were based on 2010 conditions and simulations 
•  LHC environment is much more aggressive in 11-12 
•  Major challenges from trigger 'budget': 

–  Instantaneous Luminosity could approach 2 1033cm-2s-1 

–  10 times 2010 rate 
–  We must reject 90% of the data we kept in 2010 
–  This makes for real physics loss in choosing what to keep 

•  Major challenges from pileup: 
–  Pileup will be 10 or more events  
–  Track reconstruction CPU rises exponentially with hit rate 
–  Event size on disk is much larger: can record FEWER events 
–  Et

miss, lepton isolation, jet resolution all degraded 

•  Impact on major modes like Hà WW, H à gg, VBF modes  
–  Currently under detailed study; outlook is positive 
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LHC Collisions in 2011 Have Begun ! 
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CMS 

Game On ! 

One of the first events 
recorded yesterday  

afternoon 
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Pileup in First 2011 Data 

CMS 
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Pileup in First 2011 Data 

CMS 
 

13 reconstructed  
vertices ! 



Summary of Prospects 
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Sergio Cittolin 

Higgs Boson, if it exists between 
masses of (114 - 600 GeV) will 

either be discovered or ruled out in 
 ≈ next two years  

 
As in every important journey, there 

will be challenges to overcome  

SM Higgs Search Prospects (Mass in GeV) 
 ATLAS + CMS 
≈ 2 x CMS  

95% CL 
exclusion 

3 σ sensitivity  5 σ sensitivity	

1 fb-1 120 - 530 135 - 475 152 - 175 

2 fb-1	 114 - 585 120 - 545 140 - 200 

5 fb-1	 114 - 600	 114 - 600 128 - 482 

10 fb-1	 114 - 600	 114 - 600 117 - 535 



Backup 



Charged Particle Tracking 
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Excellent agreement between DATA and MC 
Profited from millions of Cosmic ray muons 
used to calibrate several detector elements 

in advance of LHC collisions 

Pixel Alignment 
Impact Parameter Resolution 



Prompt Photon Reconstruction & Spectrum 
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Transverse η profile of EM showers  
separates high energy isolated γ from π0 

enriched jets   

Isolated photon rate & spectrum agrees 
well with QED + NLO pQCD radiation"

prompt γ	


2.9 pb-1	


bkd from jets!

Comparison !
with theory!



Pileup And Its Consequences 
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Z à µ µ	

 Expected MET = 0  10 in-time + 10 out – of – time 

pileup 

µ+                     

pT = 40.8 GeV 

µ-                     

pT = 62.8 GeV 

µ+                     

pT = 40.8 GeV 

µ-                     

pT = 62.8 GeV 

MET                     

 35.2 GeV 
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Low Mass Higgs : Nevents = σ × Br × L Produced 

Experimental signatures for MH~120 GeV 

Signal events 
Comments TeV Exp 

10 fb-1 
LHC Exp    

1 fb-1 

H→γγ	
 31 44 x4  better mγγ res 

H→bb 

qqH → qq(bb)   with n b-tags 478 880 
WH → lν(bb)   with n b-tags 231 98 

x5  worse S/B ZH → 2ν(bb)    with n b-tags 127 46 
ZH → (ll)(bb)     with n b-tags 42 16 

VH → (2l/2ν/lν) (bb)   [highly boosted] ? ? 1 (after all cuts) 

H→WW 

H → (lν)(lν) with n=0,1 jets 94 130 X5  better S/B 

qqH → qq (lν)(lν) 4 8 
qqH → qq (lν)(jj) 29 52 

WH → (lν)(lν)(jj), same-sign dilepton 7 3 

ZH → (νν)(lν)(jj) 8 2.8 
ZH → (ll)(lν)(jj) 2 1 

H →ττ qqH → qq (ττ) 26 44 
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Mid Mass Higgs: Nevents = σ × Br × L Produced 

Experimental signature MH~160 GeV 
 

Signal events 

Comments TeV 
Exp. 

10 fb-1 

LHC Exp      
1 fb-1 

H→WW 

H → (lν)(lν) with n=0,1 
jets 247 472 5 times 

better S/B 

qqH → qq (lν)(lν) 17 40 S/B ~same 

qqH → qq (lν)(jj) 103 240 S/B ~same 

WH → (lν)(lν)(jj), same-
sign dilepton 30 14 

ZH → (ll)(lν)(jj) 6 2 
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High Mass Higgs: Nevents = σ × Br × L Produced 

Experimental signatures MH = 400 GeV 
 

Signal events 
Tev 
Exp 

10 fb-1 

LHC Exp   

1 fb-1 

H→ZZ 

H → ZZ → 4l 

n/a 

2 
H → ZZ  → (ll)(νν) 16 
H → ZZ  → (ll)(bb) with n b-tags 12 
H → ZZ  → (ll)(jj) 54 
H → ZZ  → (νν)(bb) with n b-tags 36 
qqH → qq(ZZ) → qq(ll)(νν) 1.2 
qqH → qq(ZZ) → qq(ll)(bb) with n b-tags 0.8 
qqH → qq(ZZ) → qq(4l) 0.2 

H→WW 
H → (lν)(lν) with n=0,1 jets 

n/a 
62 

qqH → qq (lν)(lν) 4 
qqH → qq (lν)(jj) 26 



57 

   H !WW ! 2!2"

Azimuthal angle between leptons 

Search : CMS  
http://arxiv.org/abs/1102.5429 pp à WW event 

Dilepton inv. mass 

From 13 observed events passing 
pp!WW  cut-based selection, measure: 
! (pp!WW ) = (41.1±15.3± 5.8± 4.5(lumi)) pb

Higgs search used 2 counting methods: 
•  Cut on kinematic observables 
•  Cut on a BDT output & count 

•  15% higher eff for same bkgnd 


