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Production Rates at Hadron Colliders

2

Production Rates at Hadron Colliders
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Top: Dec 2010
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ZZ: Jul 2011
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SM Higgs Production at LHC

3

• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 

4 

Gluon Fusion

Vector Boson 
Fusion

Associated
Production
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SM Higgs Decays ⇒  Analysis Channels   

4

• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 
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Comment

H → γγ

H → ττ

W/Z + (H → bb)

H → WW → l+ν l-ν

H → WW → lνqq

H → ZZ → l+l- l+l-

H → ZZ → l+l- νν

H → ZZ → l+l- qq

Rare

Good S/B

Higgs properties

Intermediate Mass

High Mass

Golden channel

High Mass

High Mass
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Outline

SM diboson production 
cross sections

Triple gauge couplings
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Dataset: Up to 2.3 fb-1
ℒ  (fb-1)

H → γγ

H → ττ

W/Z + (H → bb)

H → WW → l+ν l-ν

H → WW → lνqq

H → ZZ → l+l- qq

H → ZZ → l+l- νν

H → ZZ → l+l- l+l-

1.08

1.06

1.04

1.7

1.04

1.04

1.04

2.0 - 2.3 

ℒ  (fb-1)

γγ

Wγ/Zγ

WW → l+ν l-ν

WZ → lllν

ZZ → l+l-l+l- 

0.037

0.035

1.02

1.02

1.02
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ATLAS Data Taking in 2011

6

Data taking efficiency: ~ 94%

Good quality data delivered
by the different sub-systems

at 90-100%

EPS LP
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High Luminosity: The Pileup Challenge 
The new challenge with the 2011 data

50 ns bunch trains for most 2011 dataset
Significant in-time and out-of-time pileup

7

Luminosity weighted distribution

Significant progress made on the understanding of its effects:
•Primary vertex identification
•Missing energy resolution
•Jet energy scale
•Lepton isolation

Further work
in progress
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Standard Model Diboson Production

in pp collisions at 7 TeV

8
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SM ɣɣ 
Cross Section

9

Measure:

Isolated prompt photons

Test NLO pQCD predictions using 
measurements without jets

New Physics:

Irreducible background to H ➞ ɣɣ
Extra dimension models

σγγ 
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Photon Identification
Photon identification based on calorimeter segmentation

Photon reconstruction
Narrow energy cluster |η|
Small energy leakage into hadronic calorimeter

Cut on shower shape to discriminate ɣ from jets and π0, η

10

Photon identification!

Marco Delmastro! 6!

π0 candidate!ϒ candidate!S3 (“Back”)!

S3 (“Middle”)!

S1 (“Strips”)!

Presampler!

photon and diphoton production at ATLAS!

η!

•  loose and tight 
selections!

•  optimized 
separately for 
unconverted and 
converted γ!

S1 (“strips”)

S2 (“middle”)

S3 (“back”)

Presampler
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Photon Isolation

Isolation energy criterion to reduce jet background

Reduces fragmentation component
~30% of inclusive ɣ cross section at 15 GeV
<10% above 35 GeV

Isolation variable:
Sum of transverse energy in ΔR cone around ɣ
Exclude energy from central core

Corrections event-by-event
Remove energy leakage from γ into isolation cone
Remove energy from pileup and underlying event 11

Photon isolation!

Marco Delmastro! photon and diphoton production at ATLAS! 7!

following !Cacciari, Salam and Soyez, JHEP 04, 005 (2008)!
!Cacciari, Salam and Sapeta, JHEP 04, 065 (2010)!
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)�Simulation (fake 

)�Simulation (isolated prompt 
)�Simulation (non-iso prompt 

ATLAS
-1Ldt = 880 nb� = 7 TeV,  s

avoid model-dependent !
underlying event  

corrections!

•  Define an isolated photon comparable to theory!
•  Isolation energy corrected event-by-event for 

leakage, pileup and underlying event!
  Following Cacciari, Salam and Sapeta, JHEP 04, 065 (2010)!

  Average correction for 1 Primary vertex!
•  PYTHIA: 440 MeV !
•  HERWIG: 550 MeV, !
•  DATA: 540 MeV!
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Isolated Diphoton Production Cross Section

12

Isolated diphoton cross section!

Marco Delmastro! photon and diphoton production at ATLAS! 17!
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Wɣ/Zɣ
Cross Section

13

2

IntroductionIntroduction
•At LHC di-bosons can be produced through :

•Wγ, Zγ are two such di-bosons produced :

•Measurement of Wγ and Zγ production provides a direct test of the
Triple Gauge Boson Coupling (TGC) of the Electroweak theory

•Measure the WWγ vertex in the s-channel

•Probing the existence of the ZZγ and Zγγ TGC (forbidden in SM at the
tree level)

ISR

 u-channel  t-channel  s-channel

 TGC vertex

Test Triple Gauge Couplings of 
Electroweak theory

Measure WWγ vertex in s-channel

Probe existence of ZZγ and Zγγ TGC

Forbidden in SM at tree level

Background  for new physics

Less problematic than other

σWγ/Zγ 
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Wɣ/Zγ: Event Selection

14

11

Kinematic Kinematic Distributions of Selected Events (ZDistributions of Selected Events (Zγγ))

10

Kinematic Kinematic Distributions of Selected Events (WDistributions of Selected Events (Wγγ))

Photon: ET
γ > 15 GeV ;           Δ Rlγ > 0.7;            ET

iso < 5 GeV

Wγ
One lepton: pT > 20 GeV 
|ηe|< 2.47;   |ημ| < 2.4
ET

miss > 25 GeV
MT(l,ν) > 40 GeV

Zγ
Two OS lepton: pT > 20 GeV 
|ηe|< 2.47;   |ημ| < 2.4
M(l+l-) > 40 GeV

Nobserved Nbkg

Wγ 192 56

Nobserved Nbkg

Zγ 48 7
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Wɣ/Zɣ: Results
Dominant uncertainties:

Photon reconstruction/ID efficiency: ~10%
Electron reconstruction/ID: ~ 4.5%
Electromagnetic scale and resolution: ~3-4.5%

15

Experimental measurement SM prediction
�fid[pb] �fid[pb]

pp! e±⌫� 5.4± 0.7± 0.9± 0.2 4.7± 0.3
pp! µ±⌫� 4.4± 0.6± 0.7± 0.2 4.9± 0.3
pp! e+e�� 2.2± 0.6± 0.5± 0.1 1.5± 0.1
pp! µ+µ�� 1.4± 0.3± 0.3± 0.1 1.7± 0.1

�[pb] �[pb]
pp! e±⌫� 41.1± 5.7± 7.1± 1.4 36.0± 2.3
pp! µ±⌫� 33.0± 4.6± 5.5± 1.1 36.0± 2.3
pp! l±⌫� 36.0± 3.6± 6.2± 1.2 36.0± 2.3

pp! e+e�� 9.9± 2.7± 2.3± 0.3 6.9± 0.5
pp! µ+µ�� 5.6± 1.4± 1.2± 0.2 6.9± 0.5
pp! l+l�� 6.5± 1.2± 1.7± 0.2 6.9± 0.5

 γZσ/γWσ
0 2 4 6 8 10 12 14

Electron channel

Muon channel

Combined

)γ -l+ l→(pp σ

)γ ν l →(pp σ

Theory (NLO)

ATLAS
-1 L dt = 35 pb∫
 = 7 TeV)sData 2010 (

Figure 8. The measured ratio of the production cross sections of W� and Z�, together with SM
prediction. Results are shown for the electron and muon final states as well as for their combination.
The error bars represent the statistical and the total uncertainties. All uncertainties are added in
quadrature. The one standard deviation uncertainty in the SM prediction is represented by the
vertical band.

impact on the cross section predicted by the Baur NLO generator of a 100% variation
of the ✏

h

parameter.

The measured and predicted fiducial and production cross sections of the pp! l±⌫� +
X and pp ! l+l�� + X processes together with their ratio are shown in Table 7 and
Table 8.

9 Summary

The production processes pp! l±⌫�+X and pp! l+l��+X have been studied at
p

s = 7
TeV using ⇠ 35 pb�1 of data collected with the ATLAS detector. The measured fiducial
cross sections (defined in the phase-space region where the detector has good acceptance)
and the extrapolated production cross sections (for E�

T

> 15 GeV, �R(l, �) > 0.7, and
✏p

h

< 0.5) for the individual electron, muon and combined decay channels, are presented.
The measurements are in agreement with the predictions of the SM at O(↵↵

s

) as shown
in Table 7 and Fig. 7. While the current measurements are not strongly sensitive to
possible new physics, the distributions of kinematic variables determined from the leptons
and photons (Figs. 3 and 4) are consistent with the predictions from the SM in a new
kinematic regime, as is the ratio of the W�/Z� cross sections (Fig. 8), which directly
depends upon the values of the triple-gauge-couplings in the Standard Model.

Acknowledgements

We gratefully acknowledge the contributions Ulrich Baur made to the theory calculations
used in this study. We thank CERN for the very successful operation of the LHC, as well
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Fiducial cross section: phase space mimics 
selection requirements
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WW
Cross Section

16

Fundamental test of Standard Model

Triple gauge couplings (TGC)

Higgs hunting

Similar signature to H ➞ WW

Background to Higgs

σWW  
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WW Production
Event selection

Two high-pT OS leptons
Z mass veto
Large ET

miss

Jet veto
Backgrounds: Top, Drell-Yan and 
W+jets  (~40%)

Drell-Yan: Z mass veto + missing 
ET requirement
Top and W+jets: apply jet veto 

17

..Lo*:":"*

uM3#(1O*\*fIf*/*uMF3aQ(1O*\*I;NvGh*

W<9%3.X+'Y<&("<$1X#9'.Z%"'.**'&%*%+X#9'+1(&'

GGH;HII* >:"A#(1"&*B-/*C(9D"&$9)E*+,*!#(3-"$)"&* h*

?\IPN*ZLI*

Nobserved Nbkg σmeasured (pb) σNLO (pb)

WW 414 170 ± 28 48.2 ± 4.0 ± 6.4 ± 1.8 46 ± 3

Emiss
T, Rel =

⇢
Emiss

T ⇥ sin
�
Df`, j

�
if Df < p/2

Emiss
T if Df � p/2,

Figure 4: Emiss
T, Rel distributions for the selected ee, µµ and eµ samples after the Z mass veto cut and containing no

hadronic jets with pT > 30 GeV and |h | < 4.5.

Figure 5: Jet multiplicity distribution for events passing the full W+W� selection before the application of the
jet-veto requirement. Jets must have pT > 30 GeV and |h | < 4.5. The points represent the data and the stacked
histograms are the MC predictions.

cross sections with qq̄0 and gg initial states.
In addition to corrections for lepton identification efficiencies in MC, we also apply a MC acceptance

correction to account for the difference in the jet-veto efficiency between data and MC. Signal events may
fail the jet-veto requirement if initial-state radiation (ISR) from the incoming partons produces a jet that
satisfies the jet-veto requirements. The simulation may not predict this rate accurately, either because
the rate of ISR is not quite correct, or because the jet-energy scale in data and in the simulation are
not the same. In order to minimize the systematic uncertainty due to these two effects, we use control
samples of Z ! `+`� data and MC to determine the jet-veto efficiency correction factor to the W+W�

selection [24]: edata
WW = eMC

WW ⇥ fZ, with fZ = edata
Z /eMC

Z = 0.99±0.05 (syst). The two efficiency numbers,
edata

Z and eMC
Z , are the fraction of the Z events with zero jets found in data and MC, respectively. The

main contributions to the given systematic uncertainty are due to factorisation and renormalisation scale
choice evaluated using MC@NLO and MCFM [25].

The overall event selection acceptances for signal events are 5.0% for enen , 8.9% for µnµn , and
12.6% for enµn events. The contributions from W+W� ! t±n`⌥n ! `0±`⌥+ nn are less than 8% of
the final selected W+W� signal events in all three di-lepton channels.

8
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WZ and ZZ
Cross Sections

18

Fundamental test of Standard Model

Triple gauge couplings (TGC)

Probe for new physics

Resonances with diboson final 
states

Higgs hunting

Similar signatures H ➞ ZZ

SM ZZ background to Higgs

σWZ  
σZZ
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WZ Production
Cut based analysis

Select one Z events, then:
One lepton + missing ET

Main backgrounds: Z+jets, ZZ, Top and W/Z+γ (15%)

19
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Figure 3: Distributions of various kinematic variables, number of leptons, jets, and the W±charge of W±Z can-
didates. The kinematic variables shown are: (a) invariant mass of Z, (b) transverse mass of W±, (c) transverse
mass of W±Z, (d) invariant mass of the three lepton system, (e) transverse momentum of the Z (pZ

T), (f) transverse
momentum of the W±(pW

T ), (g) transverse momentum of the W±Z system (pWZ
T ), (h) highest transverse momentum

of any of the three leptons (pT), (i) Emiss
T , (j) W±charge, (k) number of jets, and (l) number of leptons. These

plots show candidate events, i.e. after all cuts applied. The points represent observed event counts with statistical
errors, whereas the stacked histograms are the predictions from simulation including the statistical and systematic
uncertainty. The last bin is an overflow bin.

6

Nobserved Nbkg σmeasured (pb) σNLO (pb)

WZ 71
     +3.0 10.5      -2.2

                  +3.1         +0.9           21.1        ± 1.2                  -2.8          -0.8
     +1.2

       17.2
     -0.8



D
ibosons and H

iggs -- C
ER

N
 2011 --  Joao G

uim
araes          
ZZ Production

Cut based analysis
Very clean signature

Electron and muon selection relaxed relative to inclusive Z
Main backgrounds: Z+jets, Top and Zbb (3%)

20
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Triple Gauge Couplings

21
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Triple Gauge Couplings
Possible vertices using an effective Lagrangian

22

ZZZ, ZZγ
(f4

Z, f4
γ, f5

Z, f5
γ) = (0,0,0,0)SM

WWZ
(g1

Z, kZ, λ) = (1,1,0)SM

PANIC2011 @ MIT 2011/07/25 C. Goeringer 15

Triple Gauge Couplings
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Sensitivity to new physics!
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Possible vertices using a generalised Lagrangian
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Scale dependent formfactor
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ATLAS: cross sections as TGC limit input

=

 

Tevatron: differential distributions as TGC limit input

ATLAS limits consistent and competitive

Use of differential distributions:  will increase sensitivity

ZZZ,ZZ�
WWZ
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Scale dependent 
form-factors

with cutoff scale Λ
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llν l→Z ±W

95% C.L.

Figure 4: Shown are aTGC limits from ATLAS and Tevatron experiments. CDF [32] and DØ [33] limits are for
W±Z production with a pT (Z) shape fit; ATLAS limits are for a cross section fit. Luminosities, centre-of-mass
energy and cut-o⇥ � for each experiment are shown and the limits are for 95% C.I..
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Diboson Cross Sections Measured by ATLAS
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Search for the SM Higgs Boson

24



D
ibosons and H

iggs -- C
ER

N
 2011 --  Joao G

uim
araes          

• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 
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• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 

4 

H ➜ ɣɣ

25

The key channel for the low-mass 
Higgs 

Small BR (~ 0.002)

But, clean signature

SM γγ: irreducible background
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H ➜ ɣɣ: Selection and Mass Reconstruction

Two high-quality isolated high-pt photons
pT1 > 40 GeV; pT2 > 25 GeV
Five event categories:

Converted/unconverted photons + η regions of calorimeter
Different invariant mass resolution and S/B

Mass reconstruction
Energy resolution: Δp ~ 1.3 GeV

Energy scale calibration from Z ➞ ee
Interaction point spread: RMS(z) ~ 5.5 cm

26

m2 = 2p1p2(1-cos θ) ~ p1p2θ2
Δm/m = (1/√2)Δp/p ⊕ Δθ/θ 

Photon identification!

Marco Delmastro! 6!

π0 candidate!ϒ candidate!S3 (“Back”)!

S3 (“Middle”)!

S1 (“Strips”)!

Presampler!

photon and diphoton production at ATLAS!

η!

•  loose and tight 
selections!

•  optimized 
separately for 
unconverted and 
converted γ!

Vertex resolution from 
unconverted photons

 σ(z) ~ 1.6 cm

mH = 120 GeV
σ (m)~1.7 GeV

Δz12 = z1-z2
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H ➜ ɣɣ: Background and Results

Measure the SM backgrounds using control samples
Consider photon isolation and identification criteria 
(loose vs tight) to extract:
γ-γ, γ-jet and jet-jet background components

27

Maximum likelihood fit to 
exponential background 

and 
signal templates

5063 events pass full selection
with

100 GeV < mγγ < 150 GeV  
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H ➜ ɣɣ: Limits

110 < mH < 150 GeV
Expected upper limit: ~3.3-5.8 ⨉ σSM

Observed upper limit: 2 ⨉ σSM (mH =123 GeV)
28
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• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 
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• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 

4 

W/Z + (H ➜ bb)

29

Dominant decay mode at low mass

Huge QCD background

Needs associated production

Possibility of measuring directly 
Higg to quark couplings

mH < 130 GeV
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W/Z + (H ➜ bb): Limits

Select W or Z (leptonic) events --> trigger event
Require exactly two b-tagged jets with pT > 25 GeV
Bump hunting in the mbb spectrum

Major backgrounds
Z+jets, W+jets, top and dibosons

30

W,Z+Hbbbar – event selection 

•  Select events with Z or W boson in the leptonic final state (used also 
to trigger the event), and with exactly two jets b-tagged with pT>25 
GeV 

•  Backgrounds: 
–  W+jets, Z+b-jets, top, QCD jets 

The invariant mass, mbb, for ZHllbb, for 

mH=115 GeV; The signal distribution 

enhanced by a factor of 20 for visibility.  

Expected (dashed) and observed (solid line) exclusion 

limits for the VH,Hbbbar channels combined, 

expressed as the ratio to the Standard Model 

LP11 ‐ 8/22/11  13 A. Nisa/, Higgs searches in ATLAS 

ATLAS 

Improve the sensi.vity to Hbbbar decays by 

looking to events with boosted jet pairs 

Z+(H ➜ bb)

W/Z+(H ➜ bb)

Exclusion limit: 10-15 ⨉ σSM

Improvements expected with boosted b-jet pairs
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• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
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state searches 
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LHC is a Higgs factory 
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• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 

4 

H ➜ ττ

31

mH = 110-140 GeV

Higgs produced in association with 
jets

Gluon fusion at NLO

VBF at LO
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H ➜ ττ: Event Selection
Three classes of events depending on the 
τ-decay

lτhad3ν: lepton and hadronic tau decay

l+l-4ν: lepton-lepton tau decay

Selection for l+l-4ν:
2 electrons, or 2 muons, or 1e1μ

pT
e > 15 GeV, |ηe| < 2.47

pT
μ > 10 GeV, |ημ| < 2.5

opposite charge

At least one jet with pT > 40 GeV, |η| < 4.5

ET
miss > 30 GeV for 2e and 2μ, > 20 for 1e1μ

Reconstruct τ momentum in collinear 
approximation
Apply dilepton invariant mass and topological 
cuts (Δɸll, mττ, mττj)

32
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H ➜ ττ:  Results

Major backgrounds:
Z ➞ ll + jets
Z ➞ ττ + jets 

mostly irreducible 

ttbar, single top, QCD jets
fake lepton backgrounds, 
and Z --> ττ estimated from 
data; others from MC

Systematic uncertainties
Dominated by JES

Background: +7.0%, -9.8% 
Higgs (120 GeV): +4.1%, 
-7.8%

33

ee+μμ+eμ 

Signal:  
100 < mττ <150 GeV
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H ➜ ττ: Exclusion limits

34

Exclusion limit: 7-15 ⨉ σSM
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• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
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LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
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state searches 

The Higgs at LHC 

4 

H ➜ WW ➜ lνlν

35

mH = 130-200 GeV

The most sensitive at intermediate 
Higgs masses

SM WW: Large irreducible 
background

Analysis similar to SM WW + 
topological cuts

Reconstruction of invariant mass not 
possible
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H ➜ WW ➜ lνlν: Event Selection 
Event selection similar to SM WW:

Two high-pt leptons and large missing energy

36

(GeV) e-e μ-μ e-μ

pT leading 

pT subleading

ET
miss rel

25 25 25

20 15 e:15, μ:20

40 40 25

WW Z/γ∗ + jets tt̄ tW/tb/tqb WZ/ZZ/Wγ Total Bkg. Observed
m"" > 15 GeV,
meµ > 10 GeV

1380 ± 100 970000 ± 70000 6200 ± 600 630 ± 70 1200 ± 100 970000 ± 70000 997813

|mZ − m"" | > 15 GeV 1220 ± 80 91000 ± 7000 5500 ± 600 560 ± 60 92 ± 9 98000 ± 7000 104253
Emiss
T,rel 660 ± 50 300 ± 200 2700 ± 300 310 ± 40 28 ± 4 4000 ± 500 4051

ee eμμμ
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•  Apply topological cuts

• mll, Δɸll and pT(ll)

• Reconstruct transverse mass

• Apply cut:

• 0.75 ⨉ mH < mT < mH

H ➜ WW ➜ lνlν: Event Selection 

1. Events with exactly one jet
• pT > 25 GeV, |η| < 4.5

• apply b-tag veto

2. Events with no such jets

37

Table 3: The expected numbers of background events after selecting two leptons with opposite charge
and m!! > 15 GeV (meµ > 10 GeV), after applying the Z boson mass veto and after applying the Emiss

T,rel
selections. The observed numbers of events in data are also given in the last column. The background
estimates are entirely from MC and they do not include the W+jets contribution which is fully data-
driven. The uncertainties shown are the combination of the statistical and all systematic uncertainties.

WW Z/γ∗ + jets tt̄ tW/tb/tqb WZ/ZZ/Wγ Total Bkg. Observed
m!! > 15 GeV,
meµ > 10 GeV

1380 ± 100 970000 ± 70000 6200 ± 600 630 ± 70 1200 ± 100 970000 ± 70000 997813

|mZ − m!! | > 15 GeV 1220 ± 80 91000 ± 7000 5500 ± 600 560 ± 60 92 ± 9 98000 ± 7000 104253
Emiss
T,rel 660 ± 50 300 ± 200 2700 ± 300 310 ± 40 28 ± 4 4000 ± 500 4051
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Figure 5: Multiplicity of jets with pT > 25 GeV after the cut on Emiss
T,rel. The lower part of the plot shows

the ratio between the data and the background expectation from MC, with the yellow band indicating
the total systematic uncertainty in the normalization (but not the shape) of the various components. The
signal is shown for mH = 150 GeV.

10

After the MET cut, divide the events into two categories

Then….

mT =

√

(E!!T + Emiss
T )2 − (p!!T + p

miss
T )2,
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H ➜ WW ➜ lνlν: Event Selection 

38

HWW(*)lνlν – event selection 

dilepton azimuthal angle 

after pT
ll  and mll cuts 

Transverse mass after all 

cuts (except mT itself) 

WW  ebar  Total 

SM 

back. 

Data  Higgs 
mH=150 

0‐jet  43±6  2.2±1.4  53±9  70  34±7 

1‐jet  10±2  6.9±1.9  23±4  23  12±3 

Event yield aner full selec/on, in data 

and MC (W+jets es/mated with data 
driven methods). The cuts are here 

op/mized to select mH=150 GeV Higgs 
decays.  

LP11 ‐ 8/22/11  19 A. Nisa/, Higgs searches in ATLAS 

ATLAS 

Final selec/on, op/mized for mH=150 GeV 
0‐jet  0‐jet 

1‐jet  1‐jet 

Final event yield for 
mH = 150 GeV

Dilepton azimuthal 
angle (Δɸll)

Transverse mass
(mT)

(W+jets only estimated with 
data driven method)

0-jet 0-jet

1-jet1-jet
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H ➜ WW ➜ lνlν: Background 
The two largest backgrounds, SM WW and top production, are 
normalized to data

Measure background in control region enriched in WW or top 
events
Extrapolate the C.R. measurement to the signal region using 
MC shapes

W+jets background entirely determined from data
Other (smaller backgrounds) are taken from Monte Carlo

Apply scale factor to Drell-Yan MC for potential ET
miss 

mismodelling

39

HWW(*)lνlν – background estimate 
•  Background estimate from data in counting experiment is essential 

•  In the current version of this analysis we estimate from data the 
two largest backgrounds, namely those from WW and top 
–  Approach: 

•  Define control regions rich in WW or top backgrounds and measure this 
backgrounds in data 

•  Extrapolate this measurement to the signal region(s) using MC shapes 

•  W+ jets entirely determined from data 

•  Remaining backgrounds (smaller) are taken from MC 
–  Apply scale factor to Drell-Yan for potential ET

miss mis-modelling 

Control 

Region 

 MC 

expecta,on 

 Observed 

WW 0‐jet  250±50  237 

WW 1‐jet  139±18  144 

Top 1‐jet  350±100  316 

LP11 ‐ 8/22/11  20 A. Nisa/, Higgs searches in ATLAS 

ATLAS 

NS.R.
data = α×NC.R.

data , α =
NS.R.

MC

NC.R.
MC
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H ➜ WW ➜ lνlν: Exclusion limit

A SM Higgs boson with 154 < mH < 186 GeV is excluded at 95% CL
Expected exclusion mass range is 135 < mH < 196 GeV
The observed limit is within 2σ the expected one in the mass 
range 130-150 GeV 

40

H+0 jet and H+1 jet channels 

Change in selection

Improvements since EPS

Additional data
Optimization for MH > 220 GeV

New b-tagging algoritm
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• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 
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LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 

4 

H ➜ WW ➜ lνqq

41

Sensitive only to high-mass Higgs

Large QCD background at lower 
masses

mH = 240-600 GeV
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H ➜ WW ➜ lνqq: Event Selection
Selection:

Exactly one lepton (e or μ) with pT > 30 GeV
ET

miss > 30 GeV
Two high-pT jets (pT > 25 GeV) associated with a W

Reconstruct the Higgs mass: M(lνjj)
Search for a peak over continuous background

42

JONAS STRANDBERG

Sample Composition and Mass Plots
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H ➜ WW ➜ lνqq: Limit

mH = 400 GeV
Expected upper limit: ~5 times the SM cross section
Observed upper limit: 2.5 times the SM cross section

43

JONAS STRANDBERG

The H → WW → !νqq Exclusion Limit
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• The upper limit at mH = 400 GeV is 2.5 times the SM cross section.

– Expected limit for mH = 400 is ∼5 times the SM cross section.

The H → WW → !νqq Exclusion Limit 12. EPS, JULY 21, 2011
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• Even at reduced energy (factor 1/3 penalty w.r.t 14 TeV) 
LHC is a Higgs factory 

• L=5x1033 cm-2 s-1, a Higgs boson (MH ~120 GeV) produced 
every ~10 seconds 

• Other production processes important for exclusive final 
state searches 

The Higgs at LHC 
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H ➜ ZZ ➜ llqq

44

Useful for Higgs with mH > 2 ⨉ mZ

Acceptable signal/background ratio

mH = 200-600 GeV
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H ➜ ZZ ➜ llqq

Selection:
Same flavor pair of isolated leptons (pT > 30 GeV)

76 < mll < 106 GeV
Third lepton veto, ET

miss < 50 GeV

Two high-pT jets (pT > 25 GeV, |η| < 2.5)
70 < mjj < 105 GeV

Reconstruct the Higgs mass: M(lljj) -- with mjj scaled to mZ

Main background: QCD Z+ jets

45

2 b-tags

mH = 400 GeV
(⨉ 10)

mH = 400 GeV
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H ➜ ZZ ➜ llqq: Exclusion limit

mH = 360 GeV
Expected upper limit: ~2.7 ⨉ σ SM

Observed upper limit: 1.7 ⨉ σ SM
46
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H ➜ ZZ ➜ llνν

47

mH = 200-600 GeV

Most sensitive channel in the high-
mass region

Large branching fraction

Good separation from backgrounds

Main backgrounds:

Top and dibosons (irreducible)
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H ➜ ZZ ➜ llνν

Selection:
Same flavor OS pair of isolated leptons (pT > 30 GeV)

76 < mll < 106 GeV  (orthogonal to H ➞ WW ➞ lν lν)
Third lepton veto, b-jet veto

ET
miss > 66 (82) GeV -- depending on low- (high-) mass analysis

Topological cuts to suppress W/Z+jets QCD background

48

mH = 380 GeV

m
2
T ≡

[

√

m2
Z + |!p !!

T |2 +
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H ➜ ZZ ➜ llνν: Exclusion limit

A SM Higgs boson is excluded at 95% CL in the mass range:
340 GeV < mH < 450 GeV
Lowest expected limit (1.1 ⨉ σSM) at mH ~ 380 GeV

49
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H ➜ ZZ ➜ llll
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mH = 110-600 GeV

The Golden channel
Very clean but small rates

Usable in the full mass range

Analysis similar to SM ZZ

Lower lepton momenta

SM ZZ: irreducible background
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H ➜ ZZ ➜ llll: Event Selection

Event Selection
Two same flavor OS pair of isolated 
leptons
Invariant mass cuts

|m12 - mZ|< 15 GeV
m34 < 115 GeV and veto low mass 
pairs

For m4l < 190 GeV:
lepton impact parameter small

Backgrounds
ZZ and top from MC prediction

Uncertainty: 10-15%
Z+jets normalized to data using control 
regions

(no isolation/impact parameter)
Uncertainty: 20-40%

51

HZZ(*)4l 

Invariant mass leading (top) and 

sub-leading (bottom) lepton pair 

•  A total of 27 events are selected by the 
analysis algorithm: 6ee, 9eµ, 12µµ 

•  Expected: 28±4 

LP11 ‐ 8/22/11  29 A. Nisa/, Higgs searches in ATLAS 

ATLAS 

HZZ(*)4l 

Invariant mass leading (top) and 

sub-leading (bottom) lepton pair 

•  A total of 27 events are selected by the 
analysis algorithm: 6ee, 9eµ, 12µµ 

•  Expected: 28±4 

LP11 ‐ 8/22/11  29 A. Nisa/, Higgs searches in ATLAS 

ATLAS 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H ➜ ZZ ➜ llll: Limit

Limit very close to the SM cross section for a wide range of Higgs 
masses

Small region for MH ~ 210 GeV excluded at 95% C.L.
52

HZZ(*)4l- exclusion limits 

•  Very close the SM cross-section 

•  Some Higgs mass values already excluded around mH = 200 GeV 

LP11 ‐ 8/22/11  31 A. Nisa/, Higgs searches in ATLAS 

ATLAS 

Selected: 27 events (6ee, 9eμ, 12μμ)
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ATLAS SM Higgs Combination

53
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ATLAS SM Higgs Combination

54

Correlated uncertainties taken into account
Jet energy scale, luminosity, PDF, etc

Uncorrelated uncertainties:
Backgrounds estimated by data driven methods
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ATLAS Higgs Combination Result

55

Exclusion limits at 95% C.L.
146 < mH < 232 GeV

256 < mH < 282 GeV

296 < mH < 466 GeV

Exclusion at ~99% C.L.
160 < mH < 220 GeV

Exclusion > 99% C.L.
300 < mH < 420 GeV
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Improvements with Time

56
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Conclusions
ATLAS has analyzed up to 2.3 fb-1 of data to perform 
Higgs searches and study Standard Model diboson 
production

Excellent agreement with Standard Model predictions has been 
observed in all cross section measurements 
γγ, Wγ,Zγ, WW, WZ and ZZ

Data already allows for stringent constraints on the 
Standard Model Higgs boson production

Exclusion limits at 95% C.L.
146 < mH < 232 GeV
256 < mH < 282 GeV
296 < mH < 466 GeV

No significant excess observed
Largest excess of the order of 2.1σ

57
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Expected improvements and prospects
More data:

~ 4 fb-1 by end of 2011 and ~10 fb-1 by end of 2012

Refine understanding of detector response:
Alignment, calibration, comparison with simulation
Better performance, smaller systematic uncertainties and higher 
efficiency for rare channels

More precise measurements of SM processes
Additional contraints on MC generators

More sophisticated analyses:
Multivariant techniques
Additional discriminating variables (pT, angular distributions)

Exclusive channels (e.g. H ➞ ττ (VBF) ) 

58

Expectations: ATLAS + CMS  
(luminosity numbers per experiment)

4 fb-1: may exclude full region up to mH ~600 GeV (95% CL)
10 fb-1: 5σ discovery potential for mH > 117 GeV (may reach 114 GeV)
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Analyses Covered in this Talk

59

Higgs ℒ  
(fb-1)

Documentation

H → WW → l+ν l-ν

H → WW → lνqq

H → ZZ → l+l- l+l-

H → ZZ → l+l- νν

H → ZZ → l+l- qq

H → γγ

H → ττ → lτhad3ν

H → ττ → l+l-4ν

W/Z + (H → bb)

1.7 ATLAS-CONF-2011-134

1.04 arXiv: 1109.3615

2.0 - 2.3 --

1.04 arXiv:1109.3357

1.04 arXiv:1108.5064

1.08 arXiv: 1108.5895

1.06 ATLAS-CONF-2011-132

1.06 ATLAS-CONF-2011-133

1.04 ATLAS-CONF-2011-103

Dibosons ℒ  
(fb-1

Documentation

γγ

Wγ/Zγ

WW → l+ν l-ν

WZ → lllν

ZZ → l+l-l+l- 

0.037 arXiv: 1107.0581

0.035 arXiv: 1106.1592v2

1.02 ATLAS_CONF_2011_110

1.02 ATLAS_CONF_2011_099

1.02 ATLAS_CONF_2011_107
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Z→ττ and W→τν Cross Section

Excellent tau identification at ATLAS
Z→ττ cross section

W→τν cross section
Good prospects for new physics searches 
with taus

60

W → τν cross section results

σ(W → τν) = 11.1 ± 0.3(stat.)± 1.7(sys.)± 0.4(lumi.) nb

σtheory = 10.46 ± 0.52 nb at NNLO

) [nb]lν l →(W σ

6 7 8 9 10 11 12 13 14 15 16

τν τ →W  ATLAS

eν e →W  ATLAS

µν µ →W  ATLAS

 = 7 TeV)sData 2010 (
Stat uncertainty

 Stat ⊕Sys 
 Lumi⊕ Stat ⊕Sys 

Prediction (NNLO)
Theory uncertainty

 = 7 TeV)sData 2010 (
Stat uncertainty

 Stat ⊕Sys 
 Lumi⊕ Stat ⊕Sys 

Prediction (NNLO)
Theory uncertainty

ATLAS Preliminary

) [nb]lν l →(W σ

6 7 8 9 10 11 12 13 14 15 16

τν τ →W  ATLAS

eν e →W  ATLAS

µν µ →W  ATLAS

Dominant systematics

τh efficiency 10.3%

τh energy scale 8.0%

τh + MET trigger
efficiency 7.0%

luminosity 3.4%

acceptance 2.3%

Ryan Reece | Penn | ryan.reece@cern.ch | ATLAS W and Z cross sections | EPS-HEP 2011 27 / 31

Z → ττ cross section results

σcombined = 0.97 ± 0.07(stat.)± 0.07(sys.)± 0.03(lumi.) nb

σtheory = 0.96 ± 0.05 nb at NNLO

<116 GeV) [nb]inv ll, 66<m→(Z σ
0.6 0.8 1 1.2 1.4 1.6

-136pb
 combinedττ →Z 

-133-36pb
µµ ee/→Z 

hτ µτ

hτ eτ

µτ eτ

µτ µτ

Stat
 Stat ⊕Syst 

 Lumi⊕ Stat ⊕Syst 
Theory (NNLO)

Stat
 Stat ⊕Syst 

 Lumi⊕ Stat ⊕Syst 
Theory (NNLO)

ATLAS Preliminary

<116 GeV) [nb]inv ll, 66<m→(Z σ
0.6 0.8 1 1.2 1.4 1.6

-136pb
 combinedττ →Z 

-133-36pb
µµ ee/→Z 

hτ µτ

hτ eτ

µτ eτ

µτ µτ

Dominant systematics

τh energy scale 11%

τh efficiency 8.6%

µ efficiency 8.6%

e efficiency 3-10%

acceptance 3%

luminosity 3.4%

Ryan Reece | Penn | ryan.reece@cern.ch | ATLAS W and Z cross sections | EPS-HEP 2011 25 / 31
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Z → ττ → "τh with 730 pb-1

) [GeV]
h
τ,µ(vism

0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts
 / 

5 
G

eV

0

50

100

150

200

250

) [GeV]
h
τ,µ(vism

0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts
 / 

5 
G

eV

0

50

100

150

200

250 ATLAS Preliminary
-1dt L = 730 pb∫

 = 7 TeVs

After tight BDT ID

data
 (truth-matched)ττ→Z
 (non-truth-matched)ττ→Z
ν µ →W 

Multijet
µ µ →Z 

tt
ν τ →W 

We now have a substantial control sample of hadronic tau
decays.

More data-driven efforts in taus to come.

[13] ATL-COM-PHYS-2011-842
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H ➜ ττ ➜ ll+4ν: Exclusion limit

61
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H ➜ WW ➜ lνlν: Exclusion limits

62

0-jet channel 1-jet channel


