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Standard Model

LHC Diboson Physics - H. Yang 3

Based on SU(2)xU(1) 
symmetry; Gauge sector 
and matter sector are very 
successfully tested !   
But the Higgs sector which 
describes the electroweak 
symmetry breaking (EWSB) 
is totally dark. 

To find the mystery of EWSB 
is one of the major 
motivations for experimental 
high energy physics.

Focus on Di-boson 
productions (Wγ, Zγ, WW, 
WZ, ZZ) in this talk.
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Introduction - Diboson Physics
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Vector boson self-interactions are fundamental 
prediction of the Standard Model, resulting from the 
non-Abelian nature of the SUL(2)×U(1) gauge theory.

The measurement of vector boson pair production at 
LHC provides an important test of high energy 
behavior of electroweak interactions.

Measurements of diboson production cross sections 
(Wγ, Zγ, WW, WZ, ZZ) at LHC are important 
milestones for initial physics program. 

Diboson detection will be initially focused on W and Z 
leptonic decay modes.

Search for new physics  at LHC can be carried out 
through diboson final states as well as through 
probing of  the anomalous triple gauge boson 
couplings (TGCs).

LHC Diboson Physics - H. Yang
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New Physics Signatures with 
Diboson Final States

• WW lνlν ( signal: ll + MET): 
– Higgs WW (SM, MSSM)

– Graviton G WW (mSUGRA, ED)

– Z’ WW

• WZ lνll ( signal: tri-lepton + MET):
– pp (SUSY)

– ρT
± W± Z (Technicolor)

5LHC Diboson Physics - H. Yang
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New Physics Signatures with 
Diboson Final States

• ZZ llll, llνν:
– H ZZ (SM, MSSM)
– (GMSB)

• Wγ lνγ:
– ρT

±, aT
± W± γ (Technicolor)

– General GMSB (Wino-like neutralino)

• Zγ llγ:
– (Zγ+MET)  
– ωT Zγ (Technicolor  resonance)
– General GMSB (Bino-like neutralino)
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ZZ

H

Simulated H ZZ

LHC Diboson Physics - H. Yang



UM Seminar, April 4, 2011

Generic Search for New Particles 
with Diboson through VBF Process

• Vector-Boson Fusion (VBF) Process: qq qtag qtagV V (V = W, Z)
– Two vector bosons with two tagged jets in F/B regions
– Production rate ~ 2.5% of qq WW (Tim Barklow, WHIZARD with 

PDF MRST2004)

• An example of ATLAS sensitivity to a 850 GeV spin-zero 
resonance produced in VBF process (at 14 TeV).

LHC Diboson Physics - H. Yang 7
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Search for new physics through 
Anomalous TGCs with Diboson Events

LHC Diboson Physics - H. Yang 8

• Effective Lagrangian with charged/neutral triple-gauge-boson interactions

• The anomalous parameters: Δg1
Z, Δκz, λz, Δκγ, λγ , f4

Z, f5
Z, f4

γ, f5
γ , h3

Z, h4
Z, h3

γ, h4
γ

• Complementary studies through different Diboson channels (ŝ = M2
vv) 

Production ΔκZ, Δκγ term Δg1
Z term λZ, λγ term

WW grow as ŝ grow as ŝ½ grow as ŝ
WZ grow as ŝ½ grow as ŝ grow as ŝ
Wγ grow as ŝ½ --- grow as ŝ
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WW/ZZ Cross Sections from e+e- (LEP)
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CERN-PH-EP/2006-042

WW ZZ

LHC Diboson Physics - H. Yang
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Diboson Production at Tevatron

10

Process Cross-section (pb) Data (Experiment)

WW 12.1  ± 0.9
11.5  ± 2.2

3.6 fb-1 (CDF)
1.0 fb-1 (D0)

WZ 4.1  ± 0.7
3.9  + 1.1 (-0.9)

6.0 fb-1 (CDF)
4.1 fb-1 (D0)

ZZ 1.7  +  1.2 (– 0.7)
1.6  ± 0.65

6.0 fb-1 (CDF with llll)
2.7 fb-1 (D0 with llll and llνν)

Zγ 4.6  ± 0.5
4.96  ± 0.42

1.1 fb-1(eeγ), 2.0 fb-1(μμγ) (CDF)
1.1 fb-1 (D0)

Wγ 18.0  ± 2.8
14.8  ± 2.1

1.1 fb-1 (CDF)
0.16 fb-1 (D0)

http://www-cdf.fnal.gov/physics/ewk
http://www-d0.fnal.gov/Run2Physics/WWW/results/ew.htm

WZ and Wγ can only be produced from hadron colliders

LHC Diboson Physics - H. Yang
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Limits on Anomalous Couplings
λZ Δκz Δg1

z Δκγ λγ

WW (D0, 1.1fb-1) λZ = λγ Δκz = Δκγ [-0.14, 0.30] [-0.54, 0.83] [-0.14, 0.18]

WW (LEP) λZ = λγ Δκz = Δg1
Z - Δκγ

tan2θw

[-0.051,0.034] [-0.105,0.069] [-0.059,0.026]

WZ (D0, 4.1fb-1) [-0.075,0.093] [-0.376,0.686] [-0.053,0.156]

WZ (CDF, 1.9fb-1) [-0.14,0.15] [-0.81,1.29] [-0.14,0.25]

Wγ (D0, 0.7 fb-1) [-0.51,0.51] [-0.12,0.13]
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Λ = 1.2 TeV f4
Z f5

Z f4
γ f5

γ

ZZ (CDF, 1.9fb-1) [-0.12,0.12] [-0.13,0.12] [-0.10,0.10] [-0.11,0.11]
ZZ (D0, 1.1fb-1) [-0.28,0.28] [-0.31,0.29] [-0.26,0.26] [-0.30,0.28]
ZZ (LEP combined) [-0.30,0.30] [-0.34,0.38] [-0.17,0.19] [-0.32,0.36]

Λ = 1.5 TeV h3
Z h4

Z h3
γ h4

γ

Zγ (CDF, 5.0fb-1) [-0.017,0.0167] [-0.0006,0.0005] [-0.017,0.016] [-0.0006,0.0006]

Zγ (D0, 3.6fb-1) [-0.033,0.033] [-0.0017,0.0017] [-0.033,0.033] [-0.0017,0.0017]

Zγ (LEP combined) [-0.30,0.30] [-0.34,0.38] [-0.17,0.19] [-0.32,0.36]

LHC Diboson Physics - H. Yang
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Diboson Production Cross Sections
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SM 
cross 

section

Tevatron
(ppbar,1.96 
TeV, pb)

LHC
(pp,7TeV, 

pb)

LHC
(pp,14 TeV, 

pb)

WW 12.4 44.9 111.6
WZ 3.7 18.5 47.8
ZZ 1.4 6.0 14.8
Wγ 19.3* 69.0# 120.1#

Zγ 4.7* 13.8# 28.8#

(∗)  ET
γ > 7 GeV and ΔR(l,γ) > 0.7, for W/Z e/μ decay channels only

Diboson production rates at LHC (7 TeV) are ~3-5 times of Tevatron

√s at LHC is higher than Tevatron (3.5x-7x) which greatly enhances the 
detection sensitivity to anomalous triple-gauge-boson couplings

LHC Diboson Physics - H. Yang

(#)  ET
γ > 10 GeV and ΔR(l,γ) > 0.7, for W/Z e/μ decay channels only
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ATLAS Detector

LHC Diboson Physics - H. Yang 13
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ATLAS Muon Precision Chambers

LHC Diboson Physics - H. Yang 14

University of Michigan ATLAS 
group was heavily involved in 

construction and 
commissioning of Monitored 
Drift Tube (MDT) chambers
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Integrated Luminosity (2010-present) 

Peak luminosity is 2.52×1032 cm-2s-1

Data taking efficiency ~93.6%
Luminosity uncertainty in 2010: 
11% 3.4%(ATLAS-CONF-2011-011)

LHC restarted 7 TeV stable 
beam Collision on 03/13/2011

ATLAS data-taking 
efficiency is 94.5%

1.15*1011 protons/bunch, 
max 138 bunches, 
pileup: up to 10 / crossing

25.9 pb-1 data delivered in
the first two weeks this year

LHC is expected to deliver 
1-3 fb-1 in 2011

15LHC Diboson Physics - H. Yang
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ATLAS SM Physics Program in 2010

LHC Diboson Physics - H. Yang 16
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Diboson Physics Studies at LHC

• LHC 7 TeV collision data collection started on Mar. 30, 
2010 and finished on Nov. 2, 2010. LHC restarted 7 TeV
collision  on Mar. 13, 2011.

• Measurements of Diboson production cross sections and 
anomalous couplings for Wγ, Zγ and WW.

• The main objects of Diboson final states include electron, 
muon, photon, hadronic jet and missing transverse 
energy which are well studied using initial LHC data.

• Clear experimental signature of diboson events are 
observed and measured by both experiments.

17LHC Diboson Physics - H. Yang
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Electron Identification and Measurements

18LHC Diboson Physics - H. Yang

rejection γ e

rejection h e

Different electron identification flavors:
Loose

acceptance, minimum track quality, EM shower width

Medium
strip layer info, Efrac, lateral shower size
pixel+sct hits, d0, fiducial b‐layer, cluster‐track matching

Tight
hadronic leakage, 3x7/7x7 cell energy ratio
E/p, inner pixel layer hits(nBL), TRT high threshold hits
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Muon Identification and Measurements

19LHC Diboson Physics - H. Yang

ATLAS muon reconstruction / Identification
Inner Detector Tracker (ID)
Muon Spectrometer (MS)

MS standalone
ID + segment tagged
ID + calorimeter tagged
ID + MS combined

ID + MS Combined Muons
Statistical combination of ID and MS tracks
Complete track refit

CMS

M(J/ψ) = 3.095 ± 0.003 GeV
PDG: M(J/ψ) = 3.09692 GeV
σJ/ψ = 65 ± 1 MeV
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Determine Lepton, ID and Isolation Efficiencies

20

Muon Spectrometer Tracking Efficiency 

Isolation Efficiency Inner Detector Tracking Efficiency

Z ll Tag-Probe  
Efficiency Ratio (Data/MC) > 0.98  

LHC Diboson Physics - H. Yang
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Z μ+μ− Tag-Probe Efficiency

LHC Diboson Physics - H. Yang 21

MS Efficiency
Data (93.2±0.17)%
MC (94.8±0.03)%

ID Efficiency
Data (99.0±0.07)%
MC (99.2±0.01)%

Isolation Efficiency
Data (99.3±0.06)%
MC (99.4±0.01)%
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Missing ET Construction and Measurement

LHC Diboson Physics - H. Yang 22

Cells with |Ecell| > 4σnoise seed the cluster
Neighboring cells with |Ecell| > 2σnoise added iteratively
Single layer of neighboring cells added
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Jet Measurement

LHC Diboson Physics - H. Yang 23
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W/Z Cross Sections Measurement

LHC Diboson Physics - H. Yang 24

Ref: ATLAS-CONF-2011-041
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WW Production

• Motivations:
– Test electro-weak theory at the high energy frontier
– Search for new physics with anomalous couplings
– Dominant background to H WW search

• Signature (leptonic decay channels, WW l+l- + ET
miss ):

– Two opposite-sign charge leptons (e, μ)
– Large Missing Transverse Energy (MET)

LHC Diboson Physics - H. Yang 25

MC@NLO /HERWIG/Jimmy
σWW = 43.15 ± 2.2 pb (using CTEQ6.6 PDF)
σWW = 44.76 ± 2.4 pb (using MSTW2008 PDF)

gg2ww/HERWIG/Jimmy
σgg2WW l ν l ν = 1.3 pb
∼3% of  WW production
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Major l+l- +ET
miss Background 

LHC Diboson Physics - H. Yang 26

o W+jets
– W leptonic decay produces a high PT charged lepton and large 

missing ET.
– Associated jets can fake a second charged lepton.
• Suppressed by lepton identification.

o Drell-Yan
– high PT charged lepton pairs produced from leptonic decays of 

Drell-Yan bosons.
– Missing ET either from mis-measurement of leptons or of 

associated jets, or from Z ττ.
• Reduced by Z mass veto and missing ET cut.

o Top
– WW pairs produced in tt or single top processes. 
• Rejected by vetoing on high-PT jets.

o Di-boson (WZ,ZZ,W/Z+γ)
– Leptons from boson decays or faked by photons.
– Missing ET from neutrino production or e/μ escape.
• Suppressed by the  criteria mentioned above plus the 

requirement of exactly two high PT charged leptons.

W+Jets

Drell-Yan

Top
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WW Event Selections

LHC Diboson Physics - H. Yang 27
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Relative Missing Energy (MET_Rel)

LHC Diboson Physics - H. Yang 28

• The remaining Drell-Yan after the Z 
mass veto can be effectively 
removed by cutting on MET_Rel .

• less sensitive to mis-measured leptons or jets 
• higher sensitivity to real Et

miss from neutrinos.
• Better signal-background ratio
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Jet veto and Efficiency Correction

LHC Diboson Physics - H. Yang 29

Most of the top background can 
be removed by Jet veto (Njets= 0)

A data vs MC comparison from 
Z (high statistics, low background) 
is used to derive a correction of jet 
veto efficiency for WW.

Includes effects from ISR, 
underlying events and jet energy 
scale

Systematics are based on MC 
generator level study of Drell-Yan 
and WW production.

Jet Veto correction is: 
0.966±0.06 (syst)
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WW Signal Acceptance

LHC Diboson Physics - H. Yang 30

• The numbers are normalized to the data integrated 
luminosity of 35 pb-1 using the SM W+W- cross-sections.

• All MC efficiency correction factors (εdata/εMC ) have 
been applied.

• Overall systematic acceptance uncertainty: 7.4%
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Acceptance Uncertainty

LHC Diboson Physics - H. Yang 31

The overall systematic uncertainty on the combined 
(ee,μμ,eμ) W+W- selection acceptance is 7.4%.
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W+Jets Background Estimation
• Data driven method to estimate W + Jets

– Define a fake factor f : the ratio of the number of jets satisfying the full lepton 
identification to those satisfying the jet-rich lepton selection

– The W+jet background to WW is calculated by scaling the number of events in 
the W+jet control sample ( Nlepton ID + Jet-Rich ID ) by the fake factor f

LHC Diboson Physics - H. Yang 32

Determined using di-jet sample in data
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WW Observation and MC Expectation

LHC Diboson Physics - H. Yang 33

• Nobserved = 8, Nsignal = 7.4 ± 1.1,  Nbackground = 1.7 ± 0.6
• Probability for the total background 1.7 ± 0.6 to fluctuate 

to 8 or more events is1.4x10-3

Signal observation significance: 3σ
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Kinematic Distributions of WW Candidates

LHC Diboson Physics - H. Yang 34



UM Seminar, April 4, 2011

WW Cross Section

LHC Diboson Physics - H. Yang 35

Ref: ATLAS-CONF-2011-015
CMS-EWK-10-009 (arXiv:1102.5429)

CMS Results: 13 data, 10.2 WW and 3.3 background
σWW = 41.1 ±15.3(stat) ± 5.8(syst) ± 4.5(lumi) pb

Fmin+0.5

• The W+W- production cross-section is determined using the  maximum 
log-likelihood method. The likelihood function based on Poission
statistics is constructed as 
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Probing the Anomalous TGCs

HISZ scenario (two free parameters)

LHC Diboson Physics - H. Yang 36

Equal couplings (two parameters)

LEP scenario (three free parameters)
Three different constraints:

(Ref: Baur, Han, Ohnemus, Phys. Rev. D53, 1098, 1996) 

To probe the anomalous couplings we need a model of the 
kinematic distributions for various couplings.  We use
NLO generators:  

MC@NLO produces events that are fully simulated in ATLAS
BHO MC (CTEQ6M) is used to generate events with 
anomalous couplings. MC@NLO agrees with BHO.

Reweighting:
Using kinematic distributions from BHO, we reweight 
the fully simulated MC@NLO events to produce 
expected distributions for anomalous couplings.   
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Anomalous TGCs Reweighting Method
Ref: V.M. Abazov et al. (D0), Phys. Rev. D80, 053012 (2009)

LHC Diboson Physics - H. Yang 37

• Basic idea: differential cross section has quadratic dependence on 
anomalous TGCs, X is a set of kinematic distributions:

• LEP parameterization (eg.):

• Method based on nine anomalous TGCs points:
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Binned Likelihood Function
Assuming  systematic uncertainties of luminosity (σc=11%), signal 

(σs=9%) and background (σb=32%) are Gaussian and uncorrelated, we 
convolve three Gaussian distributions with a Poisson distribution to form a 
binned likelihood function.  

Ns is expected signal events 
which depends on reweighting 
function R (as a function of the
anomalous couplings).

LHC Diboson Physics - H. Yang 38

Lepton PT
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95% C.L. Limits of Anomalous TGCs
using PT

l1 for Reweighting and Fit

LHC Diboson Physics - H. Yang 39

Using three-bin fit of the PT
l1  distribution gives better 

sensitivities on the anomalous TGC parameter limits 

Unbinned fit

3‐bin fit
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Limits on the Anomalous TGCs
• Using constraints of LEP scenario, the limits of the 

anomalous TGCs using leading lepton PT for reweighting and 
log-likelihood function fit are:
ATLAS: −0.31 < λZ < 0.31, −0.29 < Δg1

Z < 0.35, −0.36 < ΔκZ < 0.34

CMS(HISZ):   −0.19 < λZ < 0.19, −0.29 < Δg1
Z < 0.31, −0.61 < Δκγ < 0.65

LHC Diboson Physics - H. Yang 40

Ref: CMS-EWK-10-009 (arXiv:1102.5429)

95% C.L.68% C.L.
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Wγ and Zγ Productions

• Motivations: 
– First Wγ and Zγ cross section measurements at 7 TeV
– Test Electroweak model, sensitive to anomalous TGCs

• Signatures (in leptonic decay channels):
– W candidate: ET

l > 20 GeV, MET > 25 GeV, MT
W > 40 TeV

– Z candidate: ET
l > 20 GeV, Mll > 40 GeV

– Isolated γ: ET
γ > 15 GeV, ET

Iso < 5 GeV, ΔR(l,γ)>0.7

LHC Diboson Physics - H. Yang 41



UM Seminar, April 4, 2011

Wγ and Zγ Event Selections

LHC Diboson Physics - H. Yang 42

Wγ

Zγ
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Zγ (ISR vs FSR)

LHC Diboson Physics - H. Yang 43
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Wγ and Zγ Cross Sections
Ref: ATLAS-CONF-2011-013

LHC Diboson Physics - H. Yang 44
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Limits on Anomalous TGCs
• CMS Results (CMS-EWK-10-008):

σ(pp Wγ) = 55.9±5.0(stat)±5.0(stat)±6.1(lumi)
σ(pp Zγ) = 9.3±1.0(stat)±0.6(stat)±1.0(lumi)

– For ET
γ>10 GeV, ΔR(l,γ)>0.7

LHC Diboson Physics - H. Yang 45

γWW vertex
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WZ lν ll Observation 

LHC Diboson Physics - H. Yang 46

WZ Leptonic Channels Inclusive μμμ μμe μee eee

Exact 3 leptons 8 4 2 0 2

|Mll – MZ|<20 GeV 4 2 1 0 1

Pt(3rd lep.)> 20 GeV 3 2 1 0 0

Mt(3rd lep., MET)>20 GeV 3 2 1 0 0

MET > 20 GeV 3 2 1 0 0

Motivation: 
- Test Electroweak model
- WZ cross section measurement
- Sensitive to ZWW coupling

Signature:  three leptons + MET
Major backgrounds:

ZZ llll one lepton escape the detection 
tt ll + X     non-isolated lep. from b decay
Z+X ll+X jet / γ fake lepton

35 pb-1 int. lumi.
ATLAS Data:        
3 candidates
MC Expectations:

WZ signal : 1.4
Bkgd: 0.14
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The First Golden ZZ μ+μ−μ+μ−

candidate in CMS

47

Muons transverse momenta
are 48.1, 43.4, 25.9, 19.6 GeV

Two pairs of opposite sign 
muons separately have invariant 
masses around Z mass: 
92.1 and 92.2 GeV.

The invariant mass of the 
4 muons is 201.7 GeV.

The expected ZZ 4l rate is 
0.19 for 35 pb-1

LHC Diboson Physics - H. Yang
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Prospect in 2011-2012
• LHC is expected to deliver ~ 5 fb-1 in 2011-2012
• The estimated Diboson events (leptonic channels) are:

► ~19300 W γ lνγ with   ~ 7950 background events
► ~  5820 Z γ llγ with   ~ 1020 background events
► ~  1050 WW lνlν with   ~   240 background events
► ~    200 WZ  lνll with   ~     20 background events
► ~      27 Z Z  llll with   ~       2 background events

• Multivariate analysis techniques (ANN, BDT etc.) will be applied to 
improve signal acceptance and to reduce background contamination.

• Precision measurements of all Diboson cross sections
• Sensitivity to the anomalous couplings at a level of O(10-2).

• For vector-boson-fusion WW, we expect to observe about 26 
WW lνlν events associated with two tagged jets in the forward 
and backward regions. 

LHC Diboson Physics - H. Yang 48
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Higgs Discovery Potential Through 
Diboson Final States (γγ, WW, ZZ)

LHC Diboson Physics - H. Yang 49

For  about 3 fb−1 integrated luminosity, we can observe a 3σ evidence for 
Higgs mass greater than 130 GeV if the Higgs boson exists in this range.

Ref: ATL-PHYS-PUB-2011-001
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Backup Slides

LHC Diboson Physics - H. Yang 50
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Photons

51LHC Diboson Physics - H. Yang

ATLAS Preliminary
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Higgs Discovery Potential

LHC Diboson Physics - H. Yang 52

Ref: ATLAS-CONF-2011-005
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Higgs Discovery Potential

LHC Diboson Physics - H. Yang 53
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Higgs Discovery Potential

LHC Diboson Physics - H. Yang 54
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Higgs Discovery Potential

LHC Diboson Physics - H. Yang 55
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Higgs Discovery Potential

LHC Diboson Physics - H. Yang 56
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Higgs Discovery Potential

LHC Diboson Physics - H. Yang 57
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Data, Trigger, Physics Objects 

Primary vertex:
Vertex with max. sum track pT

2

Ntrack > = 3 (with pT > 150 MeV)
Two leptons from primary vertex
MC pile-up reweighted to reproduce data

Trigger:
Single e with ET > 15 GeV
Single m with pT > 13 GeV
Efficiency plateau ET(pT) > 20 GeV
Dilepton ε(data)/ε(MC)  = 1.0 (σsyst < 0.1%)

‘RobusterTight’ electron
ET > 20 GeV; |η| < 2.5, (remove [1.37--1.52])
Isolation: Sum ET

i
Cone=0.3 < 6 GeV

d0/σd0 < 10; |z0| < 10 mm
ε(data)/ε(MC) = 0.97 (with σsyst ~ 5.3%)

‘Combined’ Muon:
pT > 20  GeV;  |η| < 2.4
pT

MS > 10 GeV; | (pT
MS – pT

ID)/ pT
ID | < 0.5

Isolation: (Sum pT
i
Cone=0.2)/ pT

μ< 0.1
d0/σd0 < 10; |z0| < 10 mm
ε(data)/ε(MC) = 0.98 (with σsyst ~ 1.0%)

Jet:
Anti-Kt, R = 0.4;   |η| < 3.0;  pT > 20 GeV
Discarded if ΔR (jet, electron) < 0.2
Jet veto SF = 0.97 (with σsyst ~ 6.0%)

ET
miss:

MET_LocHadTopo (|η|<4.5), account for μ’s

GRL (35.2 pb-1)
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Inclusive W ℓν cross section

Standard Model predictions including NNLO order QCD corrections σNNLO
tot = 10.46 ± 0.52 [nb]

σtot × BR (W lν) 35pb-1

W eν 10.551 ± 0.032 (stat) ± 0.300 (sys) ± 0.359 (lumi) ± 0.316 (acc) 
[nb]

W μν 10.322 ± 0.030 (stat) ± 0.249 (sys) ± 0.377 (lumi) ± 0.310(acc) 
[nb]

W lν 10.391 ± 0.022 (stat) ± 0.238 (sys) ± 0.353 (lumi) ± 0.312(acc) 
[nb]

ATLAS-CONF-2011-041

JHEP 12 (2010) 060

ATLAS

Tevatron



UM Seminar, April 4, 2011 Monday, April 04, 2011

60

Inclusive Z/γ* ll cross section

Standard Model predictions including NNLO order QCD corrections σNNLO
tot = 0.96 ± 0.05 [nb]

σtot × BR(Z ll), 66 GeV< M(ll)< 116 GeV 35pb-1

Z ee Central 0.972 ± 0.010 (stat) ± 0.034 (sys) ± 0.033 (lumi) ± 0.038 (acc) [nb]
Forward 0.903 ± 0.022 (stat) ± 0.087 (sys) ± 0.033 (lumi) ± 0.035 (acc) [nb]

Z μμ 0.941 ± 0.008 (stat) ± 0.011 (sys) ± 0.032 (lumi) ± 0.037 (acc)[nb]

Z ll 0.945 ± 0.006 (stat) ± 0.011 (sys) ± 0.032 (lumi) ± 0.038 (acc)[nb]

ATLAS-CONF-2011-041

JHEP 12 (2010) 060
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Methods to Determine 95% C.L. 
Limits

• Log-likelihood 
Function (Fmin + 1.92)

H. Yang - Anomalous TGC 
Limits
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• Bayesian Estimator

-0.35 < ΔκZ < 0.42 -0.33 < ΔκZ < 0.39

95% C.L. Limits determined from 
two methods are consistent.
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Expected Diboson Detection 
Sensitivities at LHC
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ATLAS Collab., arXiv:0901.0512v4, CERN-OPEN-2008-020 (2009)
Summary of Diboson signal, backgrounds and sensitivities for 1 fb-1 at 14 TeV

( Include 20% systematic error for significance estimation) 

LHC Diboson Physics - H. Yang
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Anomalous TGCs in WW Analysis
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“Standard” assumption:
λZ = λγ , ΔκZ = Δκγ (3 

parameters)

LHC Diboson Physics - H. Yang

ATLAS Collab., arXiv:0901.0512v4, CERN-OPEN-2008-020 (2009)
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Anomalous TGCs in WZ Analysis
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Cutoff Λ = 2 TeV Δκz λZ Δg1
z

WZ (D0, 4.1fb-1) [-0.376,0.686] [-0.075,0.093] [-0.053,0.156]

WZ (CDF, 1.9fb-1) [-0.81,1.29] [-0.14,0.15] [-0.14,0.25]

The sensitivity of anomalous TGCs from WZ production at LHC using 
0.1 fb-1 integrated luminosity is comparable to that from Tevatron.

ATLAS Collab., arXiv:0901.0512v4, CERN-OPEN-2008-020 (2009)

LHC Diboson Physics - H. Yang
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Anomalous TGCs in ZZ Analysis
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Λ = 1.2 TeV f4
Z f5

Z f4
γ f5

γ

ZZ (CDF, 1.9fb-1) [-0.12,0.12] [-0.13,0.12] [-0.10,0.10] [-0.11,0.11]
ZZ (D0, 1.1fb-1) [-0.28,0.28] [-0.31,0.29] [-0.26,0.26] [-0.30,0.28]
ZZ (LEP combined) [-0.30,0.30] [-0.34,0.38] [-0.17,0.19] [-0.32,0.36]

About one order of magnitude improvement of sensitivity to anomalous TGCs
at LHC using 1 fb-1 integrated luminosity compared with Tevatron and LEP.

ATLAS Collab., arXiv:0901.0512v4, CERN-OPEN-2008-020 (2009)

LHC Diboson Physics - H. Yang
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Two General Purpose Experiments at LHC 

LHC Diboson Physics - H. Yang 66

Length  : ~45 m 
Diameter  : ~24 m 
Weight : ~ 7,000 tons
Electronic channels : ~ 108

Solenoid : 2 T
Air-core toroids

Length  : ~22 m 
Diameter  :  ~14 m 
Weight : ~ 12,500 tons
Solenoid : 4 T
Fe yoke 
Compact and modular

ATLAS CMS
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Particle Detection in the ATLAS

LHC Diboson Physics - H. Yang 67

Muon Spectrometer:
muon trigger and tracking

Hadronic calorimeter:
trigger, measurement of 

jets and ET
miss

Electromagnetic calo:
e/γ trigger, identification 

and measurement

Tracking system:
precise tracking, vertexing

and e/π separation



UM Seminar, April 4, 2011

Large Hadron Collider (LHC)

LHC Diboson Physics - H. Yang 68

Proton-Proton collider
Design beam energy 7TeV
Number of particles 

per bunch
1.15 × 1011

Number of bunches 2808
Bunch length 7.55cm

Norminal Luminosity 1034cm-2s-1

Main goals: Search for the Standard Model Higgs boson and   
search for New Physics (NP) beyond the Standard Model


	Diboson Physics at LHC
	Outline
	Standard Model
	Introduction - Diboson Physics
	New Physics Signatures with �Diboson Final States
	New Physics Signatures with �Diboson Final States
	Generic Search for New Particles �with Diboson through VBF Process
	Search for new physics through �Anomalous TGCs with Diboson Events
	WW/ZZ Cross Sections from e+e- (LEP)
	Diboson Production at Tevatron
	Limits on Anomalous Couplings
	Diboson Production Cross Sections
	ATLAS Detector
	ATLAS Muon Precision Chambers
	Integrated Luminosity (2010-present) 
	ATLAS SM Physics Program in 2010
	Diboson Physics Studies at LHC
	Electron Identification and Measurements
	Muon Identification and Measurements
	Determine Lepton, ID and Isolation Efficiencies
	Zm+m- Tag-Probe Efficiency
	Missing ET Construction and Measurement
	Jet Measurement
	W/Z Cross Sections Measurement
	WW Production
	Major l+l- +ETmiss Background 
	WW Event Selections
	Relative Missing Energy (MET_Rel)
	Jet veto and Efficiency Correction
	WW Signal Acceptance
	Acceptance Uncertainty
	W+Jets Background Estimation
	WW Observation and MC Expectation
	Kinematic Distributions of WW Candidates
	WW Cross Section
	Probing the Anomalous TGCs
	Anomalous TGCs Reweighting Method
	Binned Likelihood Function
	95% C.L. Limits of Anomalous TGCs using PTl1 for Reweighting and Fit
	Limits on the Anomalous TGCs 
	Wg and Zg Productions
	Wg and Zg Event Selections
	Zg (ISR vs FSR)
	Wg and Zg Cross Sections
	Limits on Anomalous TGCs
	WZ  ln ll Observation 
	The First Golden ZZ m+m-m+m- �candidate in CMS
	Prospect in 2011-2012
	Higgs Discovery Potential Through Diboson Final States (gg, WW, ZZ)
	Backup Slides
	Photons
	Higgs Discovery Potential
	Higgs Discovery Potential
	Higgs Discovery Potential
	Higgs Discovery Potential
	Higgs Discovery Potential
	Higgs Discovery Potential
	Data, Trigger, Physics Objects 
	Inclusive W  ℓν cross section
	Inclusive Z/*ll cross section
	Methods to Determine 95% C.L. Limits
	Expected Diboson Detection Sensitivities at LHC
	Anomalous TGCs in WW Analysis
	Anomalous TGCs in WZ Analysis
	Anomalous TGCs in ZZ Analysis
	Two General Purpose Experiments at LHC 
	Particle Detection in the ATLAS
	Large Hadron Collider (LHC)

