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Di-boson processes !
important tests of the Electroweak (EW) 
Sector of the Standard Model (SM) at high 
energy regimes!
sensitivity to new heavy particles!
irreducible background to Higgs 
measurements

Anomalous Triple/Quartic Gauge Couplings 
(aTGC/aQGC) !

self-couplings fundamental predictions of 
the SM!
probe for new physics through deviations 
of measured cross sections from 
predictions 

March 5, 2015

Di-boson physics overview
• Diboson production cross-section 

measurements  
• High energy test of Standard Model (SM) 

predictions at TeV scale 

• Irreducible background to Higgs 

• Sensitivity to new heavy particles decaying 
to diboson 

• Anomalous Triple/Quartic Gauge 
Couplings (aTGCs,aQGCs)  
• Vector boson self-couplings fundamental 

prediction of the Electroweak Sector of the 
SM 

• Probe to new physics through deviations of 
measured cross sections from predictions 
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QCD and V+jets measurements:  
see Kristof Schmieden’s talk!

Physics motivation



Measurement of di-boson processes 
involving combinations of W, Z and γ!

W/Zγ, ZZ, WZ, W±W∓, W±W± 

March 5, 2015

Di-boson production at the LHC
• Measurement of di-boson 

processes involving combinations 
of W, Z and ɣ 
• W

±
W
∓

, WZ, ZZ, W/Zɣ , W
±
W

± 

• Measured mainly through their 
leptonic final states 
• Advantage: relatively low backgrounds 

• Disadvantage: low Branching Ratios 

• BR(W→lν) = 0.108, BR (Z→ll) = 0.03366  

• Small cross sections O(1-100pb) 

• Gluon contribution up to ~10% 
depending on the channel
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Measured mainly through their leptonic 
final states!

Relatively low backgrounds!
Low branching ratios !

• BR(W→lv) = 0.108, BR(Z→ll) = 0.03366

Small cross sections O(1-100pb)

Gluon contribution up to ~10% 
depending on the channel
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Di-boson production at the LHC



Z bosons!
Invariant mass in windows around the Z pole!

!
W bosons!

Large missing E
• Calculated from jets, leptons and calorimetric clusters !
Transverse mass selection

Leptons and photons!
High-pT isolated electrons/muons and photons
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Signatures



W bosons!
Large missing E

• Calculated from jets, leptons and calorimetric clusters !
Transverse mass selection

Leptons and photons!
High-p

Z bosons!
Invariant mass in windows around the Z pole!
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Signatures



muons

Signatures

electronsexample of high-pT 
isolated leptons

Example of ZZ→2e2μ candidate 



W bosons!
Large missing ET to account for the neutrino!

• Calculated from jets, leptons and calorimetric clusters !
Transverse mass selection

Leptons and photons!
High-p

Z bosons!
Invariant mass in windows around the Z pole!
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Signatures



example of high-pT 
isolated leptons and 

missing ET



V + jets characteristics:!
High-pT leptons from boson decays!
Leptons from heavy flavor decays!
Jets misidentified as leptons/photons!
Particles outside the detector acceptance

Estimated with data driven methods

ttbar and single top characteristics:!
Prompt isolated leptons from W decays!
Large missing ET

Di-boson processes!
Background to each other

Estimated from MC

Chapter 5: ZZ and ZZ⇥ analysis at 7 TeV 89

5.5.1 Data-driven method2151

Processes such as Z+jets, Z+�, W+W�+jets and tt̄ may result to two prompt,2152

isolated leptons from vector-boson decay and to two fake leptons. Those fake leptons can be2153

muons from in-flight decays of pions and kaons, hadrons that punch-through the calorimeter2154

and reach the MS, electrons from photon conversions or heavy-flavour semileptonic decays2155

(b or c), e.g. as in the case of Z+jets which is the largest contribution of all. W±Z+jets2156

may result to three isolated leptons and one fake lepton. W+jets result to one isolated2157

lepton and 3 fake. Examples are illustrated in Fig. 5.6. Leptons that originate from vector2158

boson decays are denoted true leptons (T) and leptons that fall into the category described2159

above are denoted as fake leptons (F).2160

Figure 5.6: Z+jets and tt̄ background processes. The two leptons can be associated to a Z
and such events can be counted as events with two true leptons and two fake leptons.

In a background process which mimics the four-lepton final state, as for example2161

Z+jets, as already discussed, two types of leptons can be defined; true leptons (T), and fake2162

leptons (F). Assuming that the background originates from events with two fake leptons or2163

one fake lepton, the number of background events can be expressed as:2164

N background
LLLL =

NTTTF�

i

fi +
NTTFF�

i

f ⌅
if

⌅⌅
i (5.4)

where f is the probability of the fake leptons to pass the lepton selection requirements.2165

Equation 5.4 leads to the number of events with fake leptons that constitute the background2166

to the ⇧⇧⇧
�
⇧
�
signal (Eq. 5.5)2167

N background
LLLL = NTTTF � f +NTTFF � f2 (5.5)

where it is assumed that f is the same for all leptons. Since the origin of the lepton is2168
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Backgrounds



“Cut and Count” analysis: observed events!

Background estimation !

Measurement of fiducial cross section!
In a phase space defined by the detector’s 
acceptance and our selection requirements

N
obs

= N
sig

+N
bkg

Nsig = L · �fid · C

Nbkg

�
fid

=
N

obs

�N
bkg

C ·
R
Ldt

�
tot

=
N

obs

�N
bkg

A · C ·BR ·
R
Ldt

Extrapolate to total phase space

A =
Nfid

MC,gen

N tot

MC,gen

C =
NSelected

MC,reco

Nfid

MC,gen

Optionally provide differential cross 
sections in fiducial volumes
Distributions “unfolded” from detector effects

10

How do we measure cross sections?



Phys. Rev. D 87, 112003 (2013)

Backgrounds!
W/γ+jets for the l± γ!
Z+jets for the l± l∓ γ!
Z/γ+jets, W→ev for the γ 

Measured final states !
l± γ,	 l±	 l∓	 γ,	 γ	 (l:e,μ)

Dominant systematic uncertainties!
Photon ID, jet/EM energy scale and 
resolution and background normalization

l± γ l±l∓γ 11

Zγ/Wγ production

ΔR (l, γ) > 0.7 to suppress FSR !
jet-veto pT > 30 GeV for exclusive 
measurements 

} data driven!
 estimate

isolated high-pT lepton, isolated high-pT 

photon and ETmiss + Z-veto
isolated high-pT leptons with Mll > 40 GeV 
and isolated high-pT photon

l± γ

l±l∓γ

isolated high-ET photon and ETmiss 



Fair agreement for Zγ

Inclusive Wγ measurement above NLO theoretical 
prediction (MCFM) by 1-2σ!
Worse discrepancy at high ETγ and jet multiplicity

Wγ Zγ

Phys. Rev. D 87, 112003 (2013)
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Zγ/Wγ production

Measurement [pb] Theory (MCFM) [pb]
2.77±0.03(stat)±0.33(syst)±0.14(lumi) 1.96±0.17

1.31±0.02(stat)±0.11(syst)±0.05(lumi) 1.18±0.05

0.133±0.013(stat)±0.020(syst)±0.005(lumi) 0.156±0.012

Wγ→lvγ
Zγ→llγ
Zγ→vvγ



New NNLO QCD corrections have sizable effect; 

provide better agreement with the measurement!

Corrections for Wγ: ~ 19% - 26%!

Corrections for Ζγ: ~ 8% - 18%

•arXiv: 1504.01330v1 [hep-ph]!
•arXiv: 1407.1618v1 [hep-ph]!
•Phys. Lett. B731 (2014) 204

Phys. Rev. D 87, 112003 (2013)
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Zγ/Wγ production

LO [pb] NLO [pb] NNLO [pb] Measurement [pb]

1.31±0.02(stat)±0.11(syst)±0.05(lumi)

2.058±6.8% 2.453±4.1% 2.77±0.03(stat)±0.33(syst)±0.14(lumi)

σZγ→llγ

σWγ→lvγ

Figure 8: Photon transverse momentum distribution in the inclusive (left) and exclusive case
(right) at NLO (red, dashed) and NNLO (green, solid) compared to ATLAS data. The lower panel
shows the data/theory ratio. In the upper panel, only experimental uncertainties are shown. The
lower panel also shows theoretical uncertainty estimates from scale variations.

tainties are large, the agreement between data and theory is clearly improved when including the
NNLO corrections, in particular if no veto on jets is applied.

Figure 9 shows the Wγ cross section differential in the transverse mass of the ℓνℓγ system,
normalized by the total fiducial cross section at the respective order. The transverse mass is
defined here as

(

mℓνγ
T

)2
=

(

√

m2
ℓγ +

∣

∣p⃗ γ
T + p⃗ ℓ

T

∣

∣

2
+ Emiss

T

)2

−
∣

∣

∣
p⃗ γ
T + p⃗ ℓ

T + E⃗miss
T

∣

∣

∣

2
. (6)

The calculation is done with the hard photon transverse-momentum cut pγT > 40GeV. The
corresponding fiducial cross sections at LO, NLO, and NNLO are reported in Table 8. The impact
of QCD radiative corrections is 242–260% and 26% at NLO and NNLO, respectively. In Figure 9,
due to the normalization, the large overall corrections mostly cancel out, in particular at high
transverse mass, and we observe only a slightly improved agreement with data when going from
NLO to NNLO.

The increased relative impact of NLO and NNLO corrections when a harder pγT cut (pγT >
40GeV) is applied can, in analogy to the Zγ case (see Section 3.3), be better understood by
studying the transverse-mass distributions with the soft and hard pγT cut in more detail. The
corresponding plots with a finer binning are shown in Figure 10. When pγT > 15 GeV, for Born
kinematics the transverse mass has a lower bound at about mℓνγ

T ! 75GeV, i.e. below the W →
ℓνℓγ peak. When the photon transverse-momentum cut is increased to 40 GeV, the lower bound
increases to mℓνγ

T ! 100GeV, and the W → ℓνℓγ peak is only populated by real emissions starting
from the NLO, leading to large corrections in the region where the cross section is sizeable, and
thus explaining the effect on the fiducial cross section.
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Wγ

0.8149+8.0%-9.3% 1.222+4.2%-5.3% 1.320+1.3%-2.3%

0.8726+6.8%-8.1%



JHEP03(2013)128, ATLAS-CONF-2013-020 

Measured final states!
l±l∓l±l∓	 (l:e,μ)	 and	 l±l∓ 	 (7	 TeV	 only)	 	 

Backgrounds!
W/Z+jets, Top, WW, WZ!
Estimated with data-driven methods 
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ZZ production

4 (or 2) isolated high-pT leptons !
(4l): enhanced muon acceptance |η|<2.7 
and electron acceptance |η| < 3.16!
(2l2 ): axial-ETmiss* > 75 GeV to suppress 
Z+jets background

*the projection of the ET
miss along the direction opposite to the 

Z→ll candidate in the transverse plane  



JHEP03(2013)128, ATLAS-CONF-2013-020 
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ZZ production

Measurement [pb] Theory (MCFM) [pb]

7 TeV 4.6

8 TeV 20.3

p
s

Z
Ldt [fb�1]

6.7±0.7(stat)+0.4-0.3(syst)±0.3(lumi)

7.1+0.5-0.4(stat)±0.3(syst)±0.2(lumi)

5.89+0.22-0.18

7.2+0.3-0.2

Statistical uncertainties dominate!
Systematic uncertainties!
Reconstruction efficiencies!
Background estimate!
Luminosity



Eur,Phys. J. C. (2012), 72:2173, ATLAS-CONF-2013-021

Measured final states!
l± 	 l±l∓	 (l:e,μ)	 

Backgrounds!
Z+jets (~15%), Top (~4%) (data driven)!
ZZ (~5%) and W/Z + γ (~3%) (MC estimate)

W±Z production
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3 isolated high-pT leptons and ETmiss!
tight Z-mass window |Mll-MPDG| < 10 GeV!
tight isolation and identification criteria on 
the W-lepton



Compatible with SM expectation from MCFM!
Systematic uncertainties dominate at 8 TeV measurement!
Data-driven background estimate !
Reconstruction efficiencies!
Luminosity

Eur,Phys. J. C. (2012), 72:2173, ATLAS-CONF-2013-021W±Z production
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Measurement [pb] Theory (MCFM) [pb]

7 TeV 4.6

8 TeV 13 20.3±0.8

p
s

Z
Ldt [fb�1]

19.0+1.4-1.3(stat)+0.9-0.9(syst)+0.4-0.4(lumi)

20.3+0.8-0.7(stat)+1.2-1.1(syst)+0.7-0.6(lumi)

17.6+1.1-1.0



Phys.Rev.D 87, 112001 (2013), ATLAS-CONF-2014-033

Measured final states!
l± l∓ 	 (l:e,μ)	 in	 0-jet	 bin	 

Backgrounds!
Top (~15%), Drell-Yan (~5%),                        
W+jets (~5%) (data driven)!
various di-bosons (MC estimate)

W±W∓ production
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2 isolated high-pT leptons and ETmiss!
hard jet-veto to reject ttbar and single top 
events!
Z-veto |mZ -mll| >15GeV to suppress Drell-
Yan background in same flavor channels



Measured cross section higher than SM prediction (CT10 NLO pdf)  by ~2.1σ!
NNLO corrections: Enhancement of cross section by ~10% (arXiv:1408:5243)!
NNLL resummation of large logs: Enhancement of cross section can partially 
explain the excess (arXiv: 1407:4537, arXiv: 1407:4481) 

Phys.Rev.D 87, 112001 (2013), ATLAS-CONF-2014-033W±W∓ production
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Measurement [pb] Theory (MCFM) [pb]

7 TeV 4.6

8 TeV 20.3

p
s

Z
Ldt [fb�1]

51.9±2.0(stat)±3.9(syst)±2.0(lumi)

71.4±1.2(stat)+5.0-4.4(syst)+2.2-2.1(lumi) 58.7+3.0-2.7

44.7+2.1-1.9



JHEP01(2015)049
W±W∓/W±Z production in semileptonic final state
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W/Z+jets (89%), multijet (~5%) - data driven estimate!
top (~4%) - MC estimate

Background composition

Electron channel Muon channel
Total Background ~126000 ~132500

Data 127650 134846

ETmiss [GeV]

single lepton triggers!
isolated high-pT lepton, 
ETmiss and two jets!
pT (e,μ,jets) > 25 GeV!
ETmiss > 30 GeV!
mT(W) > 40 GeV!
Δφ(ETmiss, j) > 0.8!
Δη(j1,j2) < 1.5!
25 GeV < mjj < 250 GeV

} to suppress multijet bkg

to increase signal-to-bkg ratio

Measured final states!
l± 	 (l:e,μ)



JHEP01(2015)049
W±W∓/W±Z production in semileptonic final state
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fiducial cross section measurement and extrapolation to the total phase space!
simultaneous maximum likelihood fit to mjj 

Measurement [pb]

68±7(stat)±19(syst) 61.1±2.2

W/Z+jets rate !
Jet energy resolution

dominant systematics

dijet invariant mass after the 
likelihood fit

background-subtracted data

σtot

Theory (MC@NLO) [pb]



Measured final states!
l± l± +jj	 (l:e,μ)	 

Backgrounds!
WZ+ 2 jets, Wγ+ 2 jets - MC estimate!
ttbar, single Z production through charge 
misidentification - data driven estimate

PRL 113, 141803 (2014)

Jet energy scale!
WZ+jets normalization

dominant systematics

W±W±+2jets production
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More details on talk by K. Bachas
First evidence of VV→VV scattering 



Self interactions of gauge bosons are predicted by the SM 
(non-abelian nature of the EWK)!
Anomalous couplings can manifest themselves with increased 
cross sections and modification of kinematic distributions!
Effective Lagrangians approach to parametrize the anomalous 
couplings as deviations from SM (SM+higher order operators)

Anomalous gauge boson couplings
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Summary of aTGC Limits

24March 5, 2015

Summary of aTGC limits
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WWɣ WWZ

ɣZZ,ZZZ ZɣZ,Zɣɣ
No deviations from SM!



First limits on aQGC
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Measurement of VBS allows limit setting on anomalous quartic couplings 

March 5, 2015

First limits on aQGC
• Measurement of VBS allows for setting limits on anomalous quartic 

couplings 

• Deviations from SM parametrized in terms of parameters α4 and α5 
•  Limits on aQGCs extracted from W

±
W

±
jj

 
cross section in VBS phase space
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parameter observed limit expected limit

α4 -0.139, 0.157 -0.104, 0.116 

α5 -0.229, 0.244 -0.180, 0.199 

More details on talk by K. Bachas



Very good understanding of the physics processes with 
high precisions!
Excellent performance of the ATLAS detector !

Di-boson measurements of fiducial, total and differential 
cross sections with 7 and 8 TeV!
Exclusion limits on aTGC, no deviations from the SM, 
expected sensitivity will increase at higher centre-of-
mass energies!
Evidence of the same sign WW+2 jets EW production 
(3.6σ significance) !
First limits on aQGC through VBS

Conclusions
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Looking forward for Run-2 and beyond for more 
precise measurements and probes for new physics!



back up
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MC simulation
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Wγ/Zγ!
lvγ: Alpgen+Herwig(PS)+Jimmy(UE)!
llγ, vvγ: Sherpa!
Z(ll):Pythia, ttbar:Powheg, WW,Top:MC@NLO

ZZ!
Powheg+Pythia and gg2ZZ!
Z/W+jets, Z/Wγ: Alpgen!
ttbar: MC@NLO, single Top: AcerMC(MC@NLO)!
WZ (WW): Herwig(Powheg), Z/Wγ Madgraph

WZ!
MC@NLO+Herwig+Jimmy(7TeV), Powheg(8TeV)!
Z/W+jets, DY: Alpgen, WW: MC@NLO, ZZ: Powheg!
multijet: PythiaB, ttbar: MC@NLO, W/Z+γ, ttbar+W/Ζ: Madgraph

WW!
MC@NLO+Herwig+Jimmy and gg2WW(7TeV), Powheg+Pythia(8TeV)!
Z/W/γ+jets, DY, Wγ: Alpgen, WZ/ZZ: Herwig(7TeV), Powheg(8TeV)!
ttbar: MC@NLO, single Top: AcerMC

WV semileptonic!
diboson:MC@NLO+Herwig+Jimmy!
W/Z+jets: Alpgen+Herwig+Jimmy!
ttbar:MC@NLO+Herwig+Jimmy, single Top:MC@NLO!
ZZ:Herwig, Wγ: Madgraph

ssWW+2jets!
Sherpa!
WZ/γ+jets, ZZ+jets: Sherpa!
ttbar+W/Z:Madgraph!
Wγ:Alpgen



PRL 113, 141803 (2014)W±W±+2jets production
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Measurement [fb] Theory [fb] 
(PowhegPythia8)

signal!
significance

Inclusive 2.1±0.5(stat)±0.3(syst) 1.96±0.17 4.5

EW-only 1.3±0.4(stat)±0.2(syst) 1.18±0.05 3.6

parameter observed limit expected limit

a4 -0.139, 0.157 -0.104, 0.116

a5 -0.229, 0.244 -0.180, 0.199



aTGC parameters
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Vertex Parameters channel

WWγ λ WW, Wγ

WWZ λZ WW, WZ

ZZγ h Zγ

Zγγ h Zγ

ZγZ f4 ZZ

ZZZ f4 ZZ


