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Introduction

• Vector boson fusion (VBF) and 
vector boson scattering (VBS) are 
important probes to EWSB.

• Without Higgs boson, VBS 
amplitude increases with √s. 
Higgs-like particle discovered in 
LHC may restore unitarity.

• Additional resonances may still 
exist or observed Higgs-like 
boson may only partially unitarize
the amplitude => Need 
careful measurement of 
VBF/VBS. Set limits on aTGC and 
aQGC.
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Fiducial cross-section
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aTGC
aQGC

Anomalous gauge coupling

σfid = 
Nobs - Nbkg

C Lint

detector efficiency

Integrated luminosity

• Effective Field Theory: Low energy effects from new physics are parametrized by 

an effective Lagrangian with higher dimensional operators. arXiv:1310.6708

The lowest dimensional operators contributing to the quartic gauge vertex and 

conserving CP and custodial symmetry

• Non-linear realization for aQGC arXiv:0806.4145

Aungshuman Zaman, Stony Brook University

http://arxiv.org/abs/1310.6708
http://arxiv.org/abs/0806.4145


Electroweak vs strong production

• Electroweak (VBS/VBF) production is 
much rarer, usually dominated by 
strong production of the same final 
state.

• Electroweak signals show the 
following features: 
Large rapidity separation of the leading 

jets due to the lack of color-exchange 
between the two jets at Born level =>large 
invariant mass mjj

Lack of additional jets between the two 
leading jets 
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EWK WWjj, αEW
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Analysis @8TeV on rare electroweak 
processes

• ATLAS
• Same sign WW+2j (ssWW+2j)     (PRL March 2014)

• Electroweak Z+2j production        (JHEP April 2014)

• Electroweak WZ+2j production     (accepted by PRD, March 2016)

• CMS
• Same sign WW+2j (ssWW+2j)      (PRL Feb 2015)

• Electroweak Z+2j production         (EPJ C, Feb 2015)

• Electroweak W+2j production        (PAS July 2015)

• Electroweak Zγ+2j production  (PAS Sep 2015)

• Electroweak Wγ+2j production (PAS Jan 2016)
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*PAS = CMS Physics Analysis Summary



Same sign WW+2j

• Final state => two same sign leptons, e±e±, 
e±μ± or μ±μ± , two high pt jets and MET.

• Biggest bkgs: WZ-> 3lv, Wγ(conversion), 
charge mis-id, non-prompt.

• Inclusive region: mjj>500 => Fiducial cross 
section for (QCD+EWK) W±W±jj production, 

• Agreement with 

• VBS region: additionally |∆y(jj)| > 2.4 => 
Fiducial cross section for EWK W±W±jj, 
including interference with strong production, 

• Agreement with
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σfid = 2.1 ± 0.5(stat) ± 0.3(syst) fb

σfid = 1.3 ± 0.4(stat) ± 0.2(syst) fb 

ATLAS Phys. Rev. Lett. 113, 141803

σSM= 1.52 ± 0.11 fb. 

σSM= 0.95 ± 0.06 fb. 

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803


Same sign WW+2j
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• Evidence for ssWW+jj production at 4.5σ (expected 3.4σ). 

• Evidence for EWK same sign WW+jj production at 3.6σ 

(expected 2.8σ).

• QCD+EWK W±W±jj, the observed (expected) significance is 2.0σ

(3.1σ ). 

• EWK W±W±jj, including interference with strong production, the 

observed (expected) signal significance is 1.9σ (2.9σ).

ATLAS

CMS

CMS Phys. Rev. Lett. 114 (2015) 051801

• VBS topology: mjj> 500GeV, 

|∆η(jj)| >2.5

• The inclusive fiducial cross section is found to 

be 

• Agrees with

σfid (W±W±jj)= 4.0−2.0
+2.4(𝑠𝑡𝑎𝑡)−1.0

+1.1(syst) fb

σSM= 5.8 ± 1.2 fb. 

http://dx.doi.org/10.1103/PhysRevLett.114.051801
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• aQGC limits:

α4 ∈ [−0.139, 0.157] 

(expected: α4 ∈ [−0.104, 0.116])  

α5 ∈ [−0.229, 0.244] 

(expected: α5 ∈ [−0.180, 0.199])

ATLAS

Nine independent C- and P-conserving 
dimension-eight effective operators. 
The variable mll is the most sensitive to 
aQGCs. Operator 

coefficie

nt

Exp. 

lower

Exp. 

upper

Obs.

lower

Obs. 

upper

Unitarit

y limit

fS,0/Λ
4 -42 43 -38 40 0.016

fS,1/Λ
4 -129 131 -118 120 0.050

fM,0/Λ
4 -35 35 -33 32 80

fM,1/Λ
4 -49 51 -44 47 205

fM,6/Λ
4 -70 69 -65 63 160

fM,7/Λ
4 -76 73 -70 66 105

fT,0/Λ
4 -4.6 4.9 -4.2 4.6 0.027

fT,1/Λ
4 -2.1 2.4 -1.9 2.2 0.022

fT,2/Λ
4 -5.9 7.0 -5.2 6.4 0.08

CMS

Same sign WW+2j

CMS



EWK WZ+2j production in ATLAS 
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arXiv:1603.02151 accepted to PRD

• WZ->lvll + 2j final state is used to 
set limit on VBS cross-section 
and aQGC parameters.

• Bkg: WZjj-QCD (~70%), 
tZ+jets(10%), ZZ, misidentified 
lepton (Z+jets, Zγ, t  t, WW).

http://arxiv.org/abs/1603.02151


Upper limits on WZ+2j in 
VBS phase space 
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• In the VBS phase-space, cross section for 
production 

• SM expectation 0.13 ± 0.01 fb from 
VBFNLO.

• Too low significance. Upper limit on fiducial 
cross-section is set.

σfid (WZjj-EW )= 0.29−0.12
+0.14(𝑠𝑡𝑎𝑡)−0.1

+0.09(syst) fb

WZ differential cross-section as a 

function of mjj



• Limits set on α4,α5
parameters.

• Compare α4-α5 limits 
with limits set by 
W±W±jj analysis. One 
dimensional limits not 
as good but rules out 
certain regions of 
parameter space.

5/5/2016
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EWK WZ+2j production in ATLAS

aQGC



EWK Z+2j production in ATLAS

• Final state => two isolated same-flavor opposite charged leptons 
(electron or muon) and two high-pt, high mjj jets separated by large 
rapidity interval.

• Biggest bkg: strong production of Z+2j. Its modeling is constrained 
by data using a Control region.
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Object baseline High-mass search Control High-pT

Leptons |ηl| < 2.47, pT(l) > 25 GeV

Dilepton pair 81 ≤ mll ≤ 101 GeV

--- pT(ll) > 20 GeV ----

Jets |yj| < 4.4, ΔRj,l ≥ 0.3

pT(j1) > 55 GeV pT(j1) > 85 GeV

pT(j2) > 45 GeV pT(j2) > 75 GeV

Dijet system ---- mjj > 1TeV mjj > 250 GeV ---

Interval jets --- Njet,gap =0 Njet,gap ≥ 1 ---

Zjj system --- pTbalance < 0.15 pTbalance,3 < 0.15 ---

JHEP04(2014)031

http://link.springer.com/article/10.1007/JHEP04(2014)031


EWK Z+2j production in ATLAS

• The electroweak Zjj component is 
extracted by fitting the mjj
reconstructed in the search region. 

• In the signal rich search region (mjj > 
1TeV), fiducial cross-section for EWK 
production 

• Agrees with Powheg prediction

• The bkg-only hypothesis (no EWK 
production) rejected at ≥ 5 
significance using pseudo-
experiments.
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σEW (mjj>1TeV)= 10.7±0.9 (stat) ±1.9 

(syst)±0.3(lumi) fb

13

σSM = 9.38±0.05 (stat) ± 0.24(scale) 

±0.24(PDF) ±0.09(model).

EWK production of Zjj is the first 

observation of VBF process.

inclusive 

Zjj



EWK Z+2j production in CMS

• Boosted decision tree based multivariate analysis. 

• BDT inputs : mjj, |∆η(jj)|, y∗ = yZ – 1/2 (yj1 + yj2 ), pT_hard = |𝑝𝑇 (j1) 

+𝑝𝑇 (j2) +𝑝𝑇 (Z)|  etc.

• Three alternative analyses have been reported. 
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Eur. Phys. J. C 75 (2015) 66

Analysis A Analysis B Analysis C

http://dx.doi.org/10.1140/epjc/s10052-014-3232-5


• Combined fit of two channels in analysis A: 
signal strength µ = 0.84 ± 0.20 (stat+syst), 
leads to 

• Agreement with the SM prediction

EWK Z+2j production in CMS
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Analysis A Analysis B Analysis C

ee μμ ee+μμ μμ ee μμ ee+μμ

μ = σ/σth 0.82 0.86 0.84 0.89 0.91 0.85 0.88

σfid (EW lljj)= 174 ± 42 (total) fb

• The strength factors for EWK and QCD Z+2j is obtained from a binned 

maximum likelihood fit.

• The observed EWK signal strengths for the three TMVA analyses:

confidence intervals using Analysis C

Background only hypothesis is rejected 

at 5 σ.

σLO (EWlljj) = 208 ± 18 fb.



EWK Z+2j production in 
ATLAS: Differential 
distributions
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• Iterative Bayesian 
unfolding procedure to 
get to particle level 
distributions. 

• Powheg (NLO) models 
mjj and |Δyjj| better in 
baseline region.

• Both Sherpa and 
Powheg agrees well with 
data in search region.

• EWK contribution 
dominates at high mjj
and |Δyjj| values in 
search region.

baseline

search



• Final state => one isolated lepton (e, μ), two 
jets and MET. Biggest bkg is QCD W+jets.

• Unbinned maximum likelihood fit of mjj

distribution to extract signal yield.

• Two parameter power law function to model 
mjj for signal and background.

EWK W+2j production in CMS
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CMS-PAS-SMP-13-012

• The fiducial EWK W+2 jets cross section is calculated 
for W decaying to muons or electrons

• Agrees with the MadGraph+Pythia SM prediction

Event 

category

Measured cross-section

μjj 0.43 ± 0.04 (stat) ± 0.10 (syst.) ± 0.01 (lumi) pb

ejj 0.41 ± 0.04 (stat) ± 0.09 (syst.) ± 0.01 (lumi) pb

combined 0.42 ± 0.04 (stat) ± 0.09 (syst.) ± 0.01 (lumi) pb

σSM =0.50 ± 0.02(Scale) ± 0.02(PDF) pb

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-13-012/index.html


• Final state=> Exactly two opposite sign leptons (e, 
μ), two jets and an isolated photon.

• Biggest bkg: QCD production of Zγ+jets

• Binned likelihood fit with mjj distribution, 

• signal strength, μ = 1.47−0.63
+0.87 with respect to 

LO EWK production cross-section.

• observed (expected) significance of 3.0 (2.1)σ.

• Upper limit 3.2 (expected 1.2) times SM EWK 
prediction at 95% confidence level.

• aQGC limits extracted from MZγ distribution.

EWK Zγ+2j production in CMS
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CMS-SMP-14-018

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-14-018/index.html


• Final state=> one tight electron/muon, MET, photon and 2 
jets, second lepton is vetoed.

• Biggest bkg: QCD production of Wγ+jets.

• Binned likelihood fit of the Mjj distribution, 

• signal strength, μ = 1.78−0.76
+0.99 with respect to LO EWK 

production cross-section.

• Observed (expected) significance of the excess is 2.7 σ
(1.5 σ).

• Upper limit 4.3 (expected 2.0) times SM EWK prediction 
at 95% confidence level.

• aQGC limits extracted from pT(W) distribution

EWK Wγ+2j production in CMS
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CMS-PAS-SMP-14-011

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-14-011/index.html


aQGC limit summary

5/5/2016
20

old

• ssWWjj ATLAS  analysis sets best 
1D limits on α4 and α5 to date. 
WZjj improves 2D limits.

• Several ATLAS/CMS analyses set 
limits on fS/M/T parameters. 



Conclusion

• First evidence for a process involving a VVVV 
vertex has been seen in the same sign WW+2j 
analysis.

• First observance of Electroweak (VBF) production 
of Z+2j (both ATLAS and CMS). Also W+2j 
observed by CMS.

• Excesses seen for EWK WZjj, Wγ+2j and Zγ+2j
are consistent with SM prediction. Upper limit has 
been set.

• Fiducial cross-sections have been measured for 
these rare processes which are found to be 
consistent with SM.

• Constraints on anomalous couplings have been 
set.
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Back up slides
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Anomalous gauge coupling
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The lowest dimensional operators contributing to the quartic gauge vertex and 

conserving CP and custodial symmetry

• Non-linear realization for aQGC

• Effective Field Theory: Low energy effects from new physics are parametrized by 

an effective Lagrangian with higher dimensional operators. 

aTGC
aQGC

• aTGC can also be described by five dimensionless parameters, g1,Z, κZ, κγ, λZ, λγ

)
where V = Z,γ



aTGC and aQGC
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arxiv:1310.6708v1

Relation between α4, α5 and fS0/ fS1 parameters

WWWW vertex WWZZ vertex

Relation between aTGC parameters



WZ in ATLAS: aTGC
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EWK Z+2j in ATLAS:
Differential distributions
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EWK Z+2j production in ATLAS

• Limits on aTGC
• EWK Z+2j : the two Ws entering the WWZ 

vertex are space-like => sensitive to large 
space-like momentum transfer.
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aTGC Λ= 6 TeV (obs) Λ= 6 TeV (exp) Λ= ∞ (obs) Λ= ∞ (exp)

Δg1,Z [-0.65, 0.33] [-0.58, 0.27] [-0.50, 0.26] [-0.45, 0.22]

λZ [-0.22, 0.19] [-0.19, 0.16] [-0.15, 0.13] [-0.14, 0.11]

a(  𝑠)= 
a0

(1+  𝑠/Λ2)2

unitarity through 

form factor

• These limits are not as stringent as those set in WZ production 

analysis.

• Still important as aTGC investigations in diboson production 

and EW (VBF) Z production are complimentary. 



aQGC limit summary

• ssWWjj ATLAS analysis sets best 1D limits on α4 and α5 to date. Complimentary results 
from Zjj ATLAS analysis. WZjj improves 2D limits.

• Three CMS analyses set limits on QGC parameters. Table shows comparison of 95% 
observed limits. Best results are in green letters.
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ssWWjj Wγjj Zγjj

S,0          -38, 40

S,1 -118, 120

M,0 -33, 32 -77,74 -71, 75

M,1 -44, 47 -125,129 -190, 182

M,2 -26, 26 -32, 31

M,3 -43, 44 -58, 59

M,4 -40, 40

M,5 -65, 65

M,6 -65, 63 -129, 129

M,7 -70, 66 -164, 162

T,0 -4.2, 4.6 -5.4, 5.6 -3.8, 3.4

T,1 -1.9, 2.2 -3.7, 4.0 -4.4, 4.4

T,2 -5.2, 6.4 -11, 12 -9.9, 9.0

T,5 -3.8, 3.8

T,6 -2.8, 3.0

T,7 -7.3, 7.7

T,8 -1.8, 1.8

T,9 -4.0, 4.0


