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Dim8 Operators

http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
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Dim8 operators unique to Triboson production
•No constraint from inclusive diboson process
•Complementary studies w.r.t. VBS scattering

Higgs Field Higgs and Gauge boson Gauge boson field only

O.J.P. Eboli, et. al.
Phys.Rev.D74:073005,2006
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QGC Vertex

Each Operator has different effects on different quartic boson vertex
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14TeV  300fb-1 /14TeV 3000fb-1  Lynn Marx and Shih-Chieh Hsu ATLAS-PHYS-PUB-2013-006

14TeV  3000fb-1/33TeV 3000fb-1 Jenny Holzbauer and Mandy Rominsky
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Heavy Triboson 
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Mandy Rominsky

2

Cross-sections and Ratio vs SM 
for 10 TeV-4 Couplings, 14 TeV

Coupling WWW WWZ WZZ ZZZ

Sm Cross-section(pb) 0.000568000 0.000111800 0.000009634 0.000000972

sm/sm 1.00 1.00 1.00 1.00

fs0/sm 1.00 1.00 1.00 1.00

fs1/sm 1.00 1.00 1.00 1.00

fm0/sm 1.49 1.09 1.05 1.02

fm1/sm 1.18 1.02 1.04 1.03

fm2/sm 1.00 1.05 1.00 1.02

fm3/sm 1.00 1.01 1.00 1.01

ft0/sm 19.10 4.23 3.38 2.90

ft1/sm 15.88 2.23 2.83 2.90

ft2/sm 4.61 1.33 1.35 1.54

ft8/sm 1.00 1.00 1.00 1.31

ft9/sm 1.00 1.00 1.00 1.08

Cross-section and Ratio vs SM at 10 TeV-4  14TeV pp 
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WWW
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Event Selection:
•At least three leptons
•No events with two leptons with same flavor and opposite sign (suppress Diboson, W/Z+X)
•No missing ET cut (unnecessary + avoid pileup dependence)
•High M(lll) (to be considered in order to reduce tt~) 

Mass of three leptons is sensitive to aQGC

Jenny Holzbauer

Mandy Rominsky
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Other Values, With Pileup

● Significances the same within a few tenths with and without 

pileup

33 TeV 14 TeV

5.7σ

SM bkgd

aQGC signal,

T0=0.05 TeV
-4 5.0σ

SM bkgd

aQGC signal,

T0=0.5 TeV
-4

No removal of unitarity violating events (yet)
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T0 Sensitivity
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Sensitivity improvements:
• 300fb-1 vs 3ab-1: x2 
• 14TeV vs 33 TeV: x10

Unitarity violating phase space to be studied

Jenny Holzbauer
Mandy Rominsky
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Significance for Different T0 
Values and Colliders for WWW

● Significances estimated including 
pile-up effects- similar without too

● No removal of unitarity violating 
events (yet), bounds ~2.5-4.5 TeV

● Background used is SM WWW 

● Dibosons, Z+jet, Z+gamma and 
W+jets reduced by requiring at 
least 3 leptons and no events 
with two leptons with same 
flavor and opposite charge

● tt (dileptons) under investigation 
with more statistics but largely 
below interesting region, high 
invariant mass of leptons tail

T0/Λ4 (pp > WWW), lepton-only, TeV-4
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ZAA
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Lead Photon pT > 160GeV
Photon/Muon/Ele pT>25 GeV
Photon/Muon/Ele |eta|<2

 ATLAS ESG jet-to-pho 
fake rate (constant rate 
of 0.001)
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Figure 4: Reconstructed mass spectrum using the charged leptons and photons (left) and leading photon
pT (right) after event selection. The overflow bin is included in each plot.

7.3 Statistical Analysis

The distribution of mZ�� is used for hypotheses testing by comparing the sum of the SM and background
processes to the BSM templates (including backgrounds) obtained from the dimension-8 operators in
Eqn. 4. The dominant process in the QGC-sensitive kinematic phase space is the true Z�� production
while the fake background Z� j and Z j j are subdominant.

The statistical analysis is identical to that employed in Sec. 4.3. Figure 5 shows the expected sig-
nal significance as a function of BSM physics parameters. Quoted in Table 4 are the 5�-significance
discovery values of the coe�cients for an integrated luminosity of 300 fb�1 and 3000 fb�1 respectively.

300 fb�1 3000 fb�1

fT8/⇤4 0.9 TeV�4 0.4 TeV�4

fT9/⇤4 2.0 TeV�4 0.7 TeV�4

Table 4: Summary of expected sensitivity to anomalous Z�� production at
p

s = 14 TeV, quoted in the
terms of 5�-significance discovery values of fT8/⇤4 and fT9/⇤4.

8 Conclusions

Results of sensitivity studies are shown for high-mass ZZ, WZ and W±W± scattering as well as Z��
triboson production using higher dimension operators to parameterize BSM contributions. All heavy
gauge bosons are detected in leptonic decay modes. Comparisons of discovery potential are presented
for 300 fb�1 and 3000 fb�1 of integrated luminosity at a pp collision center-of-mass energy of 14 TeV.

We have studied one dimension-6 operator and four dimension-8 operators. Their values for 5�-
significance discovery are summarised in Table 5. The higher integrated luminosity increases the discov-
ery potential for these operators’ coe�cients by more than a factor of two, and almost a factor of three
for the T9 operator, from 2.0 TeV�4 to 0.7 TeV�4. Optimization of the analyses with 3000 fb�1 would
lead to further increases in sensitivity. Should new physics parameterized by these operators be discov-
ered with 300 fb�1, the coe�cients can be measured with a precision of 5% or better with 3000 fb�1 of
integrated luminosity, enabling a precision study of this BSM sector.

8
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T8/T9 Limit
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Figure 5: The signal significance as a function of fT8/⇤4 (left) and fT9/⇤4 (right).

Parameter dimension channel ⇤UV [TeV] 300 fb�1 3000 fb�1

5� 95% CL 5� 95% CL
c�W/⇤2 6 ZZ 1.9 34 TeV�2 20 TeV�2 16 TeV�2 9.3 TeV�2

fS 0/⇤4 8 W±W± 2.0 10 TeV�4 6.8 TeV�4 4.5 TeV�4 0.8 TeV�4

fT1/⇤4 8 WZ 3.7 1.3 TeV�4 0.7 TeV�4 0.6 TeV�4 0.3 TeV�4

fT8/⇤4 8 Z�� 12 0.9 TeV�4 0.5 TeV�4 0.4 TeV�4 0.2 TeV�4

fT9/⇤4 8 Z�� 13 2.0 TeV�4 0.9 TeV�4 0.7 TeV�4 0.3 TeV�4

Table 5: 5�-significance discovery values and 95% CL limits for coe�cients of higher-dimension oper-
ators. ⇤UV is the unitarity violation bound corresponding to the sensitivity with 3000 fb�1 of integrated
luminosity.
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model 300 fb�1 3 ab�1

fS 0/⇤4 10 TeV�4 4.5 TeV�4

Table 3: Summary of 5� discovery values of fS 0 using the pp ! W±W± + 2 j ! `±⌫`±⌫ + 2 j search in
the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, W�, jets faking leptons, lepton charge flips, and
the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph
version 1.5.9. The misidentified-lepton, photon-conversion (from W� production) and charge-flip contri-
butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background
by a conservative factor of ⇡ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.

6.3 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for di↵erent values
of fS 0/⇤4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the
4-body invariant mass of the two leading leptons and the two leading jets in the event, which we found
to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when
two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/⇤4

are shown in Fig. 3.
In Table 3 the 5� discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Z�� in the dilepton plus diphoton channel

The Z�� mass spectrum at high mass is sensitive to BSM triboson contributions. The lepton-photon
channel allows full reconstruction of the final state and calculate the Z�� invariant mass. This analysis
is new since the European Strategy Submission. We parameterize the BSM physics using the following
operators

LT,8 =
fT8

⇤4 Bµ⌫Bµ⌫B↵�B↵�

LT,9 =
fT9

⇤4 B↵µBµ�B�⌫B⌫↵ (4)
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sensitivity doubled from 300fb-1 to 3000fb-1
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Summary

9

•  A systematic survey of aQGC in multi-boson final states 
benchmarked with Dim8 operators (ATLAS-PHYS-PUB-2013-006)
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Figure 5: The signal significance as a function of fT8/⇤4 (left) and fT9/⇤4 (right).

Parameter dimension channel ⇤UV [TeV] 300 fb�1 3000 fb�1

5� 95% CL 5� 95% CL
c�W/⇤2 6 ZZ 1.9 34 TeV�2 20 TeV�2 16 TeV�2 9.3 TeV�2

fS 0/⇤4 8 W±W± 2.0 10 TeV�4 6.8 TeV�4 4.5 TeV�4 0.8 TeV�4

fT1/⇤4 8 WZ 3.7 1.3 TeV�4 0.7 TeV�4 0.6 TeV�4 0.3 TeV�4

fT8/⇤4 8 Z�� 12 0.9 TeV�4 0.5 TeV�4 0.4 TeV�4 0.2 TeV�4

fT9/⇤4 8 Z�� 13 2.0 TeV�4 0.9 TeV�4 0.7 TeV�4 0.3 TeV�4

Table 5: 5�-significance discovery values and 95% CL limits for coe�cients of higher-dimension oper-
ators. ⇤UV is the unitarity violation bound corresponding to the sensitivity with 3000 fb�1 of integrated
luminosity.
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•  HL or HE hadron colliders? 
Parameter       channel       14TeV 0.3ab-1     14TeV 3ab-1      33TeV 3ab-1
   CΦW/Λ2       ZZjj             34 TeV-2           16.0 TeV-2          12.5 TeV-4
   fT0 /Λ4         WWW         1.2 TeV-4             0.5 TeV-4          0.05 TeV-4
   fT1 /Λ4          WZjj            1.3 TeV-4             0.6 TeV-4          0.3 TeV-4

•  Toward Snowmass white paper:
•  Restrict studies to non-Unitarity violation phase space for all channels
•  Include more channels: Wγγ, WWγ, WWZ, ...
•  Comparison: facilities (100TeV pp/ILC) operators: chiral Lagrangian
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Tools for this Study
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• Monte Carlo

• MadGraph     : 5.1.5.10
• Pythia            : 6.426 
• Delphes-ATLAS-ESG-2-0-0 by Peter Onyisi
• FeynRule UFO Files by Oscar Eboli et. al.
http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
• PotonParam by Fernando G. Monticelli et. al.
svn+ssh://svn.cern.ch/reps/atlasgroups/PhysicsAnalysis/EuropeanStrategy/

• Limit Calculators

•Today - just simple single bin counting experiments 

•For approval - use Chris Pollard’s limit calculator
https://svnweb.cern.ch/trac/atlasusr/browser/cpollard/UpgradePythia/trunk
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