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Abstract

The Phase 2 upgrade of the ATLAS detector would greatly increase the sensitivity to an

extended electroweak symmetry-breaking sector beyond the Standard Model Higgs mech-

anism. A common feature of such an extended sector is the enhancement of vector boson

scattering at high energy. Sensitivity to new physics is also gained through probing quartic

gauge boson couplings via triboson production. Using detector performance parameteri-

zations, we present the expected gain in sensitivity for ATLAS datasets with an integrated

luminosity of 300 fb−1 and 3000 fb−1 at a center-of-mass energy of 14 TeV.
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1 Introduction

The exploration of physics at the TeV scale is the primary goal of the LHC, and the luminosity upgrade

of the LHC can have a major impact in discovering an extended electroweak symmetry-breaking sector

beyond the Standard Model (SM) Higgs mechanism.

Following the discovery of massive W and Z bosons, a reason for expecting new particles or interac-

tions at the TeV energy scale has been the prediction that an untamed rise of the vector boson scattering

(VBS) cross section in the longitudinal mode would violate unitarity at this scale. In the SM it is the

Higgs particle which is responsible for maintainting unitarity in this process. It is important to confirm

this effect experimentally. Other mechanisms for enhancing vector boson scattering at high energy are

possible, even though the existence of a Higgs boson is established [1, 2].

A striking experimental feature of vector boson scattering is the presence of two high-pT jets in the

forward regions, similar to those found in Higgs production via vector boson fusion. The absence of

color exchange in the hard scattering process leads to a rapidity gap in the central part of the detector;

however the gap topology may be difficult to exploit due to the high level of pileup at a high-luminosity

LHC.

The non-abelian nature of the electroweak sector predicts the self-interaction of electroweak gauge

bosons in the form of triple and quartic gauge boson couplings (TGC and QGC). Whilst the study of

these couplings offers an important test of the SM, QGCs are additionally connected to the electroweak

symmetry breaking sector, together with the Higgs boson, to ensure unitarity at high energies for scatter-

ing processes. QGCs therefore offer a new window on the electroweak symmetry-breaking mechanism

and represent a sector for observing new physics, not extensively explored in previous experiments.

Triboson production and VBS are directly sensitive to QGCs and their study provides complementary

ways to study QGCs. Furthermore, QGCs can be sensitive to new processes that leave the TGC sector

unchanged; for example, the exchange of additional heavy bosons generates tree-level contributions to

QGCs while contributions to TGCs only occur at the one-loop level and are thus suppressed [3].

We present four studies of sensitivity to beyond-SM (BSM) scenarios for four final states: VBS for

WZ production in the tri-lepton channel, VBS for ZZ production in the four-lepton channel, VBS for

WW production in the same-sign dilepton channel, and Zγγ triboson production in the dilepton plus

diphoton channel. In this study single lepton triggers were used. Triggering on these channels would

also be straightforward with dilepton triggers.

2 Higher Dimension Operators

The SM Lagrangian contains dimension-4 operators. New physics can be parameterized in terms of

higher-dimension operators in an effective field theory. Multi-boson production is modified by certain

dimension-6 and dimension-8 operators containing the Higgs and/or gauge boson fields. We study the

effects of new physics parameterized by SU(2)L×U(1)Y gauge-invariant, CP-even operators in these cat-

egories.

In particular, we focus on the coefficient cφW/Λ
2 [4], which is associated with a dimension-6 operator,

as well as fS 0/Λ
4, fT1/Λ

4, fT8/Λ
4 and fT9/Λ

4 [5], which are coefficients associated with dimension-8

operators. Here Λ is a mass-dimensioned parameter associated with the new physics.

The cφW parameter is of interest because it affects the Higgs boson coupling to electroweak gauge

bosons and hence triboson production and vector boson scattering (VBS), but it does not affect diboson

production. Therefore, previous studies at LEP and the Tevatron using diboson production would not

constrain this operator. If the Higgs couplings to gauge bosons were found to deviate from the SM values,

it would be very interesting to check if such an operator would produce compatible signals in triboson

production and vector boson scattering. Furthermore, while we have chosen the operator associated
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with cφW to illustrate this complementarity between vector boson scattering and Higgs boson coupling

measurements, there is another dimension-6 operator with the same characteristics but involving the B

gauge field. Differentiating between these operators using the combination of triboson production, vector

boson scattering and Higgs coupling measurements would be a very interesting program of exploration

of non-SM couplings in the gauge-Higgs sector.

The fS 0 parameter is studied as its associated linear operator can be related to the non-linear operator

with coefficient a4 in the Electroweak Chiral Lagrangian, which has been probed in previous studies [6].

The fS 0 dimension-8 operator again involves gauge and Higgs fields but with different gauge and tensor

structure and dimensionality as compared to dimension-6 operator discussed above. We will illustrate the

differences in kinematic distributions induced by this operator in vector boson scattering, demonstrating

the ability to probe deeper into the gauge-Higgs interaction with such studies.

Finally, the fTn set of coefficients are associated with dimension-8 operators only involving the gauge

fields and therefore do not directly affect the Higgs boson couplings. Their gauge and tensor structure

are again different from the other operators discussed above, potentially yielding further differentiation

power using rates and kinematics of triboson production and VBS. None of the dimension-8 operators can

affect diboson production and are therefore unconstrained by previous studies at LEP and the Tevatron.

They are uniquely studied in triboson production and VBS at the LHC.

The higher-dimension operators ultimately violate unitarity at sufficiently high energy since they

represent an approximation of the underlying UV-safe BSM theory by expanding in inverse mass di-

mension. For individual studies we have checked the unitarity bounds [7, 8, 9] and study the events

within the generated kinematic range, where unitarity is satisfied, using the truth information of the full

event kinematics.

3 Monte Carlo Simulation

SM and BSM predictions were generated using Monte Carlo (MC) techniques. Events were simulated

using the Madgraph generator [10]. Leading-order cross sections are used; ignoring the QCD k-factor

is expected to be conservative. Particle showers were simulated using Pythia version 6.426 [11]. The

leading-order PDF set CTEQ6L1 is used [12]. Outgoing truth-level electrons, photons, and hadrons were

clustered into anti-kT jets with R = 0.4 [13] unless otherwise noted.

The sensitivity to new physics in vector boson scattering and triboson production depends on jet,

lepton and missing energy reconstruction in the high-pileup regime. Fully simulated events under high-

pileup conditions have been produced, and efficiencies and resolutions have been estimated for the var-

ious objects. These parameterizations of detector performance have been used to smear particle-level

outputs for various new-physics scenarios.

4 VBS ZZ → ℓℓℓℓ
In this channel, the following new analysis has been performed since the European Strategy Submis-

sion [14], based on the dimension-6 operator

LφW =
cφW

Λ2
Tr(WµνWµν)φ

†φ (1)

The fully-leptonic ZZ j j → ℓℓℓℓ j j channel has a small cross section but provides a clean, fully

reconstructible ZZ final state. A forward jet-jet mass requirement of 1 TeV reduces the contribution from

jets accompanying non-VBS diboson production.
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4.1 Monte Carlo Predictions

We include only the SM ZZ production as background, as ATLAS analyses of current data [15] have

shown that mis-identification backgrounds are small in this clean channel. MadGraph 1.4.2 [10] was

used to generate the non-VBS background where ZZ production is accompanied by initial-state radiation

of two jets. SM and non-SM ZZ production via VBS were simulated using MadGraph 1.5.9. In both

cases Z bosons were required to decay to electron or muon pairs.

4.2 Event Selection

Events are considered VBS ZZ candidates provided they meet the following criteria:

• Exactly four selected leptons (each with pT > 25 GeV) which can be separated into two opposite

sign, same flavor pairs (No Z mass window requirement)

• At least one selected lepton must fire the trigger.

• At least two selected jets, each with pT > 50 GeV

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

4.3 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ contribution, the background-only p0-value

expected for signal+background is calculated using the m4ℓ spectrum.

300 fb−1 3000 fb−1

cφW/Λ
2 34 TeV−2 16 TeV−2

Table 1: Summary of expected sensitivity to anomalous VBS ZZ → 4ℓ signal at
√

s = 14 TeV, quoted

in terms of 5σ-significance discovery values of cφW/Λ
2.

Figure 1 shows the reconstructed 4-lepton invariant mass distribution, and signal significance as

a function of cφW/Λ
2. In Table 1 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. Since the 4−lepton mass is the process
√

ŝ, the study of its

distribution directly probes the energy-dependence of the new physics.

5 VBS WZ → ℓνℓℓ
This analysis is new since the European Strategy Submission. We parameterize new physics in this

channel using the operator

LT,1 =
fT1

Λ4
Tr[ŴανŴ

µβ] × Tr[ŴµβŴ
αν] (2)

The fully leptonic WZ j j → ℓνℓℓ j j channel has a larger cross section than ZZ j j → ℓℓℓℓ j j and can

still be reconstructed by solving for the neutrino pz using the W boson mass constraint.

In order to use the W mass constraint, the lepton from W decay must first be identified. If two lepton

flavors occur in an event, the unpaired lepton is assumed to come from the W boson. If all three leptons

have the same flavor, the invariant masses of all combinations of opposite-sign pairs are calculated, and

the pair whose mass is closest to the Z mass is called the Z pair; the unpaired lepton is then used in the

neutrino pz determination.
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [16] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [10]. MadGraph 1.5.9
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was used to generate SM and non-SM VBS WZ production. Each W boson was required to decay to an

electron and neutrino or a muon and neutrino, and each Z boson was required to decay to an electron or

muon pair.

5.2 Event Selection

Events are considered VBS WZ candidates provided they meet the following criteria:

• Exactly three selected leptons (each with pT > 25 GeV) which can be separated into an opposite

sign, same flavor pair and an additional single lepton

• 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

5.3 Statistical Analysis

The statistical analysis is identical to that employed in Sec. 4.3. Figure 2 shows the signal significance

as a function of fT1/Λ
4. In Table 2 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. As in the ZZ → 4ℓ channel, the reconstructed 3ℓν mass is the

process
√

ŝ, and the study of its distribution directly probes the energy-dependence of the new physics.

300 fb−1 3000 fb−1

fT1/Λ
4 1.3 TeV−4 0.6 TeV−4

Table 2: Summary of expected sensitivity to anomalous VBS WZ signal at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT1/Λ
4.

6 VBS W±W± → ℓ±νℓ±ν
The potential for new physics via dimension-8 gauge-invariant operators is presented in the scattering of

same-sign W bosons (ssWW). The dimension-8 operator

LS ,0 =
fS 0

Λ4
[(Dµφ)

†Dνφ)] × [(Dµφ)†Dνφ)] (3)

is chosen to parameterize the new physics in terms of the magnitude of the coefficient fS 0/Λ
4. This

analysis is new since the European Strategy submission.

The two leading jets are used to tag the vector boson scattering process pp → W±W± + 2 j →
l±νl±ν + 2 j where l is electron or muon. We protect against pile-up jets by requiring the tagging jets to

have pT > 50 GeV.

6.1 Monte Carlo Predictions

The signal samples were generated using MadGraph version 1.5.10. Cross sections calculated by Mad-

Graph were found to be in agreement with VBFNLO [17, 18, 19] calculations within 2% for the SM

VBS process and within 10% for non-zero values of fS 0/Λ
4.
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model 300 fb−1 3 ab−1

fS 0/Λ
4 10 TeV−4 4.5 TeV−4

Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → ℓ±νℓ±ν + 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, Wγ, 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 Wγ 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 different values

of fS 0/Λ
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/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Zγγ in the dilepton plus diphoton channel

The Zγγ 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 Zγγ invariant mass. This analysis

is new since the European Strategy Submission. We parameterize the BSM physics using the following

operators

LT,8 =
fT8

Λ4
BµνB

µνBαβB
αβ

LT,9 =
fT9

Λ4
BαµB

µβBβνB
να (4)
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Figure 3: The reconstructed 4-body mass spectrum using the two leading leptons and jets (left) and the

signal significance (in standard deviations) as a function of fS 0 using the same-sign WW → ℓνℓν VBS

channel at pp center-of-mass collision energy of 14 TeV. The overflow bin is included in the plot on the

left.

7.1 Monte Carlo Predictions

MadGraph 1.5.10 [10] was used to generate all Zγγ samples and background samples, Zγ j and Z j j. In

both cases Z bosons were required to decay to electron or muon pairs. After Pythia 6 parton showering,

the reconstruction effects of resolution and identification efficiency are applied using Delphes [20] with

the ATLAS parametrizations. A constant jet-to-photon fake rate of 10−3 is applied to each jet in the Zγ j

and Z j j samples to construct smooth background templates.

7.2 Event Selection

Events are considered Zγγ candiates provided they meet the following criteria:

• pT (l) > 25 GeV, |η(l)| < 2.0

• pT (γ) > 25 GeV, |η(γ)| < 2.0

• At least one lepton and one γ with pT > 160 GeV

• |mll − 91 GeV| < 10 GeV

• ∆(γ, γ) > 0.4; ∆(l, γ) > 0.4; ∆(l, l) > 0.4.

The 160 GeV transverse momentum requirement on one lepton and one photon improves the sensi-

tivity of aQGC. The 10 GeV invariant mass window cuts around Z boson mass peak can suppresses the

γ∗ contribution to the dilepton. The large angle cut between photon and lepton and the high transverse-

momentum requirement of the photon reduces the FSR contribution. This leads to the phase space which

is uniquely sensitive to the QGC. Figure 4 (left) shows the reconstructed 4-body invariant mass distribu-

tion for this channel. Figure 4 (right) shows the enhancement of the yield in the tail of the photon pT

distribution due to anomalous QGC.
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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 mZγγ 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 Zγγ production

while the fake background Zγ 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 5σ-significance

discovery values of the coefficients for an integrated luminosity of 300 fb−1 and 3000 fb−1 respectively.

300 fb−1 3000 fb−1

fT8/Λ
4 0.9 TeV−4 0.4 TeV−4

fT9/Λ
4 2.0 TeV−4 0.7 TeV−4

Table 4: Summary of expected sensitivity to anomalous Zγγ production at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT8/Λ
4 and fT9/Λ

4.

8 Conclusions

Results of sensitivity studies are shown for high-mass ZZ, WZ and W±W± scattering as well as Zγγ

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 5σ-

significance discovery are summarised in Table 5. The higher integrated luminosity increases the discov-

ery potential for these operators’ coefficients 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 coefficients 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.
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Figure 5: The signal significance as a function of fT8/Λ
4 (left) and fT9/Λ

4 (right).

Parameter dimension channel ΛUV [TeV]
300 fb−1 3000 fb−1

5σ 95% CL 5σ 95% CL

cφW/Λ
2 6 ZZ 1.9 34 TeV−2 20 TeV−2 16 TeV−2 9.3 TeV−2

fS 0/Λ
4 8 W±W± 2.0 10 TeV−4 6.8 TeV−4 4.5 TeV−4 0.8 TeV−4

fT1/Λ
4 8 WZ 3.7 1.3 TeV−4 0.7 TeV−4 0.6 TeV−4 0.3 TeV−4

fT8/Λ
4 8 Zγγ 12 0.9 TeV−4 0.5 TeV−4 0.4 TeV−4 0.2 TeV−4

fT9/Λ
4 8 Zγγ 13 2.0 TeV−4 0.9 TeV−4 0.7 TeV−4 0.3 TeV−4

Table 5: 5σ-significance discovery values and 95% CL limits for coefficients of higher-dimension oper-

ators. ΛUV is the unitarity violation bound corresponding to the sensitivity with 3000 fb−1 of integrated

luminosity.
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