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1 Introduction6

Multiboson production provides a unique way to probe Electroweak Symmetry Break-7

ing (EWSB) and physics beyond the Standard Model (SM). With the discovery of the8

Higgs, it is easy to assume that EWSB happens according to the Higgs mechanism.9

In this case, the gauge couplings are completely specified and the gauge nature of the10

SM can be probed by studying vector boson scattering and anomalous gauge cou-11

plings. Any deviations from SM calculations gives clues to physics beyond the SM.12

Because the scale of this new physics is likely beyond the current experiment reach,13

we are motivated to use Effective Field Theory [1], using the Lagrangian shown in14

Equation 1.15

L = LSM +
∑
i

ci
Λ2
Oi +

∑
j

fj
Λ4
Oj (1)

Where Oi are the dimension 6 operators, ci represent the coupling constants,16

Oj are the dimension-8 operators and fj represent the coupling constants. For this17

study, we tested both dimension 6 operators and dimension 8 operators. EFT satisfies18

unitarity and also has the benefit of being more predictive than the traditional method19

of looking at anomalous couplings.20

This Snowmass exercise was performed using MadGraph [2] for event generation,21

Pythia for showering, a special version of Delphes [3] for the detector simulation and22

specially designed pile up files [4].23
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2 VBS ZZ → ````24

In this vector boson scattering channel, we explore anomalous production by studying25

the invariant mass distribution of the ZZ pair. The new physics is parameterized26

either by the following dimension-6 operator27

LφW =
cφW
Λ2

Tr(W µνWµν)φ
†φ (2)

or by one of the dimension-8 operators28

LT,8 =
fT8
Λ4

BµνB
µνBαβB

αβ

LT,9 =
fT9
Λ4

BαµB
µβBβνB

να (3)

where φ is the SM Higgs field, and W µν (Bµν) are the field strength tensors de-29

rived from the SU(2)L (Y ) gauge fields. The fully-leptonic ZZjj → ````jj channel30

provides a fully reconstructible ZZ final state with small mis-identification back-31

grounds [5] which can be neglected in this sensitivity study. The contribution from32

jets accompanying non-VBS diboson production is reduced by requiring the forward33

jet-jet mass to be greated than 1 TeV. The dimension-8 operators mentioned above34

involve only the electrically-neutral gauge fields and therefore can be probed by the35

ZZ final state but not the WZ or WW final state.36

MadGraph 1.5.10 is used for the generation of SM VBS and non-VBS processes37

as well as the non-SM processes mentioned above. Z bosons were required to decay38

to electron or muon pairs.39

2.1 Event Selection40

After Pythia 6.4 [6] parton showering, additional detector effects are applied using41

Delphes 3.0.9 [7] with the Snowmass parameterization [8, 4, 9, 10, 11]. Candidate42

VBS ZZ events are selected according to the following criteria:43

• Exactly four selected leptons (each with pT > 25 GeV) which can be separated44

into two opposite sign, same flavor pairs (No Z mass window requirement)45

• At least two selected jets, each with pT > 50 GeV46

• mjj > 1 TeV, where mjj is the invariant mass of the two highest-pT selected47

jets48

2.2 Statistical Analysis49

In order to determine the expected sensitivity to beyond-SM (BSM) ZZ contribution,50

the background-only p0-value expected for signal+background is calculated using the51

m4` spectrum.52

In order to show the improvement possible with the increased luminosity and53

center-of-mass energy, the 5σ discovery potential and 95% CL limits are studied.54

Since the 4−lepton mass is the process
√
ŝ, the study of its distribution directly55

probes the energy-dependence of the new physics.56
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At sufficiently high energy, the amplitude predicted by higher-dimension operators57

will eventually violate unitarity. In this regime, the new physics that presumably58

restores unitarity is expected to be probed directly, such as the production of on-shell59

resonances. This is a very interesting regime because the masses and couplings of new60

resonances can be measured independently, which is a much more powerful probe as61

compared to the low-energy regime where only the appropriate ratio of coupling and62

mass can be probed. Furthermore, in the high energy regime it is also possible to63

study new decay modes of the resonances, whereas in the low-energy regime of EFT64

applicability we can only study the anomalous production of SM particles. The regime65

above the unitarity bound is probed more strongly by the higher energy colliders.66

We present the sensitivity to the higher-dimension operators in two ways. In one67

case, we assume that the new physics is only probed “virtually” by higher-dimension68

operators involving SM fields, and in this case we require the generated events to lie69

below the unitarity bound in the diboson mass. In the second case, we allow the70

collider to probe the sensitivity to new physics above the unitarity bound through71

direct production of new resonances and measuring their masses, couplings and decay72

branching ratios. To display the latter physics potential, ideally we would use an73

ultraviolet-complete theory of strongly-interacting electroweak sector, which at the74

moment is not available. As a proxy for the additional physics that would be accessible75

in this high-energy regime, we also quote the sensitivity to the higher-dimension76

operators without making the unitarity bound requirement on the diboson mass.77

The unitarity violation (UV) bounds are calculated using the form factor tool78

avaliable with VBFNLO [12]. The bounds, which are shown in Figure 1, vary as79

a function of the coefficients of the higher-dimension operators. Application of the80

bound lowers the sensitivity of the search, especially when the coefficient is large. We81

present the 5σ-significance discovery values and 95% CL limits with and without ap-82

plying the UV bound in Table 1. Figures 4 shows the signal significance as a function83

of fT8/Λ
4, fT9/Λ

4 and cφW/Λ
2 without the UV bound applied. The reconstructed84

4-lepton invariant mass distribution are shown in Figure 2 and Figure 3 without and85

with the UV bound, respectively.86
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Figure 1: The unitarity violation boundaries of dimension-8 operators fT8/Λ
4 (left),

fT9/Λ
4 (middle) and dimension-6 operator CφW/Λ

2 (right) as functions of anomalous
coupling coefficient values in pp→ ZZ + 2j → ````+ 2j processes.
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Parameter dim.
Luminosity 14 TeV 33 TeV

[fb−1] 5σ 95% CL 5σ 95% CL

cφW/Λ
2 [TeV−2] 6

3000 16.2 (16.2) 9.7 (9.7) 13.2 (13.2) 8.2 (8.2)
300 31.3 (31.5) 18.2 (18.3) 23.8 (23.8) 14.7 (14.7)

fT8/Λ
4 [TeV−4] 8

3000 2.9 (4.7) 1.7 (2.4) 1.6 (1.7) 1.0 (1.3)
300 5.5 (8.4) 3.2 (5.3) 2.8 (2.3) 1.8 (1.8)

fT9/Λ
4 [TeV−4] 8

3000 5.7 (6.3) 3.9 (4.6) 3.8 (6.6) 2.5 (3.5)
300 8.7 (9.0) 6.2 (6.7) 6.3 (10.1) 4.2 (8.2)

Table 1: In pp→ ZZ+2j → ````+2j processes, 5σ-significance discovery values and
95% CL limits for coefficients of high-dimension operators with 300 fb−1/3000 fb−1

of integrated luminosity. To show the impact of the UV bound, the corresponding
results are shown in parentheses.
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Figure 2: In the pp → ZZ + 2j → ```` + 2j process, the reconstructed 4-lepton
mass (m4`) spectrum comparisons between Standard Model and dimension-8 operator
coefficient fT8/Λ

4 = 1.5TeV −4 (upper), fT9/Λ
4 = 3TeV −4 (middle) and dimension-6

operator coefficient cφW/Λ
2 = 15TeV −2 (bottom) are shown after requiring mjj >

1 TeV at
√
s = 14 TeV (left) and 33 TeV (right). The overflow and underflow bins

are included in the plots. The UV bound is not applied.
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Figure 3: In the pp → ZZ + 2j → ```` + 2j process, the reconstructed 4-lepton
mass (m4`) spectrum comparisons between Standard Model and dimension-8 operator
coefficient fT8/Λ

4 = 1.5TeV −4 (upper), fT9/Λ
4 = 3TeV −4 (middle) and dimension-6

operator coefficient cφW/Λ
2 = 15TeV −2 (bottom) are shown after requiring mjj >

1 TeV at
√
s = 14 TeV (left) and 33 TeV (right). The overflow and underflow bins

are included in the plots. The UV bound is applied.

7



]4) [TeV

l

+
l


l

+
l→ (VBS ZZ4

Λ/T8f
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

]
σ

S
ig

n
if
ic

a
n

c
e

 [

0

1

2

3

4

5

6

7

8

133TeV 3000 fb

114TeV 3000 fb

]4) [TeV

l

+
l


l

+
l→ (VBS ZZ4

Λ/T9f
0 1 2 3 4 5

]
σ

S
ig

n
if
ic

a
n

c
e

 [

0

2

4

6

8

10

133TeV 3000 fb

114TeV 3000 fb

]2) [TeV

l

+
l


l

+
l→ (VBS ZZ2Λ/

Wφ
C

0 2 4 6 8 10 12 14 16 18 20 22

]
σ

S
ig

n
if
ic

a
n

c
e

 [

0

1

2

3

4

5

6

7

8

9

10

133TeV 3000 fb

114TeV 3000 fb

Figure 4: pp → ZZ + 2j → ```` + 2j signal significance as a function of fT8/Λ
4

(left), fT9/Λ
4 (middle) and cφW/Λ

2 (right) calculated from reconstructed ZZ mass
spectra at

√
s = 14 TeV and 33 TeV. The UV bound is not applied.
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3 VBS WZ → `ν``87

We parameterize new physics in this channel using the dimension-8 operator88

LT,1 =
fT1
Λ4

Tr[ŴανŴ
µβ]× Tr[ŴµβŴ

αν ] (4)

and dimension-6 operator89

Lφd =
cφd
Λ2
∂µ(φ†φ)∂µ(φ†φ) (5)

The fully leptonic WZjj → `ν``jj channel can be reconstructed by solving for the90

neutrino pz using the W boson mass constraint. Its cross section is larger than that91

of ZZjj → ````jj and it can probe some operators better than the latter process.92

The electron and muon decay channels are used in this study. Mis-identification93

backgrounds are small in this channel, as shown in [13] and therefore neglected in94

this sensitivity study. The lepton from W decay must be identified in order to use95

the W mass constraint. The procedure described in [14, 15] is also used here.96

Non-VBS WZ production in association with initial-state radiation of two jets97

was simulated using MadGraph [2]. MadGraph 1.5.10 was used to generate SM and98

non-SM VBS WZ production.99

3.1 Event Selection100

After Pythia 6.4 [6] parton showering, additional detector effects are applied using101

Delphes 3.0.9 [7] with the Snowmass parameterization [8, 4, 9, 10, 11]. Events are102

considered VBS WZ candidates provided they meet the following criteria:103

• Exactly three selected leptons (each with pT > 25 GeV) which can be separated104

into an opposite sign, same flavor pair and an additional single lepton105

• At least two selected jets with pT > 50 GeV106

• mjj > 1 TeV, where mjj is the invariant mass of the two highest-pT selected107

jets108

3.2 Statistical Analysis109

The statistical analysis is identical to that employed in Sec. 2.2. As with the VBS110

ZZ channel, we present sensitivity studies with and without the UV bound applied.111

The bounds for different operators are shown in Figure 5. To show the impact of the112

UV bound, we present the 5σ-significance discovery values and 95% CL limits both113

without and with (in parentheses) the UV bounds applied, in Table 2. Figure 8 shows114

the signal significance as a function of fT1/Λ
4 and cφd/Λ

2 without the UV bound and115

the corresponding reconstructed 4-lepton invariant mass distributions are shown in116

Figure 6. The same distributions with the UV bounds are shown in Figure 7.117
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Figure 5: The unitarity violation boundaries of dimension-8 operator fT1/Λ
4 (left)

and dimension-6 operator Cφd/Λ
2 (right) as functions of anomalous coupling coeffi-

cient values in pp→ WZ + 2j → `ν``+ 2j processes.

Parameter dim.
Luminosity 14 TeV 33 TeV

[fb−1] 5σ 95% CL 5σ 95% CL

cφd/Λ
2 [TeV−2] 6

3000 15.2 (15.2) 9.1 (9.1) 12.6 (12.7) 7.7 (7.7)
300 28.5 (28.7) 17.1 (17.1) 23.1 (23.3) 14.1 (14.2)

fT1/Λ
4 [TeV−4] 8

3000 0.6 (0.9) 0.4 (0.5) 0.3 (0.6) 0.2 (0.3)
300 1.1 (1.6) 0.7 (1.0) 0.6 (0.9) 0.3 (0.6)

Table 2: In pp→ WZ+2j → `ν``+2j processes, 5σ-significance discovery values and
95% CL limits for coefficients of higher-dimension operators with 300 fb−1/3000 fb−1

of integrated luminosity at 14 TeV and 33 TeV. The results obtained after applying
the UV bounds are shown in parentheses.
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Figure 6: In the pp → WZ + 2j → `ν`` + 2j channel, the reconstructed WZ mass
spectrum comparisons between Standard Model and dimension-8 operator coefficient
fT1/Λ

4 = 1 TeV−4 (upper) and dimension-6 operator coefficient cφd/Λ
2 = 25TeV−2

(bottom) are shown using the charged leptons and the neutrino solution after requiring
mjj > 1 TeV at

√
s = 14 TeV (left) and 33 TeV (right). The overflow and underflow

bins are included in the plots. The UV bounds have not been applied.
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spectrum comparisons between dimension-8 operator coefficient fT1/Λ
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4 VBS W±W± → `ν`ν118

The sensitivity to new physics was examined in the pp→ W±W± + 2j → `ν`ν + 2j119

(ssWW) channel where l is an electron or muon. The dimension-8 operator, fT1/Λ
4

120

as shown in 6, was used to probe deviations from SM predictions.121

LT,1 =
fT1
Λ4

Tr[ŴανŴ
µβ]× Tr[ŴµβŴ

αν ] (6)

A range of values surrounding a 5σ significance level were studied for 14 TeV and122

100 TeV pp machine scenarios for various pileup conditions. The effect of a Unitarity123

Violation (UV) cutoff was also considered.124

4.1 Monte Carlo Predictions125

The samples were generated using MadGraph version 5.1.5.11. Samples were pro-126

duced for backgrounds, SM VBS, and new physics. The main backgrounds in ssWW127

VBS production (sensitive to aQGC) are ssWW QCD diagrams, WZ, Wγ, and mis-128

identification backgrounds including charge mis-identification. The Wγ and mis-129

identification backgrounds were assumed to have the same shape as the WZ back-130

ground, therefore, the WZ background was scaled appropriately (factor of 2) to131

account for these other backgrounds as well. The samples were showered via the132

Snowmass Delphes showering tool [9, 10, 11] that implemented various machine en-133

ergies and pileup scenarios.134

4.2 Event Selection135

After Pythia 6.4 [6] parton showering, additional detector effects are applied using136

Delphes 3.0.9 [7] with the Snowmass parameterization [8, 4, 9, 10, 11]. The analysis137

selection of the VBS ssWW candidates were given by the following criteria:138

• Single lepton trigger fired139

• Exactly two leptons of same sign each with pT > 25 GeV140

• At least two jets with pT > 50 GeV.141

• mjj > 1 TeV, where mjj is the invariant mass of the two highest-pT jets142

The high jet pT cut helps protect against pileup jets while the mjj cut strongly selects143

for the VBS signal region.144

The amplitude for ssWW VBS violates unitarity at high mass when the higher145

dimension operators are included. One method of imposing unitarity preservation is146

to apply a unitarity-violation (UV) bound as an upper bound on the invariant mass147

of the WW pair at truth-level. The bound was calculated using a tool developed by148

the VBFNLO authors. This tool was used to calculate the UV bound for each fT1/Λ
4

149

and beam energy used in this study. Figure 9 shows the UV bounds for both 14 TeV150

and 100 TeV used in this analysis. As expected, when fT1/Λ
4 approaches zero the151

bound goes to infinity, since the SM amplitude respect unitarity at all energies.152
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Figure 9: The Unitarity Violation (UV) cut-off values for a given fT1/Λ
4.

4.3 Statistical Analysis153

The 4-body invariant mass of the two leading jets and the two leptons, mjjll, was154

used to discriminate new physics from the SM. The statistical analysis approach is155

identical to that in Sec. 2.2.156

Figure 10 compares the shape of the mjjll distributions for the SM and two values157

of fT1/Λ
4 (0.1 TeV−4 and 0.2 TeV−4 respectively) at 14 TeV. Increasing the anomalous158

quartic coupling increases the event rate at the high end of the mjjll spectrum. A159

similar plot for 100 TeV is shown in Figure 11 for fT1/Λ
4 = 0.001 TeV−4.160

The different pileup scenarios as well as the effect of the UV bound is shown161

in Figure 12 for different pp collider energies. The pileup has a small, but non-162

negligible effect whereas the UV bound has a larger effect. Applying the UV bound163

is a conservative method and is presented in Table 3 in parentheses.164
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Figure 10: The invariant mass of the 4-body mjjll system in ssWW events is shown
for fT1/Λ

4 equal to 0.1 TeV−4 corresponding to a significance of 4.2σ (Frequentist
method) (left) and fT1/Λ

4 = 0.2 with 17σ significance (LLR method) (right) for 14
TeV beam energy, 140 pileup events per crossing, without the UV cut-off applied,
and 3000 fb−1 scenario.

A summary of the 5σ significance and the 95% Confidence Level (CL) for each165

machine scenario is listed in Table 3 along with a direct comparison of 14 TeV and166
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Figure 11: In ssWW events, mjjll for fT1/Λ
4 = 0.001 corresponding to a 4σ signifi-

cance for the case of a 100 TeV pp machine with 263 pileup, without the UV cut-off
applied, at 3000 fb−1 is shown.

100 TeV machines at 3000 fb−1 for zero pileup. At 14 TeV by running 3000 fb−1167

compared to 300 fb−1 the 5σ limit on fT1/Λ
4 is 2 times lower. However, with the168

UV cut-off the limit can be set almost 2 times lower. The direct comparison of data169

without pileup indicates at least a factor of 100 gain in sensitivity to the operator170

fT1/Λ
4 for a 5σ discovery potential jumping from a 14 TeV machine to a 100 TeV171

machine.172

Parameter
√
s Luminosity pileup 5σ 95% CL

[TeV] [fb−1] [events/crossing] [TeV−4] [TeV−4]
fT1/Λ

4 14 300 50 0.2 (0.4) 0.1 (0.2)
fT1/Λ

4 14 3000 140 0.1 (0.2) 0.06 (0.1)
fT1/Λ

4 14 3000 0 0.1 (0.2) 0.06 (0.1)
fT1/Λ

4 100 1000 40 0.001 (0.0009) 0.0004 (0.0004)
fT1/Λ

4 100 3000 263 0.001 (0.001) 0.0008 (0.0007)
fT1/Λ

4 100 3000 0 0.001 (0.001) 0.0008 (0.0007)

Table 3: In pp → W±W± + 2j → `ν`ν + 2j processes, 5σ-significance discovery
values and 95% CL limits are shown for coefficients the higher-dimension operator,
fT1/Λ

4, for different machine scenarios without the UV cut and with the UV cut in
parenthesis.

16



]4FT1 [TeV

0 0.1 0.2 0.3 0.4 0.5

σ
S

ig
n
if
ic

a
n
c
e
. 

0

5

10

15

20

25

30
1

  ssWW, 14TeV, 300 fb

0 pu, with UV

0 pu, no UV

50 pu, with UV

50 pu, no UV

140 pu, with UV

140 pu, no UV

]4FT1 [TeV

0 0.1 0.2 0.3 0.4 0.5

σ
S

ig
n
if
ic

a
n
c
e
. 

0

5

10

15

20

25

30
1  ssWW, 14TeV, 3 ab

0 pu, with UV

0 pu, no UV

50 pu, with UV

50 pu, no UV

140 pu, with UV

140 pu, no UV

]4FT1 [TeV

0 0.00050.0010.00150.0020.00250.0030.00350.0040.00450.005

σ
S

ig
n
if
ic

a
n
c
e
. 

0

5

10

15

20

25

30
1

  ssWW, 100TeV, 1 ab

0 pu, with UV

40 pu, with UV

263 pu, with UV

0 pu, no UV

40 pu, no UV

263 pu, no UV

]4FT1 [TeV

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002

σ
S

ig
n
if
ic

a
n
c
e
. 

0

5

10

15

20

25

30
1

  ssWW, 100TeV, 3 ab

0 pu, with UV

40 pu, with UV

263 pu, with UV

0 pu, no UV

40 pu, no UV

263 pu, no UV

Figure 12: The significance trends for each beam energy and luminosity are shown for
the various pileup scenarios. The fits are done with a 3rd order polynomial (lines).
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The top row displays the 14 TeV cases at 300 fb−1 (left) and 3000 fb−1 (right). The
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5 WWW → `ν`ν`ν173

In the Standard Model (SM), the only allowed quartic coupling terms in the La-174

grangian are WWWW , WWZZ, WWZγ and WWγγ, and they are completely175

specified. Measuring these couplings will provide stringent tests on the SM and176

guide searches on physics beyond the SM. These couplings can be measured using177

triboson production as well as vector boson scattering. The triboson WWW produc-178

tion probes the WWWW coupling, while WWZ and WWγ production probe the179

WWZZ,WWZγ and WWγγ couplings respectively [16]. This section describes a180

cross section scan of WWW,WWZ,WZZ and ZZZ production for different anoma-181

lous couplings induced by higher-dimension operators, followed by a case study of182

WWW for both dimension-8 and dimension-6 operators.183

The dimension-8 operator studied most extensively was the LT,0 operator, given184

below185

LT,0 =
fT,0
Λ4

Tr[ŴµνŴ
µν ]× Tr[ŴαβŴ

αβ] (7)

The dimension-6 operator used is LWWW , given below186

LWWW =
CWWW

Λ2
Tr[WµνW

νρW µ
ρ ] (8)

5.1 Monte Carlo Predictions187

MadGraph 1.5.11 [2] was used to generate all WWW , WWZ, WZZ and ZZZ sam-188

ples and background samples. In all cases W and Z bosons were required to decay189

leptonically to electrons or muons. Default generator cuts were applied:190

• jet pT > 20 GeV191

• lepton pT > 10 GeV192

• photon pT > 10 GeV193

• jet |η| < 5194

• lepton & photon |η| < 2.5195

We performed a cross section scan to compare the SM cross sections to anoma-196

lous coupling cross sections for various higher dimension operators (Table 5.1 and197

Table 5.1). From the study, the LT0 operator is found to have the largest effect on198

triboson production from the dimension-8 operators, and LWWW from the dimension-199

6 operators, particularly in the WWW channel. For this reason, we focus on this200

channel and these operators for the remainder of this section.201

5.2 Event Selection202

After Pythia 6.4 [6] parton showering, additional detector effects are applied using203

Delphes 3.0.9 [7] with the Snowmass parameterization [8, 4]. This parameterization204

includes effects from pile-up events. We have studied these effects and found them205

to be negligible for this analysis, which focuses on events with high invariant mass.206
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operator WWW WWZ WZZ ZZZ
SM cross section (ab) 603.4 124.2 9.634 0.972

LS0/SM 1.0 1.0 1.0 1.0
LS1/SM 1.0 1.0 1.0 1.0
LM0/SM 1.46 1.09 1.05 1.02
LM1/SM 1.17 1.02 1.04 1.03
LM2/SM 1.0 1.05 1.0 1.02
LM3/SM 1.0 1.01 1.00 1.01
LT0/SM 18.31 3.96 3.38 2.90
LT1/SM 15.15 2.10 2.83 2.90
LT2/SM 4.48 1.32 1.35 1.54
LT8/SM 1.0 1.0 1.0 1.31
LT9/SM 1.0 1.0 1.0 1.08

Table 4: The ratios of cross sections for various dimension-8 operators to SM values
for a 14 TeV pp collider. In each case, the coefficient of the dimension-8 operator was
set to 10 TeV−4. All channels are fully leptonic decays.

operator WWW WWZ WZZ ZZZ
SM cross section (ab) 603.4 124.2 9.634 0.972

LWWW/SM 1.4 1.3 1.4 1.0
LW/SM 1.1 1.1 1.2 1.1
Lb/SM 1.0 1.0 1.0 1.0

Table 5: The ratios of cross sections for various dimension-6 operators to SM values
for a 14 TeV pp collider. In each case, the coefficient of the dimension-6 operator was
set to 5 TeV−2. All channels are fully leptonic decays.
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Thus, all results presented in this section are extracted using Monte Carlo events207

generated with the no pile-up, in the interest of reducing computational time.208

Events are considered to be part of the WWW signal if they meet the following209

criteria, where pT (`) is the transverse momentum of the lepton, M(all lep) is the210

invariant mass of all the leptons with pT (`) > 25 GeV and Emiss
T is the missing211

transverse energy of the event:212

• At least three leptons where leptons must have pT (`) > 25 GeV213

• No two leptons may have the same flavor and opposite charge (to suppress214

diboson WZ background)215

• M(all lep) > 400 GeV216

• Emiss
T > 150 GeV217

These selections were specifically chosen to optimize the signal and reduce back-218

grounds. The backgrounds considered include Z+jets, W+2jets, tt̄, diboson (WW ,219

WZ, ZZ), and Z + γ. The first two selections are extremely useful in reducing back-220

grounds to allow the signal to be studied. The first reduces particularly W+jets,221

Z+jets and WW , and the second reduces backgrounds with Z bosons. The selection222

on lepton number also helps to reduce the tt̄ background, but as only one jet has223

to fake a lepton and the cross-section for this process is much higher than the signal224

process, we still have a comparatively large contribution from tt̄. The last two se-225

lections help to reduce this remaining tt̄ contanimation. After these selections, the226

results are not significantly affected by the remaining events and these background227

processes are neglected in the final analysis.228

There is an additional selection at the parton (truth) level to remove events in the229

kinematic region where the amplitude would violate unitarity. Events are removed230

if the invariant mass of the three true W bosons is larger than the unitarity bound.231

These bounds are estimated using the form factor tool avaliable with VBFNLO [12]232

and are presented for various values of fT0/Λ
4 and CWWW/Λ

2 in Figure 13. The233

bound rises rapidly for lower values of these coefficients, leading to a reduced impact234

of this bound. Conversely, for higher values of the coefficients, where the cross-section235

is higher, the impact of this bound is stronger.236

In the next section, for both LT0 and LWWW operators, we present results without237

the unitarity bound applied. We also comment on expectations with the removal of238

unitarity events under the scheme we have just discussed in Section 5.3.1.239

5.3 Statistical Analysis240

The distribution ofM(all lep) is used for hypothesis testing. We compare the standard241

model prediction with the prediction for a non-zero value of a given higher-dimension242

operator. The statistical analysis is identical to that employed in Sec. 2.2. Figure 16243

shows the WWW templates used for the 33 TeV pp collider, before the lepton in-244

variant mass selection. The significance estimate uses distributions with this cut245

applied and different binning depending on the machine energy. Figure 15 shows the246

significance estimates for various fT0 and CWWW values for different hadron collider247
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Figure 13: Unitarity bounds for the fT0 operator (left) and for the CWWW operator
(right) in various scenarios.

machines being studied for Snowmass. As the machine energies and integrated lu-248

minosities increase we are able to put tighter constraints on these operators, and of249

course we are also able to discover and probe new physics at increasingly higher mass250

scales and/or smaller couplings.251

In this section we do not apply the UV bound. This bound may be applied as252

a cut on the generator-level WWW mass and there may be other ways to impose253

unitarity preservation that are less severe. To give a sense of the range of possibilities,254

we discuss in Sec. 5.3.1 what might happen if a simple UV bound is applied.255

Table 6 gives the approximate 5σ-significance discovery values for the LT0 operator256

coefficient for different pp colliders.

300 fb−1 1000 fb−1 3000 fb−1√
s = 14 1.2 TeV−4 - 0.6 TeV−4√
s = 33 - - 0.05 TeV−4√
s = 100 - 0.004 TeV−4 0.002 TeV−4

Table 6: Summary of expected sensitivity to anomalous WWW production at various
hadron collider machines, without the application of the UV bound, quoted in the
terms of 5σ-significance discovery values of fT0/Λ

4.

257

Table 7 gives the approximate 5σ-significance discovery values for the CWWW258

operator for different pp colliders.259

5.3.1 Comment on the Impact of the Unitarity Violation Selection260

As mentioned previously, we want to consider what happens when unitarity violating261

events are removed, which can be done in different ways. Here, we apply a selection on262

the generator-level WWW mass using the values discussed in Section 5.2. Figure 16263

shows the WWW templates used for the 33 TeV machine, before the lepton invariant264
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300 fb−1 1000 fb−1 3000 fb−1√
s = 14 4.8 TeV−2 - 2.3 TeV−2√
s = 33 - - 1.7 TeV−2√
s = 100 - 1.3 TeV−2 0.9 TeV−2

Table 7: Summary of expected sensitivity to anomalous WWW production at various
hadron collider machines, without the application of the UV bound, quoted in the
terms of 5σ-significance discovery values of CWWW/Λ
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Figure 14: WWW invariant mass of all leptons without applying the UV bound,
for the SM and with fT0/Λ

4 = 0.05 TeV−4 (left) and CWWW/Λ
2 = 2 TeV −2 (right)

for
√
s = 33 TeV. This distribution was made without the lepton invariant mass

selection.

mass selection for the same operator and coefficient, with and without the unitarity265

violation selection applied for fT0. The lower number of events in the last bin of the266

first figure is due to the unitarity violating event removal. The unitarity violation267

criteria used in this study has a large impact on the fT0 results with this simple event268

removal, increasing the values from Table 6 of fT0/Λ
4 at which we might expect a269

5σ-significance discovery by more than a factor of 20.270

The impact of the removal of unitarity violation events under the scheme used in271

this document is less severe for the CWWW operator. Figure 17 shows the WWW272

templates used for the 33 TeV machine, before the lepton invariant mass selection for273

the same operator and coefficient, with and without the unitarity violation selection274

applied for CWWW . There are fewer events in the last bins of Figure 17 due to the275

application of the extra selection, but overall the distributions are relatively similar,276

much more so than for fT0 (see Figure 16). Figure 18 shows the significance estimates277

for various CWWW values for 5 different hadron collider machines being studied for278

Snowmass, with unitarity violating events removed. These values are generally 10 to279

20% higher than then values of fT0/Λ
4 at which we might expect a 5σ-significance280

discovery without the removal of these events.281
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Figure 16: WWW invariant mass of all of the leptons for the WWW SM and WWW
with fT0 of 0.05 TeV−4 for

√
s = 33 TeV without the unitarity violation selection

(left) and with this selection applied (right). This distribution was made without the
lepton invariant mass selection.
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300 fb−1 1000 fb−1 3000 fb−1√
s = 14 8 TeV−2 - 2.5 TeV−2√
s = 33 - - 2.0 TeV−2√
s = 100 - 1.5 TeV−2 1.0 TeV−2

Table 8: Summary of expected sensitivity to anomalous WWW production at var-
ious hadron collider machines, quoted in the terms of approximate 5σ-significance
discovery values of CWWW/Λ

2.
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A Comparisons of W±Z/ZZ VBS cross sections at327

ILC and LHC328

Dimension-8 operators (TeV−4) 14TeV Cross Sections at LHC (pb) 1TeV Cross Sections at ILC (pb)

fT0/Λ4 = 1 0.6116 0.01359
fT1/Λ4 = 1 0.7437 0.0136
fT2/Λ4 = 1 0.5532 0.01357
fM0/Λ4 = 1 0.5386 0.01355
fM1/Λ4 = 1 0.536 0.01357
fM2/Λ4 = 1 0.5365 0.01357
fM3/Λ4 = 1 0.5386 0.01355
fS0/Λ4 = 1 0.5372 0.01355
fS1/Λ4 = 1 0.5342 0.01355

Standard Model 0.5367 0.01356

Table 9: 14 TeV pp → WZ + 2j (LHC) and 1 TeV e+e− → WZ + 2j (ILC) Vec-
tor Boson Scattering process cross section comparisons with dimension-8 operator
anomalous coupling coefficients.

Dimension-8 operators (TeV−4) 14TeV Cross Sections at LHC (pb) 1TeV Cross Sections at ILC (pb)

fT0/Λ4 = 1 0.3266 0.0008081
fT1/Λ4 = 1 0.2384 0.0008081
fT2/Λ4 = 1 0.1588 0.0007844
fT8/Λ4 = 1 0.1935 0.0008983
fT9/Λ4 = 1 0.1439 0.0008243
fM0/Λ4 = 1 0.138 0.0007597
fM1/Λ4 = 1 0.1337 0.0007683
fM2/Λ4 = 1 0.136 0.0007346
fM3/Λ4 = 1 0.1329 0.0007899
fS0/Λ4 = 1 0.1323 0.0007633
fS1/Λ4 = 1 0.1328 0.0007628

Standard Model 0.1326 0.0007647

Table 10: 14 TeV pp → ZZ + 2j (LHC) and 1 TeV e+e− → ZZ + 2j (ILC) Vec-
tor Boson Scattering process cross section comparisons with dimension-8 operator
anomalous coupling coefficients.
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