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Abstract

We study the production of the Higgs in a association with a vector (V = W, Z) via the VBF
process, VBF-VH. In the Standard Model (SM), this process exhibits tree-level destructive inter-
ference between between W and Z mediated processes and is thus very sensitive to deviations in
Higgs couplings to vector bosons. We study this process at both the HL-LHC as well as future
high energy lepton colliders. We show in particular that the scenario where Higgs couplings have
the same magnitude but opposite relative sign as in the SM, a scenario that is very difficult to
distinguish without interference, can be probed with this process at either collider.
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I. MOTIVATION

The experimental study of the Higgs boson is well underway. As yet, its properties
are consistent with the predictions of the Standard Model (SM), but more detailed study
could potentially reveal new physics. As is well known, the Higgs boson tames longitudinal
scattering of gauge bosons at high energy: in the absence of the Higgs, the process VV — V'V
grows with energy (where V' = Z, W) [1HG]. Processes involving the Higgs itself can also
grow with energy if the Higgs properties differ from that of the SM. In this work we will
study:

VV - Vh, V=W, Z. (1)

This process is sensitive to the ratio of the coupling of the Higgs to the W relative to that
of the Z. If we define Ky (kz) as the deviation of the W (Z) coupling to the Higgs from
the SM prediction (kw = kz = 1 in the SM), then we can define:

Az = 2 2)

Rz

as the specified ratio. The process in exhibits tree-level interference effects between
W and Z mediated processes, and the matrix element has a term that grows with energy
proportional to Ay z — 1.

One particularly interesting scenario is that when Ay -z is negative relative to the SM
prediction. Tree-level processes without interference effects such as decays of h — ZZ* [7,[§]
and h — WW* [9] [10] are only sensitive to |\ z|. Fits to the couplings by the experimental
collaborations [ITHI3] measure Ay 7 with approximately 10% precision but have almost no
discriminating power between positive and negative values of A\yyz.! The ultimate LHC
sensitivity on this ratio is projected to be about 2% [14], but as far as we are aware, there
has been no study on the sensitivity to the sign from rate measurements at the LHC. Negative
values of Az can arise in models with scalars that have higher isospin representations [15]
such as the Georgi-Machacek [16] model.

Because a heavy gauge boson collider is not feasible, the gauge boson scattering is studied

experimentally via vector boson fusion (VBF), where W or Z’s are radiated off the initial

1 The 13 TeV CMS analysis [12] actually has a best fit value that is negative, and the 13 TeV ATLAS

analysis [I3] does not consider negative values of Ay z.



state fermions and then scatter off one another. In this report we study VBF production of

V'h at both the HL-LHC and a future high energy lepton collider.

II. STUDY AT THE LHC

At the LHC, the VBF process means producing V'h in association with two jets with a

large rapidity gap. Here we focus on the process

pp — Zhjj (3)

where 7 is a jet. We leave the process with a W in the final state to future work. We also

use the leptonic decay of the Z and the bb decay of the Higgs:
Z — 0t
h — bb (4)

The signal cross section is already quite small (see below), therefore the Higgs mode
with the largest branching ratio is chosen, while the Z mode allows for significant background
reduction. The decay of the Z to neutrinos could also be a viable signal because it has a
larger rate than charged leptons, but it is not considered here.

The signal is simulated using MadGraph5_aMC@NLO [I7], and the QC'D = 0 flag is used
to ensure VBF topology. The same process without the QCD = 0 flag is a (subdominant)
background. The events are hadronized using PYTHIA8 [I8] and Delphes [19] is used as a
detector simulation. The tree-level signal cross section (before taking branching ratios into

account) scales with the coupling modifiers as
Ogg ~ (17.41 fb) - k3, — (14.755 fb) - kywkz + (12.41 fb) - K%, (5)

From this we see that there is large destructive interference in the SM (ky = Kz = 1), and
that if ky = —kz = +1, then the cross section is enhanced by a factor ~ 3.
The dominant backgrounds for this analysis are:
pp — Zbbjj
pp — tt (6)
where in the first process the Z decays leptonically and in the second both tops decay lep-

tonically. The background cross section for the first (second) process is roughly 1 (5) pb with
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branching ratios taken into account, while the signal cross section is about 1 fb. Therefore,

cuts that significantly enhance the signal to background ratio are needed. Backgrounds with

two Z bosons are also considered but are subdominant.

Our analysis is built from characteristic VBF cuts by identifying the forward-backward jet

pair with highest invariant mass as the VBF-tagging jets. The final set of cuts we developed

are:

o At least one forward-backward jet pair must exist.

e All jets under consideration must have pr > 20 GeV, |n| < 5.

e Number of B-tagged Jets > 2.

e Number of jets that are VBF AND B-tagged = 0.

e Invariant mass of the detected OSSF Lepton pair € (81 GeV, 101 GeV).
e | — 19| of VBF-tagged Jets > 4.

e Total invariant mass of VBF-Tagged jet pair > 1000 GeV.

e Missing Ep < 50 GeV.

e Jet-1 pr > 100 GeV.

e Jet-2 pr > 70 GeV.

e Jet-3 pr > 50 GeV.

e B-Jet-1 pr > 55 GeV.

e B-Jet-2 pr > 55 GeV.

o ARy — /BN (BOP <2

e Higgs mass reconstructed with standard jets € (110 GeV, 130 GeV).

e Higgs mass reconstructed with BDRS algorithm [20] with R

(110 GeV, 130 GeV).
The yields and related data are displayed in [Tab.I We see that the signal to background
ratio has increased significantly, but that detection with the HL-LHC at 3,000 fb~! will still

be

challenging.

= 20 €

All of the steps so far had been performed using the SM with ky = kz = 1. We can

now vary the values of (kw,rz) and determine the sensitivity to those parameters. The

kinematic distributions are also changed and the change of efficiency for non-SM points is

taken into account. We estimate the significance as follows as a function of Ky/z assuming



Process MC selection efficiency # events (3,000 fb~1)
Signal 503 /100k 6.23 £+ 0.28

Zbbjj 9 /700k 42.93 + 14.31

tt 3 /5M 9.56 + 5.52

TABLE I: Monte Carlo selection efficiency with the number of events generated in the denominator
in the second column. The third column is the number of expected events at the HL-LHC, and

uncertainties are due to Monte Carlo statistics.

an observation at the SM expectation by:

_ ‘A(/ﬁw,lﬁz) — A5M|
VAsu + (B Asar)?

where A = S+ B is the total signal+background yield at the corresponding point. The errors

(7)

in the denominator are statistical and systematic respectively, and we have parameterized
our systematic errors with the parameter § which we take to be § = 0.1. Our results are given
in [Fig. 1|, where the SM point is shown with a cross and the point with (kw,kz) = (1,—1)

is shown with a triangle and is expected to be excluded at more than 2¢.
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FIG. 1: 1- and 2-0 sensitivity of this measurement to s, and sy . The x is the SM point, while
the the triangle is the one with the same magnitude but opposite relative sign which is weakly

constrained with current data.



III. STUDY AT A FUTURE HIGH ENERGY LEPTON COLLIDER

The same type of measurement can be made at a lepton collider, where the processes are:

et e v, v Zh,

et e > v.eW h. (8)

At a lepton collider, the signal to background ratio is much more favourable than at the
LHC. This measurement was studied in [2I] and we here give a brief summary of the results.
As with the processes in grows with the center of mass energy if there
are deviations of the Higgs couplings from their SM predictions. Therefore a high energy
lepton collider will have the best sensitivity. Here we analyze the CLIC eTe™ machine as a
benchmark, but the same analysis would apply to a high energy muon collider.

These two processes also possess significant destructive interference between W and Z
mediated contributions. For several benchmark collider scenarios, we show in the

cross sections for Wh and Zh processes with
2 2 9
Ototal = Ky Ow + KwKkzOwz + Kz0z. (9)

From [Tab.Tl| one can see that the interference effect is even larger than the individual
contribution of oy and oz. Utilizing such effect can have a quite sensitive measurement of
Kw, kz and Ay z.

In the phenomenological studies, we consider the leptonic decay of gauge bosons (Z —

00,W — (v), and h — bb. The dominant backgrounds for this analysis are

e~et — e, WTZ — e T ubb, (10a)

e et > v, 27 — v T bb. (10Db)

Other backgrounds were also considered, but they are comparitavely unimportant. The
events are generated using MadGraph5_aMCONLO [I7] with PYTHIA8 [I8] used for showering
and hadronization. The detector effects are simulated with Delphes [19] using the CLIC
card [23]. In order to improve the sensitivity, we simulate both 3 TeV and 1.5 TeV events
with P(e”) = —0.8 for the electron beam which are two scenarios for CLIC with 4000 and
2000 fb~! luminosity respectively [22].

To suppress the background, we implement several selection cuts to single out the signal

events which are listed in [Tab. ITI. The cut flow for signal (assuming ky = 1 and Kz = 1)
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o [fb] Wh Zh

Vs [GeV] P(e™) = —80% P(e”) =80%|P(e”) = —80% P(e™) = 80%
oz 8.25 x 10 3.18 x 10° 3.85 x 10°  4.25 x 107!

1500 | o 1.22 x 101 4.11 x 10° 6.85 x 10°  7.66 x 107!
owz| —1.28x10' —5.46 x10°] —5.38x10° 5.93 x 107!

oz 3.51 x 101 1.34 x 10! 1.87 x 101 2.09 x 10°

3000 | ow 4.31 x 100 1.50 x 10! 2.97 x 101 3.27 x 10°
owz| —6.32x 10" —2.52 x 10! —3.13 x 10! —3.45 x 10°

TABLE II: The individual contributions to total cross section in the parameterization of [Eq. (9)]
for Wh and Zh VBF processes at different collision energies and different polarizations. The
cross section is obtained from MadGraph5 aMC@NLO with cuts: p% > 10 GeV and || < 3.5. The

polarization configuration is following [22].

Cuts W h-Cuts Zh-Cuts
P > 20 GeV, N, =2
Basic Cuts p% > 20 GeV, N, =2
N, >1 1 OSSF Pair
Mpp 95 GeV < mypp < 130 GeV
My myp < 80 GeV or my > 98 GeV 75 GeV < my < 100 GeV
o Hrp <2500 GeV /s = 3000 GeV | | Hr < 1500 GeV /s = 3000 GeV
' Hp <1100 GeV /s =1500 GeV | | Hp <700 GeV /s = 1500 GeV

TABLE III: The Cuts used for Wh channel and Zh channel.

and background processes are further listed in [Tab.IV] By assuming that the selection
efficiency will not change significantly for different values of Ky, we can directly obtain the
signal events for all other cases by proper scaling according to xw,z. We can then compute
the log-liklihood function of ki and k7 to get confidence contours of those parameters.
Combining all the channels, we can get the 68% and 95% confidence level regions which

are shown in [Fig. 2 We see that the combination can restrict the allowed region to be much

smaller than for any individual measurement. Further, we can also estimate the luminosity



V5 =23.0TeV, L=4ab™!

Vs=15TeV L =2ab"!

7 () Before Cuts Wh-Cuts Zh-Cuts Before Cuts Wh-Cuts  Zh-Cuts
. Wh(VBF) 1.97x10° 7.26 x 1072 1.36 x 1073 9.62 x 10~} 6.54 x 1072 2.37 x 1073
Signal Zh(VBF) 6.47 x 1071 3.49 x 1072 7.21 x 1072 2.03 x 107! 1.30 x 1073 2.87 x 1072
WZ(VBF) 4.47 x10° 9.97 x 1073 2.16 x 107% 1.84 x 10° 5.86 x 1072 1.96 x 10~4
Be ZZ(VBF) 1.92x10° 4.21 x 1074 8.07 x 1073 592 x 107! 1.48 x 107% 2.88 x 1073

Precision (%)

6.18 6.17

Precision (%)

9.53 13.5

TABLE IV: The cross sections for signal and the dominant background (BG) processes (with final

states b0~ or bblv) at /s = 1500, 3000 GeV for P(e~) = —0.8. Note that for the VBF processes,

p%7 > 10 GeV and || < 3.5 are imposed at the generation level for the forward/backward charged
lepton. We also quote the the precision on the measurement of signal cross section that can be

extracted with the given luminosity.
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FIG. 2: The constraints in the xky-kz, Kw-Awz, and kz-Awz planes from the total rate measure-
ments. We show the contours from the four different measurements at 68%, and also show the
combined constraints at 68% C.L. (95% C.L.) in green (yellow). The SM values are indicated as

red points.

that is needed to exclude some non-SM benchmark points at specific scenarios. The results
are presented in which shows that with significantly less data, we can exclude those
BSM scenarios. Besides the total rate, we can further utilize the distribution to obtain

stronger sensitivities.



Benchmark Vs =3.0TeV /s =15 TeV

kyw ==+1, ky=7F1 34fh! 14.1 fb=1
kw=1,Kkz =0 29.3 fb~! 243.3 tb~!
kw=0,kz =1 62.1 fb~! 1772.4 fb~1

TABLE V: The luminosity that is needed to exclude specific benchmark points at 95% C.L. against

the SM case (kyy = 1 and kz = 1).
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