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Longitudinally polarized ZZ scattering at a muon collider
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Measuring longitudinally polarized vector boson scattering in, e.g., the ZZ channel is a promising way to
investigate the unitarization scheme from the Higgs and possible new physics beyond the Standard Model.
However, at the LHC, it demands the end of the high-luminosity-LHC lifetime luminosity, 3000 fb~!, and
advanced data analysis technique to reach the discovery threshold due to its small production rates. Instead,
there could be great potential at future colliders. In this paper, we perform a Monte Carlo study and examine
the projected sensitivity of longitudinally polarized ZZ scattering at a TeV scale muon collider. We conduct
studies at 14 and 6 TeV muon colliders respectively and find that a 5 standard deviation discovery can be
achieved at a 14 TeV muon collider, with 3000 fb~! of data collected. While a 6 TeV muon collider can
already surpass high-luminosity LHC, reaching 2 standard deviations with around 4 ab~! of data. The
effect from lepton isolation and detector granularity is also discussed, which may be more obvious at higher
energy muon colliders, as the leptons from longitudinally polarized Z decays tend to be closer.
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I. INTRODUCTION

The discovery [1,2] and property measurements [3] of the
Higgs boson marked a triumph of the Standard Model (SM)
of particle physics and the Large Hadron Collider (LHC). In
the next decades, the LHC and the high-luminosity LHC
(HL-LHC), together with other future colliders in design,
will be further exploring the SM and searching for physics
beyond that. Among the next critical topics, measuring the
vector boson scattering (VBS) processes and especially its
longitudinally polarized component (the LL. component) is
extremely important yet very demanding.

Vector boson scattering is a type of rare SM processes
involving pure electroweak interactions. It is sensitive to non-
Abelian weak gauge boson interactions and the structure of
electroweak symmetry breaking. Typical VBS signatures at
hadron colliders include, for example, large dijet mass and
large pseudorapidity separation [4]. Many VBS studies have
been performed at the LHC, including the discoveries and
measurements of WEW* [5-7], W*Z [7-9], ZZ [10,11], Zy
[12—-15], and Wy [16,17]. The topic of this paper is the VBS
channel of ZZ — 4¢ (£ = electron e, or muon y). While this
channel has the advantage of clean final states, it suffers from
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a low production cross section, with a small branching ratio
of the Z boson decaying to charged leptons.

Measuring the longitudinally polarized component of VBS
is a critical next step for the field, as it is closely related to the
important theoretical property of unitarity restoration through
Higgs and possible new physics [18,19]. There have been
extensive studies on the LL fraction measurement through
exploiting various kinematic observables and techniques like
boosted decision tree (BDT) or deep learning (DL) [20-22].
However, due to the small yields of this process (typically,
the LL fraction is below 10% of the total VBS), it is quite
demanding to distinguish the LL signal from the background.
For example, based on the full simulation of samples with the
upgraded Compact Muon Solenoid (CMS) detector at the
14 TeV HL-LHC [23-25], the expected significance for an
integrated luminosity of 3000 fb~! is estimated to be 2.7 and
1.4 standard deviations (¢), for the LL VBS W*W* and ZZ,
respectively. Recently, the first measurement on the LL VBS
has been performed for the W*W=* channel by the CMS
experiment [26] based on the full run 2 data of around
137 fb~!. The optimization in the analysis is based on two
kinds of BDT, i.e., one to suppress VBS from non-VBS and
the other to signify LL from non-LL. The observed signifi-
cance is only around 1o. However, it symbols the beginning
of the experimental search for the polarized VBS.

II. PHYSICS PROCESSES AT THE MUON
COLLIDER

A muon-muon collider with the center-of-mass energy at
the multi-TeV scale has received much-revived interest [27]
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recently, which has several advantages compared with both
hadron-hadron and electron-electron colliders [28-31]. As
massive muons emit much less synchrotron radiation than
electron beams, muons can be accelerated in a circular
collider to higher energies with a much smaller circum-
ference. On the other hand, because the proton is a
composite particle, muon-muon collisions are cleaner than
proton-proton collisions and thus can lead to higher
effective center-of-mass energies. However, due to the
short lifetime of the muon, the beam-induced background
from muon decays needs to be examined and reduced
properly. Based on a realistic simulation at /s = 1.5 TeV
with beam-induced background included, Ref. [32] found
that the coupling between the Higgs boson and the b quark
can be measured at percent level with order ab™' of
collected data.

At the TeV scale muon collider, VBS can be an
interesting topic and ideal motivation. As mentioned in
Ref. [33], a TeV scale muon collider would effectively be a
“high-luminosity weak boson collider” and offer great
opportunities to precisely measure electroweak observables
and Higgs coupling.

We target two benchmark scenarios in this study, i.e., a
muon—muon collider with a center-of-mass energy of 14 and
6 TeV, each with order ab™! of collected data. The physics
processes we consider include (P1) s-channel annihilation
processes, e.g., uTu~ — X = ntt + mV + kH, where n, m,
and k are integers that, respectively, denote the number of top
quark pairs, weak vector bosons V, and Higgs bosons H, and
(P2) VBS processes including the core interactions as
VV — X. The example diagram of VBS processes at a
muon collider is shown in Fig. 1. Following Ref. [33], VBS
processes can be further divided into (P2.1) W+W~ fusion
with two neutrinos in the final states (symbolized below as
WW_VBS), (P2.2) ZZ/ Zy/yy fusion with two muons in the
final states (symbolized below as ZZ_VBS), and (P2.3)
W*Z/W=*y fusion with one muon and one neutrino in the
final states (symbolized below as WZ_VBS).

pt 1
Vl X
Va
i 2
FIG. 1. Example diagram of VBS processes at a muon collider.

III. INCLUSIVE AND POLARIZED ZZ
SCATTERING

In this paper, we focus on the VBS production of ZZ —
4¢ at a muon collider, specifically from P2.1 through
WT W~ fusion. The characteristic signal contains four
leptons (electrons or muons) accompanied with the large
missing energy . Accordingly, background processes
(from PI1, P2.1, P2.2, and P2.3 as listed above) leading
to similar final state topology are considered in this study.

As mentioned before, we are mainly interested in the
longitudinally polarized component of the VBS ZZ produc-
tion, i.e., Z; Z; productions through W W~ fusion. A new
option to handle the polarization state from initial and final
particles has been implemented in MADGRAPHS_aMC@NLO
[34] from version 2.7.0 [35]. This enables the scattering
and decay simulations to involve polarized, asymptotic
states, and preserves both spin-correlation and off shell
effects, to a good approximation. However, the polarization
definition depends on the reference frame. Accordingly,
MADGRAPH5_aMC@NLO provides a setting parameter that
allows switching the studied frames. The default is the
partonic center-of-mass frame, which is our choice for this
work. Notice in the recent CMS analysis [26], the default
reference frame and the VBS frame are both implemented for
study, of which the latter has mildly better sensitivity. To
further illustrate the difference between the individual
polarization states, we plot in Fig. 2 the cross section
dependence on the collision energy, for VBS productions
of ZZ,7Z; Z; , the transversely polarized component Z;Zr, as
well as Z;Z; through W W~ fusion at a muon collider.
Notice also that the Next-to-Leading Order (NLO) electro-
weak corrections, as shown in the LHC studies [36-38], can
be sizable at high energy kinematic region, however, the
calculations are missing at the muon collider and is beyond
our scope. Moreover, the effects are expected to be smaller
for the Z; Z; part [26].
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FIG. 2. Cross section dependence on the center of mass energy
of a muon collider, for the LL and other components of VBS ZZ
through W+ W~ fusion.
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TABLE 1. Summary of the background processes at a muon
collider considered in this study.

SM process type Selected background

zZZ, WWZzZ

P1: s channel

P2.1: WW_VBS H, HZ(Z), HWW, HH, WWZ,
2727, ZyZp 1. GiZ

P2.2: ZZ_VBS H, WW, 17, de, 2e2u, 4u

P2.3: WZ_VBS WZ, WZH, WH, WWW, WZZ

IV. SIMULATION AND ANALYSIS FRAMEWORK

Both signal and background events are simulated with
MADGRAPHS5_aMC@NLO , then showered and hadronized by
PYTHIAS [39]. The final state jets are clustered using Fastiet
[40] with the kp [41] algorithm at a fixed cone size of

Riet = 0.5. We used DELPHES [42] version 3.5 to simulate
detector effects with the default card for the muon collider
detector [43]. The simulated backgrounds are summarized
in Table I. The background processes are chosen on the
principle that they have relatively large cross sections and
the ability to decay to four leptons. Events are generated
corresponding to a muon collider with collision energies of
14 (6) TeV and integrated luminosity of 20 (4) ab~!.

We describe the selection criteria as below. First, events
must include exactly four leptons (bare ones without nearby
photon recovered) with transverse momentum pr >
20 GeV and absolute pseudorapidity |7| < 2.5, and satisfy
the lepton flavor and charge requirements from the Z boson
decay; i.e., the leptons should fall into one of the three
flavor types (4e, 4u, 2e2u) with exactly two positive and
two negative charges. For the type 2e¢2u, the dielectron
and dimuon pair must have opposite charges separately.
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— ZZin WW_VBS | e — ZZin WW_VBS
1081 - — ww_bkg 10°E — ww_bkg .
g wz_bkg i wz_bkg
— zz_bkg I — zz_bkg
1021 —— s-ch_bkg 4 102 s-ch_bkg E
o 10 {101 lt]: s
Zl B I f': ;Z\ ; M 4|_’_L 1
o A i
107 1 100k .
107 E| -L
g 1 101 .
10_23— _‘ E |
L | | | 102 I | | I =
60 80 100 120 140 60 80 100 120 140
Mz1[GeV] Mzz[GeV]
T T R T T L B
L — ZZ L — ZZ
103 ZvZ7 103 ZZt ]
b — It F — ZtZ,
| — ZZ , — ZZ
102 4 102 .
I . L
2 ol 4= 1o E
10% E 10% E
107 H 4 10 ]
i | | | L | L | | |—]
60 80 100 120 140 60 80 100 120 140
Mz1[GeV] Mzg[GeV]

FIG. 3.

The invariant mass distributions of Z; (left) and Z, (right) for VBS ZZ through WW fusion and its various polarization

fractions, compared with all the backgrounds, corresponding to a 14 TeV muon collider with 20 ab~! of data collected. The upper panel
compares the VBS ZZ signal with four background components. The lower panel compares the kinematics for different polarization

fractions of the VBS ZZ process.
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Furthermore, we veto events with jets cleaned from the four

leptons with a distance of AR = /A%y + A%¢p > 0.5. We
then cluster the selected four leptons into two reconstructed
“Z bosons” (labeled Z; and Z, in the descending order of
transverse momenta) using the following algorithm:

(i) Construct the combinatorics of the leptons /][] 51

into lepton pair candidates (/;/3, [,1;) and ({114, [,13).

(i) Calculate AM? = (Mz — Mz)* + (Mz, — Mz)*.

(iii) If AM3;,, > AM},,;, choose the lepton pair
(l414, I,13), and vice versa.

(iv) For the flavor type 2e¢2u, adopt the lepton paring
Z,—>ete, Zy > utu.

It is worth mentioning that the four leptons in some
background events are not originated from the two Z
bosons. As a result, the reconstructed “Z boson” in those
events may behave differently from the real Z boson, thus
can be exploited to distinguish our signal from the back-
ground. Moreover, even for leptons produced from the
decay of a real Z boson, we observe discrepancies in their
distributions among different polarization states. Figure 3
shows the invariant mass distributions of Z; and Z, for
VBS ZZ through WW fusion and its various polarization
fractions, compared with all the backgrounds. Given the
intrinsic shape discrepancies, we train a BDT model for the
better discrimination of the signal and all background
components, using the kinematic observables of the four
leptons and two “Z bosons” as input features. We elaborate
on the details in the next section.

V. ANALYSIS RESULTS

For the implementation of the BDT, we shuffle the signal
and background events and define the training and test sets
with the event ratio of 2:1. The BDT with 200 trees and a
maximum depth of 5 is trained. We apply the per-event
weight during the training to account for the cross section
difference among the processes. The weight is defined by

np, :O'XL/NGXv (1)

where oy denotes the cross section of a process, L denotes
the default target luminosity in this study as 20 (4) ab~! for
a 14 (6) muon collider, and Ng, denotes the generated
number of events. The total signal yields are reweighted to
match that of the total background during training for the
robustness of the trained model. The input features, namely
reconstructed kinematics of each event used for training,
are listed as follows and summarized in Table II. In this
analysis, up to 37 kinds of event kinematics are used for the
BDT model.

i) (pt.n,¢) of the four leptons (note that due to the
small mass of the leptons, we set the masses to zero
in the calculations).

() (pr.n, P, my,) of the two clustered “Z bosons.”

TABLE II. Summary of features used for the BDT training.
Number of

Objective Features features

Each lepton (prsn, @) 12

Each “Z boson” (prs1, P, Miny) 8

Four leptons (Prags Nats bars Map) 4
combined

E (pr.n.9) 3

Between two Z (An, Ag, AR) 3
bosons

Between 27 of Z,; (An, A¢, AR) 3

Between 27 of Z, (An, A¢, AR) 3

Lepton flavor type (1,—1,0) for 1

(de,du,2e2u)
Total: 37

(i) (pr,n, ¢, myyy) of the summed 4-momenta of the

four leptons.

(iv) (pr.n.¢) of the missing energy E.

(v) (An, A¢g, AR) between the two “Z bosons” and the

two lepton pairs from Z; and Z,.

(vi) The flavor types of the four leptons (4e, 4u,2e2u),

encoded as (1,—1,0), respectively.

The results of the BDT is shown in Fig. 4. In Fig. 4(a),
we show the feature importance ranking of the top 10
variables in the BDT model, from which we can easily
conclude that the invariant masses of the two reconstructed
“Z bosons” are of vital importance in discriminating the
signal and backgrounds. Figure 4(b) provides p values
from Kolmogorov-Smirnov test and the BDT score dis-
tributions for the signal and background in the training and
test sets, as proof of no over-training in the BDT model.

The receiver operating characteristic (ROC) curve of the
trained model is then studied from the test set. The
significance is also calculated at different BDT selection
thresholds, using the formula

S:\/Z(s+b)ln<1+%>—2s, 2)

where s (b) represents the weighted signal (background)
yields after requiring the BDT score to be greater than a
certain value. The ROC curve and the significance depend-
ence on the BDT score cut are shown in Fig. 5.

It is worth pointing out that events from some processes
with large cross sections, such as the WZH, WH, and WZZ
from WZ_VBS (for conventions, see Table I) have rela-
tively large weight (n;, ) after scaling to target luminosity
as the consequence of the intractable complexity in event
generation and the limited CPU resources. Events with
big n;  play an important role when we randomly assign
Monte Carlo events into separate datasets for training and
testing, respectively, and lead to a large fluctuation on BDT
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FIG. 4. BDT training results for the LL. VBS ZZ analysis at a 14 TeV muon collider. The left panel (a) shows the importance ranking
for the top 10 features; the right panel (b) shows the Kolmogorov-Smirnov test results and score distributions for signal and background

in the training and test sets, respectively.

scores as shown in Fig. 5. Although in most situation
tighter cut on BDT score leads to better significance,
fluctuation of achieved significance corresponding to
BDT cut approaching 1 confirms that we should adopt a
conservative strategy and pause the scanning of threshold at
0.95. To further validate the robustness of our results, we
split our simulated events to training and testing sets with
150 random configuration and train 150 same BDT models,
respectively. Our target is to extract a reasonable signifi-
cance with the collection of all 150 trained models. Results
for this validation are illustrated in Fig. 6.

In the left panel Fig. 6(a), we show the training results
with the 150 random dataset configuration. The right plot
Fig. 6(b) shows the lower envelope of the significance as a

Receiver operating characteristic
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(a) ROC Curve of Trained BDT Model

FIG. 5.
collected.

function of the BDT cut, in these 150 training sessions.
We observe that the optimal cut value is around 0.93, with
the corresponding significance of around 14¢. Such a result
is the most conservative estimation of the LL VBS ZZ
signal significance for a 14 TeV muon collider.

We also make a comparison between the BDT method
and the traditional cut-base method. The cut-flow results
are listed in Table III, where ARy, ,,, is defined as the AR
between the two leptons forming Z,. We use the selections
listed in Table III to filter all four-lepton events. The
selections are optimized to reach a higher significance.
Comparing the maximum significance reachable by the
BDT and the cut-base selection method, we see a sub-
stantial gain from the BDT method in the distinction

L L T T
16 | Max significance point:(0.91,16.39) |

Significance
=
T

Cut

(b) Thresholds on BDT Score vs.
Corresponding Significance

ROC curve and significance dependence on the BDT cut, corresponding to a 14 TeV muon collider with 20 ab~! of data
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FIG. 6. Training results with the use of 150 different random seeds. The left plot shows the significance dependence on the BDT cut
for all 150 scenarios. It should be noted that we pause the scanning when the backgrounds yield zero, which results in the straight
horizontal line near the end of scanning. The right plot shows the lower envelope of the significance shape.

TABLE III. The cut-flow table and the corresponding significance based on the cut-based method. The selections are optimized to

achieve higher significance.

Cuts s b S[o]
70 GeV < My, My, < 140 GeV 476.5 6592.1 5.8
70 GeV < My, My, < 140 GeV, ARy, ,,, < 0.4 238.1 1165.9 6.8
70 GeV < My, My, < 140 GeV, ARy, < 0.4, pras < 300 GeV 213.5 424.9 9.6
70 GeV < My, My, < 140 GeV, ARy < 0.4, prae < 300 GeV, E < 140 GeV 147.8 158.1 10.4

between signal and background. Besides, we derive the
integrated luminosity where a maximum significance of 5S¢
is reached by L’ = (5%/14%)L ~ 3000 fb~!. We conclude
that the LL. VBS ZZ process can be eventually discovered
on a 14 TeV muon collider with 3000 fb=! of collected
data, resulting from a conservative estimation by the BDT
method.

We also show the results of our study at a 6 TeV muon
collider. With the same BDT study performed as above, the
expected significance for LL VBS ZZ is found to be around
26 with 4 ab~', which is much weaker than the 14 TeV
case. However, it is already comparable with the HL-LHC
estimation [25]. We explain the details of the differences
between a 6 and 14 TeV muon collider as follows. (1) The
N, of our signal after the preselection at /s = 6 TeV is
only one-tenth of that at /s = 14 TeV. (2) Compared to
/s = 14 TeV, the different polarization states of the ZZ
process in WW_VBS at a 6 TeV muon collider are more
similar in their kinematic distributions and thus difficult to
be distinguished. For a better illustration, we plot the
distributions of AR, 7, and pr 4, at two different collision

energies in Fig. 7. Comparing the left two subfigures with
the right ones, we can see that in the region where the
values of two selected observables approach 0, the signal
process at a 14 TeV muon collider has a more prominent
distribution than at a 6 TeV muon collider. As a result, it
becomes more difficult to ensure that the number of the
signal remains a considerable size when reducing the
background yields.

Finally, we want to comment on the effects of lepton
isolation, which represents the requirement on the detector
granularity of a muon collider. In above analysis, we follow
the DELPHES card for muon colliders [43], where the lepton
isolation cone is set to 0.1 by default. However, from Fig. 7,
one can find LL. VBS ZZ peak sharply at low ARy, ,,
region,' and if one cuts on ARz, , pm to be larger than, e.g.,

'We have checked that at the Z boson’s rest frame, leptons
from Z decay tend to be perpendicular to the Z boson’s fly
direction in the lab frame. However, at the 14 TeV muon collider,
Z bosons are quite energetic and the decay products are boosted
to be closer, especially for the longitudinal mode.
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FIG. 7. Distributions of ARy, ., (a),(b), defined as the AR between the two leptons forming Z,, and p 4. (¢),(d) from the VBS ZZ
process simulated at a 14 TeV (a),(c) and a 6 TeV (b),(d) muon collider.

TABLE IV. The cut-flow table and the corresponding significance when ARz, ,,, > 0.2.

Cuts s b Slo]

ARz, pm > 0.2 334.3 14331.2 2.8

02 < ARz ,n <0.8,02 < ARy, ,, <0.5 108.7 1007.6 3.4

0.2 < ARz ,n <08,0.2 < ARz, ,, <0.5, 60 GeV < Mz, Mz < 130 GeV 100.0 695.4 3.7

02 < ARz ,, <08,0.2 < ARy, ,, <05, 60 GeV < Mz, Mz, < 130 GeV, 97.0 400.7 4.7
Prar < 500 GeV

02 < ARy ,, <08,0.2 < ARy, ,, <05, 60 GeV < M;;,Mz, < 130 GeV, 61.7 90.2 5.9

Prae < 500 GeV, My, < 3000 GeV, E < 180 GeV

0.2 [44.,45], then the significance can drop to 60 as shown VI. OUTLOOK AND CONCLUSIONS

in Table IV. This clearly points out to the needs of detector Measuring longitudinally polarized vector boson scatter-

optimization, in order to enlarge the gain of measuring LL.  ing in the ZZ channel is a promising way to investigate
VBS at a muon collider. unitarity restoration with the Higgs mechanism and to
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search for possible new physics. However, at the LHC, it
demands the end of the HL-LHC lifetime luminosity (i.e.,
3000 fb~!) and advanced data analysis technique in order
to reach the discovery threshold, due to the small produc-
tion rates. We show that there could be great potential for
the discovery of this signal process at future linear colliders.
In this paper, we perform a Monte Carlo study and examine
the projected sensitivity of longitudinally polarized ZZ
scattering at TeV scale muon colliders. With a conservative
estimation using the BDT technique, we find that a 5
standard deviation discovery can be achieved at a 14 TeV
muon collider, with 3 ab~! of data collected. The result
outperforms the traditional cut-based analysis strategy. The
study is also performed on a 6 TeV muon collider and
shows that 2 standard deviations can be reached with
around 4 ab~! of data. Although less discriminating power,

with respect to the 14 TeV muon collider, is observed to
distinguish the longitudinal component of VBS ZZ from
the backgrounds, the 2¢ significance already surpasses the
estimated sensitivity at the HL-LHC, showing good poten-
tials to reach the first VBS Z;Z; discovery on a muon
collider. The effect from lepton isolation and detector
granularity is also discussed, which shows to be larger
at higher energy muon colliders, as the leptons from
longitudinally polarized Z decays tend to be closer.
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