Chinese Physics C  Vol. 49, No. 10 (2025) 103102

Probing Z/W pole physics at high-energy muon colliders via
vector-boson-fusion processes”

Hao-Qiao Li (Z2245)"®  Hai-Ning Yan (™ 7)*® Jayin Gu (Bi#15) 2@  Xiao-Ze Tan ()

'Department of Physics and Center for Field Theory and Particle Physics, Fudan University, Shanghai 200438, China
Key Laboratory of Nuclear Physics and Ion-beam Application (MOE), Fudan University, Shanghai 200433, China
3Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

Abstract: A future ete™ collider could run at the Z-pole to perform important electroweak (EW) precision meas-
urements, but such a run may not be viable for a future muon collider. However, this can be compensated for by
measuring other EW processes utilizing the high energy and large luminosity of the muon collider. In this paper, we
consider the measurements of the vector boson fusion processes of WW/WZ/Wy to a pair of fermions (along with a
ViV, or vy [y, pair) at a high-energy muon collider and study their potential for probing EW observables. We
consider two run scenarios for the muon collider with center-of-mass energies of 10 and 30 TeV, respectively, and
focus on the processes involving f = b, ¢, 7 and the dimension-6 operators that directly modify the corresponding fer-
mions coupling to the Z/W bosons. The invariant mass distribution of the ff pair helps to separate the events from
the Z/W and high-energy resonances, whereas the polar angle of the outing fermion provides additional information.
Through a chi-squared analysis on the binned distributions and combining the information from the WW and
WZ/Wry fusion processes, all relevant Wilson coefficients can be constrained simultaneously. The precision sur-
passes the current EW measurement constraints and is even competitive with future e*e™ colliders. Our analysis can
be included in a more complete framework that is required to fully determine the potential of muon colliders in EW
precision measurements.

Keywords: EW measurement, vector boson fusion, SMEFT, muon collider

DOI: 10.1088/1674-1137/addfcd

I. INTRODUCTION

A future high-energy muon collider, if constructed,
will have significant physics potential and may unveil
some of the deepest mysteries in particle physics. Des-
pite significant technical challenges, the concept of a
muon collider was proposed in the early days of particle
physics and has recently gained strong interest within the
global scientific community [1-3]. The Muon Accelerat-
or Program (MAP), initiated in the United States, presen-
ted a concrete framework for developing a muon collider,
with an envisioned startup timeline around 2045 [4].
Meanwhile, the European Strategy for Particle Physics
(ESPPU), updated in 2020, emphasized the importance of
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a robust R&D program for muon colliders [5]. This initi-
ative led to the establishment of the International Muon
Collider Collaboration (IMCC) [6], tasked with deliver-
ing a promising Conceptual Design Report (CDR) in time
for the next ESPPU update [7]. Additionally, the
European Roadmap for Accelerator R&D [8], published
in 2021, included the muon collider as a priority based on
recommendations from the particle physics community.
This roadmap outlined critical requirements for key tech-
nologies and conceptual advances, setting benchmarks for
technical assessments such as luminosity goals and the
management of detector backgrounds [3]. Over the com-
ing decades, studies on muon colliders are expected to
play an increasingly pivotal role in particle physics, offer-
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ing unique opportunities to explore physics at unpreced-
ented energy scales.

The main advantage of a muon collider, compared
with an e*e™ collider (such as the CEPC [9, 10], FCC-ee
[11, 12], ILC [13], C’ [14], and CLIC [15, 16]), is that it
can reach a higher center-of-mass (c.0.m.) energy, pos-
sibly up to 10 TeV or even 30 TeV [2, 3] owing to the
larger muon mass, which significantly reduces the syn-
chrotron radiation effects. A possible 3 TeV run is also
under consideration [17], whereas a 125 GeV run as a
first stage to produce Higgs boson on s-channel reson-
ance could still be strategically advantageous from both
physics and accelerator perspectives [18—20]. With the
advantage of reaching the highest possible energy and
directly searching for new physics beyond the Standard
Model (BSM), a muon collider has limitations on the
electroweak (EW) precision program owing to the lack of
a Z-pole run, as opposed to an e*e™ collider.

However, all is not lost. The lack of a Z-pole pro-
gram can be compensated for by exploiting other EW
measurements. This is evident in the framework of the
Standard Model Effective Field Theory (SMEFT), where
new physics effects are systematically parametrized in
terms of a series of higher dimensional operators, and the
relationships among different couplings imposed by the
SM gauge groups are automatically imposed. Two im-
portant aspects should be considered for the EW analysis
under the SMEFT framework. The first is that the contri-
butions of a large set of higher dimensional operators
have energy enhancements, and measuring the corres-
ponding processes at the highest possible energy is ad-
vantageous, despite a possible smaller SM cross section.
A typical example is the diboson (WW/WZ/Vh) pro-
cesses, as their measurements at a high energy muon col-
lider can have competitive or even better reaches on cer-
tain EW operators compared with the future Z-pole pro-
gram [21, 22]. However, diboson production is not dir-
ectly sensitive to the fermion couplings other than those
of muons, whereas the subsequent decays of W or Z
(which do depend on fermion couplings) do not exhibit
energy enhancements. The second aspect is that the cross
sections of vector boson fusion (VBF) processes increase
with the collider energy, and a large number of events can
be collected at the high energy runs, effectively turning
the high energy into high precision [22—-27].

In this study, we further investigate the potential of
EW measurements at a high energy muon collider by per-
forming phenomenological analyses of the fusion pro-
cesses of two vector bosons (with at least one W boson,
i.e., WW/WZ/Wy) into a pair of fermions (along with a

V¥, or vut/v,u- pair coming from the incoming utu”),
which we collectively denote as VBF— 2f . We focus
on cases with bottom, charm, or tau fermions in the final
states, and consider the operators that directly modify
their couplings to the W/Z bosons. As mentioned earlier,
these operators cannot be directly probed by the diboson
production processes without additional flavor assump-
tions; thus, the measurements of the VBF processes
provide valuable complementary information. In addition,
the invariant mass distribution of the fermion pair con-
tains useful information, which can be extracted with a
binned analysis ?. By combining the measurements of
different fusion processes and exploiting the differential
information, all relevant operator coefficients can be con-
strained simultaneously. In some cases, the reaches are
even competitive with those of future e*e™ colliders.

The remainder of this paper is organized as follows:
In Section II, we provide an overview of the relevant di-
mension-6 SMEFT operators and details of the VBF— 2f
processes with a discussion on their characteristic fea-
tures. Our results are provided in Section IV, which in-
clude detailed comparisons that illustrate the importance
of the differential information and the complementarity of
the WW and WZ/Wy fusion processes. The overall
reaches of the Wilson coefficients from our analysis are
summarized in Fig. 10. Finally, the conclusion is drawn
in Section V. The numerical expressions for the binned
cross sections are provided in Appendix A for all the pro-
cesses included in our analysis. Additional results are
provided in Appendix B.

II. THEORETICAL FRAMEWORK

A. Dimension-6 operators in SMEFT

The SMEFT Lagrangian can be obtained by adding a
series of higher dimensional operators, characterized by
the energy scale A, to the SM Lagrangian [28, 29]. As-
suming baryon and lepton numbers are conserved around
the TeV scale, all higher dimensional operators are of
even dimensions,

6
G

) o®
LSMEFT:.ESM+Z A2 056)+Zﬁ038)+... (1)
i J

where the leading new physics contributions are given by
the dimension-6 operators. The phenomenology of the
SMEFT dimension-6 operators is an active field, with
many global analyses already performed for EW, Higgs,
and top measurements at both current and future col-

1) The VBF— 2f processes considered here do not necessarily involve an s-channel #/Z boson, in which case the use of the term "fusion" is somewhat inaccurate.
For convenience, we simply use the term "VBF— 2 f" throughout this paper to denote the two-vector-boson-to-two-fermion processes, with at least one of the two vec-
tor bosons being . We also decided to avoid using the term "vector boson scattering" (VBS) which is often reserved for VV — V'V processes.

2) For the WZ/Wy fusion processes with lepton final states, the invariant mass can not be reconstructed due to the missing neutrino.
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liders [30—61]. A similar global analysis that includes all
the EW measurements at a muon collider should also be
performed to fully understand the physics potential.
However, such an analysis is beyond the scope of our
current study. Instead, we focus on the set of operators
that directly modifies the couplings of fermions to the
gauge bosons (Vff-type couplings), which are

O = (H'i'D ,H)(Ty"0).

O = H'i D H)To'y'0),

One = (H'iD H)@y"e), @)
and similar ones for the quarks,

0% = (H'iD',H)@o'y"q),
O = (H'i D ,H)@y"u),

.52 -
Ony = (H'i D ,H)(dy"d), (3)
where
— -
H'iD ,H=H'(iD,H) - (iD,H"H, 4)
«—>. . " .
H'iD\H=H'c'(iD,H)-(iD,H")o'H, %)

and the flavor/generation indices are not explicitly writ-
ten out. After EW symmetry breaking, they generate
modifications to the SM Vff~type couplings (as well as
hVff contact interactions, which we do not consider in
this study), which can be parameterized as

Lo - %Zy[ > AT - 53,0+ 081

f=ud.ey

b Y oo+ g
f=ud.e

- % (W iy (Veron + 681 ),

+ W7y (1+68) Yer +he.]. (©)

where u,d, e collectively denote the corresponding fermi-
ons of all three generations. Assuming Vegm = 1 for sim-
plicity, the modifications of the Vff-type couplings are re-
lated to the Wilson coefficients by

V2

58? = _CHL»E s

Y
5g% = —(c(l)+c(3) —,
8L HE T CHO S A

2
wi_ 3V
0g; e

Zu _ (1) (3)
=Chi A2 s 6gLu - —(C

Hg ~ CHq A2’

2
u v 1 3
584" = —cp, AT 5g¥ = —(c(HZ, + cﬁ,; AT
2 2
ft 4 W, 3V
ogq' = ~Cagag 08 1= qu;ﬁ (7)

where the generation indices are not explicitly written.

We assume that all operators/couplings are flavor di-
agonal and focus on those that contribute to the pro-
cesses involving b, ¢, or 7 (as listed later in Section I1.B),
whereas the couplings of different generations are al-
lowed to be different (i.e., flavor universality is not im-
posed). The reasons for our choices are as follows. First,
operators that generate universal corrections tend to be
better constrained by other measurements, such as the W
mass measurement, or the measurement of diboson or VA
processes, which have a considerably larger (effective)
c.0.m. energy [22]. Assuming this is the case, setting their
effects to zero for the VBF— 2f processes is a reason-
able approximation. The same applies for the EW operat-
ors that involve the electron or the muon. For instance,
we need not consider the process W*W~ — u*u~ when
the reverse one, u*u~ — W*W-, is available with a con-
siderably larger c.o.m. energy. Processes involving only
the light quarks (u,d, s) are difficult to tag, and the corres-
ponding operators cannot be well constrained without ad-
ditional flavor assumptions. Finally, the processes in-
volving the top quark are crucial but are left for future
studies as the kinematics are much more complicated ow-
ing to the top decay.

Throughout most of this paper, we will omit the gen-
eration indices of the Wilson coefficients for simplicity,
which is hopefully clear from the content. (Note again
that we do not assume flavor universality in our study.)
For the bounds summarized in Fig. 10, the generations
are denoted by subscripts 1,2,3.

B. Processes

We consider the vector boson fusion processes that
produce a pair of fermions (VBF— 2f) where at least one
of the fermions is b, ¢, or t. More explicitly, including all
final state particles, we consider the following five
put — 4f processes:

Wt - bbv,v,,

-+ - = -+ -+, 5
MU = cevyy,, W =TT,

HHT = esvup, gt = Tvovu,

®)

where, by csv,u, we denote the combination of ¢5v,u~
and ¢sv,ut, and the same applies to 7v,v,u. Note that the
Uyt — tbv,u process is not considered in our analysis
because the top decay produces more complicated kin-
ematic features, which requires separate studies. Here, we
take the wu u* — bbv,¥, process as an example, noting
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that the following discussion also applies to the other pro-
cesses to a large extent. As shown in Fig. 1, many dia-
grams contribute to the 4f final states. However, the
cross section is dominated by the WWW fusion process,
particularly when the invariant mass of the bb pair is
around the Z-pole. For instance, at 10 TeV, the total tree-
level cross section of this process is 0.30 pb, whereas that
of pu~u* — Zv,v,, Z— bb is approximately 0.29 pb ac-
cording to MadGraph5 [62]. Furthermore, the diboson
process p pt — ZZ — v,v,bb has a considerably smaller
cross section, which is approximately 65 ab. Similarly,
the irreducible backgrounds y u* — ZZ — v,v.bb/v.v.bb
have negligible rates compared with the signal. Note that
in our analysis, we always simulate the full yu* — 4f
process, which includes all diagrams except those that in-
volve the Higgs boson, which can be easily removed with
an invariant mass window cut around the Higgs mass.
The signal events can be selected in experiments by re-
quiring a pair of fermions along with missing momentum
in the final states. The backgrounds of this process have
considerably smaller rates than the signal one when the
invariant mass of the bb pair (M,;) is around the Z-pole.
As mentioned earlier, the VBF — h — bb process can

also be efficiently removed with an invariant mass win-
dow cut. However, the events with high bb invariant
mass values are also crucial for our analysis, for which
the signal rates are much smaller, and a more careful
treatment on the background is required. A potential
background process is u~u* — bb with additional initial-
state radiation (ISR) photons, which can fake the signal if
the ISR photons are not tagged. This background is
highly suppressed when M,; is considerably smaller than
the c.o.m. energy of the collision. As shown later in Sec-
tion III, we will impose an upper bound on M,; of 1 TeV,
which we expect to be able to efficiently remove this
background. Another potentially sizable background is
uut — bbuut via ZZ/Zy/yy fusion with undetected for-
ward muons. Assuming forward muon taggers will be
available (see e.g., Refs. [63—65] for more details), only
the muons in the very forward regions are undetected;
therefore, this background process will have a very small
missing transverse momentum (p7). In contrast, the sig-
nal events generally have a sizable pr. This is illustrated
in Fig. 2, where we assume muons with > 6 are un-
tagged. Thus, this background can be efficiently re-
moved with a mild pr cut (~ 20 GeV). Another potential

(a) (b) (c)
. Y p Y
wo b
Zh . A SN Wiz
b At ~
,u+ b b W+ _
W b
Vu
A
,u+ ﬂll ,UAJF Dlt M+ ﬁ“
(d) (e) ()

Fig. 1. Typical Feynman diagrams for the process u~u* — bbv,¥,.
or final state Z/y. Other diagrams of the same type are not explicitly
texes are indicated by black dots.

(a) to (c) Examples of 2f — 2f processes with an additional initial
shown. (d) Neutral diboson production. (e) and (f) VBF. BSM ver-
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Fig. 2.  (color online) Missing transverse momentum (pr)

distribution for bbv,v, (red) and bbu~u* (green) at +/s= 10
TeV. For bbu~y*, a cut on the muon rapidity of |n,|> 6 is im-
posed, corresponding to both muons being untagged.

background is the QCD parton induced di-jet back-
grounds [66, 67], which we also expect to be efficiently
removed with this p; cut. For convenience, we omit these
background processes in our analysis and leave a more
detailed background analysis to future studies.

The differential distribution of the y~u* — bbv, v, pro-
cess contains crucial information. In Fig. 3, we show the
binned differential cross section as a function of the in-
variant mass of the bb pair. The red curve corresponds to
the SM value, whereas the other three curves each corres-
pond to one of the three Wilson coefficients Cﬁ; C(;; CHd
set to a reference value of 1 (with A=1TeV), and the
other two are set to zero. A peak around the Z-pole can be
clearly observed, which corresponds to the s-channel Z
diagram in Fig. 1(f). The cross section also decreases rap-
idly as the invariant mass increases — a typical feature for
the WW fusion processes. Nevertheless, the events with
high invariant mass contain important information that is
complementary to those around the Z-pole. In particular,
as shown in Fig. 3, the cross section becomes more sens-
itive to the coefficients 6’2,)1 and CS,), at higher invariant
mass, a feature expected from their energy enhancements.
As we will show later, a binned analysis that considers
the information in the invariant mass distribution makes it
possible to simultaneously constrain all three Wilson
coefficients.

The angular distributions of the p~u* — bbv,¥, pro-
cess also contain useful information. For instance, the
diagram with the s-channel Z would have different kin-
ematics compared to the one with a #-channel fermion ex-
change. Ideally, this information is captured by the angle
between the incoming W* and the outgoing b or b.
However, this angle cannot be directly measured owing

i — SM — ¥
0.010: R
— F CHq CHd
6 [ ]
< 0.001;
= 104
R £
3. F
S [
=
1075 E
1076 S T S RS B
0 200 400 600 800 1000
My; [GeV]
Fig. 3. (color online) Differential cross section distribution

on the invariant mass of bb pair (M,;) for the u~u* — bbv,¥,
process with /s =10TeV. A bin width of 20 GeV is selected.
The red curve corresponds to the SM value, whereas the other

three curves each correspond to one of the three Wilson coef-

1 3
Hq’ CHq’

A =1TeV), whereas the other two are set to zero. Note that the
low energy bins (with M,; < mz) are subject to large statistic-

ficients ¢ cua set to a reference value of 1 (with

al uncertainties in our simulation.

to the missing neutrinos. Nevertheless, part of the inform-
ation is still in the production polar angles of b and b. In
Fig. 4, we show the distribution of the variable |cos#| for
events in different ranges of M,; (same as the choices of
nine bins listed in Table 2), where 6 is the polar angle of
b in the c.o.m. frame of the bb system. The reason for se-
lecting the bb c.o.m. frame is that the kinematics in the
lab frame are subject to a large longitudinal boost, simil-
ar to the situation at the LHC. Note that, in the bb c.0.m.
frame, the incoming y~ and p* are generally not on the
same line, and |cos@| is simply defined as the average of
the two different values,

). ©)

_ 1
|cosd| = 5 (|cost9#-,,} + |cosG#+h

where 6,-, (6,+,) is the angle between p~ (u*) and b.
Here, for the three Wilson coefficients C(;},), ci}f, CHd, a ref-
erence value of 10 is selected instead (assuming A = 1
TeV, and in each case, the other two are set to zero) to
better visualize their effects V. Figure 4 shows that, for a
large M,; (well above the Z pole), |cosd| is sensitive to
02; and CS()], which provide a more even distribution,
whereas the SM distribution concentrates more in the for-
ward region (because the SM cross section is dominated
by the t-channel diagram at high M,;). Thus, for a large
M,;, we can further use the |cos6)| distribution to increase

1) We also consider only linear contributions of the Wilson coefficients. Note that in the analysis the typical constraints on the Wilson coefficients are much smaller

than 10, and their quadratic contributions are negligible.
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Fig. 4. (color online) Differential cross section of the |cosé| variable, defined as |cosd| = % <|cos 0, ,,| + }cos Ot p

), where 6, (6,+) is

the angle between = (u*) and b in the c.o.m. frame of the bb system. A reference value of 10 is selected here for each Wilson coeffi-

cient (assuming A = 1 TeV, and setting the other two to zero), with only the linear contribution considered. The bin width is selected to

be 0.05. A (different) invariant mass selection is applied for each of the nine plots, corresponding to the nine bins listed in Table 2.

the sensitivity to the Wilson coefficients.

The discussion above also applies to the u u*—
cev, v, and u pu*t — v t*v,¥,, which have very similar fea-
tures. For the asymmetric processes u u* — csv,u and
Ut — vy, the scenarios are slightly different. Tak-
ing 7v,v,u as an example, the typical diagrams are shown
in Fig. 5, where the dominant contribution to the total
cross section comes from the WZ/Wy fusion diagrams
(f), (2) ". These processes are also more sensitive to the
o) OS; for csv,u) operator, which modifies the W-fer-
mion couplings. Again, we do not expect any significant
background for this process. While the invariant mass
distribution of the 7v, pair still contains useful informa-
tion and peaks around the W mass, it cannot be recon-
structed owing to the additional missing v,. Nevertheless,
the measurement of the total rate of this process contains
useful information, which is complementary to that of

uut =7t rty,y,, as we will show later. Similarly, the
measurement of csv,u process also provides information
complementary to that of ccv,7,.

III. MEASUREMENTS AND ANALYSES

A. Run scenarios

We consider two runs with c.o.m. energies of 10 and
30 TeV. The reference values of the integrated luminos-
ity are taken from the ideal luminosity relations [3],

(10)

E 2
int = 1 - < - ) )
Lin=10ab T0TeV

which are 10ab™' for the 10 TeV run and 90ab™! for the
30 TeV run. Note that the run scenarios considered in this

1) Note that, while the diboson process in Fig. 5 (d) and (e) is very sensitive to a number of operators, in our analysis the only SMEFT contribution is the modifica-
tion of the Wtv; coupling, in which case the diboson process plays a less important row due to its smaller cross section. Once again, all diagrams to the same 4f final

states are included in our analysis.
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(a)

ut
2
o
-
(d) (e)

pt Uy f Yy
+ +
+ e . + W T
YU
Vr Z. v Z]y Uy
Vu
B I I I
(f) (8)

Fig. 5. Typical Feynman diagram for the process u~u* — v 7,u". (a) to (c) Examples of 2f — 2f processes with additional ¥ in the
initial or final state; (d) and (e) diboson production; (f) and (g) VBF. BSM vertexes are indicated by black dots.

study are optimistic and may change with the continuous
development of the muon collider R&D program.

B. Methodology

We simulate our signal processes with MAD-
GRAPHS5 AMC@NLO v3.5.6 [68] at the parton level
with SMEFT effects implemented using the SMEFTsim
3.0 package [69] as a UFO model [70]. We apply the fol-
lowing cuts within this study: pj >20 GeV and || <2.44
for jets, and p% >10GeV, |p]<2.44, and |n,/<6 for
charged leptons [65—67]. The choices of rapidity cuts are
typical for the analyses at muon colliders, because detect-
ing jets and charged leptons (except muon) close to the
beam is difficult owing to the dramatic beam induced
background (BIB) [65]. We also assume that forward
muon taggers [63—65] are implemented, which results in
the considerably larger acceptance for 77,. We do not ex-
pect these cuts to have very significant impacts on our
analysis except for the asymmetric processes csv,u and
Tv.v i, for which we require the muon to be tagged.
Thus, the selection efficiency of the asymmetric pro-
cesses is highly sensitive to the performance of the for-
ward muon taggers. We do not expect the detector ef-

fects to have a significant impact in our analysis either, as
we use only simple kinematic variables including the in-
variant mass and the |cosf| variable defined in Eq. (9).
However, the tagging efficiencies of b, ¢, and t are cru-
cial in our analysis because they have a direct impact on
the total rate. Ref. [3] provides a benchmark efficiency of
approximately 80% for tagging one b jet and approxim-
ately 70% for the di-tau system. For the charm and
strange quarks, the tagging efficiencies are not listed in
Ref. [3], so we use the recent CEPC study [71] as a refer-
ence (assuming a muon collider can achieve similar per-
formance). These efficiencies are approximately 70% for
a charm jet and 50% for a strange jet". Note that, these
tagging rates can be somewhat optimistic for muon col-
liders and should be replaced by more realistic estima-
tions in future studies when they become available. In ad-
dition to the rv.v,u process, we always require both final
state fermions to be tagged, which yields, e.g., a 64% ef-
ficiency for the bb pair. For tv,v,u, we assume that the
final states can be selected by requiring one z-tag in addi-
tion to a muon and missing momentum and naively as-
sign an efficiency of V0.7 ~ 0.84. We do not require the
discrimination between b and b (or ¢ and ¢) because this

1) For the charm-tagging rate, Refs. [15, 72] suggest a reference value of around 67% for CLIC, which is close to 70%.
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information is not used in our analysis. The signal selec-
tion efficiencies based on tagging are summarized in Ta-
ble 1. We also do not expect mis-tagging to have a signi-
ficant impact on our analyses because we do not have any
overwhelming backgrounds to start with. The only siz-
able mis-tagging rate is that for b to be identified as c,
which is approximately 20% [3]. Because we require both
final state quarks to be tagged, we only expect a small
mixing (< 4%) between different signal events, which we
simply ignore in our study. When all the mis-tagging
rates are available, we can also implement their effects on
the signal events (which becomes a mixture of different
processes) under a global SMEFT framework, which is
beyond the scope of our current analysis.

We consider the leading SMEFT contributions at the
A2 order. At the cross section level, this means that only
the linear contributions of the Wilson coefficients are
considered, whereas the quadratic contributions are omit-
ted because they are at the A~*order. Given the high
measurement precision, this is a very good approxima-
tion in our analysis. Thus, the SMEFT predictions of the
cross sections are parameterized as

O SMEFT :O'SM+ZQ’:‘C:‘+O(A74)9 (11)

i

where the coefficients «; can be determined numerically
from the MC simulation. The full list of the numerical ex-
pressions of Eq. (11) for all the processes and bins are
provided in Appendix A. To extract the bounds on the
Wilson coefficients, we implement the chi-squared meth-
od, with the total y* given by

bins

(0 i sMEFT — T} exp)
Z (Aci)? | (12)

where the sum is performed over all the bins (to be spe-
cified later), and o smerr, Tiexp, and Ao are the SMEFT
prediction, measured central value, and (one-sigma) un-
certainty of the cross section in the ith bin, respectively.
By construction, we assume the measured central values
are SM-like, e = 0 sm. Note that we have also expli-

Table 1. Summary of the tagging efficiencies of different
processes implemented in our analysis.

Process Requirement Efficiency
wopt - bbby, 2 b-tags 0.64
ppt = vy, 2 c-tags 0.49

TRTRE A A 2 r-tags 0.7
ot - esvp 1 c-tag and 1 s-tag 0.35
upt = v 1 t-tag 0.84

citly assumed that the measurements of different bins are
uncorrelated. We consider only statistical uncertainties, in
which case

TisMm JisMm
AO-i = - = - s (13)
VNism L

where N, gy is the number of events in the bin, and L is
the total luminosity.

The inverse of covariant matrix of the Wilson coeffi-
cients can be estimated as

1 62/\/2
2 Bc,ﬁcj c=¢ ’

Uy, = (14)

where ¢; are the Wilson coefficients and ¢ their best fit-
ted values (with a minimum x?), which are zero in our
analysis by construction. The one sigma bounds §¢; and
correlation matrix p; of the Wilson coefficients can be
obtained as

6ci= VU;, (15)
and
= Y 16
pij = 6(,’,‘(56’.,' ' ( )
C. Binning

For the symmetric processes (u ™ — ffv,v, where
ff=bb, c¢, or vt*), the invariant mass distribution of
the ff pair contains crucial information for probing the
Wilson coefficients. To extract this information, we per-
form a binned analysis by dividing the signal process in-
to nine bins, with the range of the bins listed in Table 2.
The first bin has the largest cross section owing to the Z
resonance. To ensure sufficient MC statistics for higher
invariant mass bins, each bin is separately generated in
MadGraph with the corresponding invariant mass cuts.

As mentioned earlier, for very high invariant mass,
the signal may be subject to a sizable uu* — ff back-
ground, and imposing a upper bound on M, is desirable.
Furthermore, the validity of the EFT analysis also tends
to be problematic for a high M,7, given that the typical
reach on the new physics scale A could be comparable or
even smaller than M7 [73, 74]. To resolve both issues,
after we study the effects of the invariant mass bins in
Section IV.A, we will impose an upper bound of 1 TeV
on M, and discard bins 7-9 listed in Table 2.

In addition, we also utilize the |cos6| variable in Eq.
(9). To capture the essential information shown in Fig. 4,
we further divide the events in each invariant mass bin
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Table 2. Binning of the invariant mass of the ff pair for y~u* — ffv,v,, where ff =bb, c¢, or Tr*. Note that for all results, except
those in Section IV.A, we will impose the cut M, < 1 TeVand discard bins 7-9.

Bin number bin 1 bin 2 bin 3 bin 4 bin 5 bin 6 bin 7 bin 8 bin 9
Invariant mass/GeV [0, 100) [100,200) [200,400) [400,600) [600, 800) [800, 1000) [1000, 1500) [1500,2000) [2000, +0)

Table 3. Division point of observable |cosd| (defined in Eq. (9)) for different processes and collision energies. For each listed invari-
ant mass bin, the events are further divided into two bins with |cos| < x and |cosd| > x, where x is the division point.

Invariant Mass bb cc Tt
/GeV 10 TeV 30 TeV 10 TeV 30 TeV 10 Tev 30 TeV
[600, 800) 0.45 0.5 0.45 0.45 0.5 0.5
[800, 1000) 0.55 0.5 0.45 0.45 0.5 0.5
[1000, 1500) 0.6 0.5 0.45 0.5 0.6 0.55
[1500, 2000) 0.65 0.6 0.5 0.5 0.7 0.5
[2000, +c0) 0.7 0.65 0.6 0.6 0.75 0.6

starting from 600 GeV into two bins, with the division
point as listed in Table 3. The values of the division
points are determined based a simple optimization pro-
cedure (by examining a few benchmark values and select-
ing the one with the best result). Finally, the total y? is
obtained by summing over the y? values of all bins using
Eq. (12). As shown in the next section, binning is very
useful in discriminating the contributions of different
Wilson coefficients and can significantly improve the
overall results.

For the asymmetric processes (u~u* — csv,u, pu* —
Tv,v,u), we consider only the measurement of the total
cross section and combine its y? with that of the corres-
ponding symmetric process. This also brings a nontrivial
improvement on the top of the symmetric process, as
shown in the next section. Note that, similar to the sym-
metric processes, here the events with high invariant
masses are also potentially subject to EFT validity prob-
lems. For pu u* — tv.v,u in particular, removing these
events is nontrivial because M, cannot be directly meas-
ured. Nevertheless, because we use only the total rates of
the asymmetric processes, we do not expect the events
with high invariant masses to have a significant impact on
our study. A more careful treatment on the differential
distributions of the asymmetric processes is left for fu-
ture studies.

IV. RESULTS

Our fit results are presented in this section. In Sec-
tions IV.A and IV.B, we consider the impacts of binning
on the invariant mass and |cosf)|, using u~u* — bbv,v, as
an example. In Section IV.C, we compare the results
from the y~pu* — v~ 7t*v,¥, process alone with those that

also include the 7v,v,u process, where the latter provides
a sizable improvement. Finally, a summary of the reaches
on all Wilson coefficients is provided in Section IV.D.
Note that, for the results in Sections IV.A, IV.B, and
IV.C, we have omitted the flavor indices of the Wilson
coefficients, which are 33 (diagonal, third generation).
The flavor indices are restored in Section I[V.D. Addition-
al results are provided in Appendix B.

A. Impacts of the invariant mass bins

To illustrate the impacts of different invariant mass
bins, Fig. 6 shows the Ay?> =1 contours " of the three-
parameter (Cj,. . Cra) fit of the process uu* — bbv,v,
for both the 10 TeV run (top row) and 30 TeV run (bot-
tom row). In each case, we divide the invariant mass bins
into three groups (bins 1-3, 4-6, and 7-9), and the Ay* =1
contours are shown separately for each group of three
bins, which are projected on three different 2D planes of
the three parameters. The |cosf| variable is not con-
sidered here. Note that, without binning (which is essen-
tially the same as including only the first bin because the
cross section is dominated by the Z resonance), the cross
section measurement provides only one constraint on the
three parameters. A combination of at least three differ-
ent bins is required to simultaneously constrain all three
parameters. Among the three groups of bins, bins 1-3
clearly provide the best constraints owing to the large
rates around the Z pole. The results from higher invariant
mass bins alone are generally worse, and they also suffer
from large (approximate) flat directions. Nevertheless,
the high invariant mass bins carry important complement-
ary information to those of the Z-resonance events. This
is made clearer in Fig. 7, where we present the same set
of results, but for combinations of bins 1-3, 1-6, and 1-9.

1) Note that A)(z :X2 —X,znin, where Xfmn :Xz(ci =0) = 0 by our assumption that all measurements are SM like.
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Fig. 6.

(color online) Ay? =1 contours from the three-parameter (c

1)
Ciiy

W) 3
Hq>“Hg’

(3)
CHy

cuq) fit to p~p* — bbv, v, at 10 TeV (top row) and 30 TeV

(bottom row), obtained from three separate groups of invariant mass bins as listed in Table 2. These groups correspond to bins 1-3 (red

contours), bins 4-6 (green contours), and bins 7-9 (blue contours). For each row, the results are projected onto three 2D planes (each

with the other parameter marginalized). We set A =1 TeV for convenience.

This clearly demonstrates the improvements introduced
by the higher invariant mass bins on top of those around
the Z pole. As mentioned earlier, we will discard the sig-
nal events with invariant mass larger than 1 TeV (bins 7-
9) to reduce the background and improve EFT validity.
While this would reduce the overall reach, Fig. 7 shows
that the impact of this cut is under control given that
reaches with bins 1-6 (green contours) are not much
worse than the ones with all the bins (blue contours).

The results for u u* — cev,v, and pu* -t ttv,y,
are shown in Fig. B1 and Fig. B2 in Appendix B, respect-
ively, which exhibit similar features.

B. Impacts of the |cos6)| bins

In addition to the invariant mass bins, we consider the
impacts of further splitting the high invariant mass bins
(M3 > 600 GeV) in |cosf| as in Table 3. In Fig. 8, we
compare the results that include only invariant mass bins
(M,;, dashed contours) and the results that further split
the bins in |cosf| (M,; & |cosf)|, solid contours). Al-
though the improvements from the binning in |cosf| are
relatively small in all cases, they are still visible, particu-
larly for the 10 TeV case. In Appendix B, similar results
can be found in Fig. B3 for y u* — c¢v,v, and Fig. B4
for yu*t - TtV

C. Impacts of the asymmetric processes
In addition to the full binned analysis of the symmet-

ric process, the inclusion of the asymmetric process may
provide additional improvement. Note that in our study,
we do not consider the asymmetric process of y u* —
bbv,v,, which is pu~u* — tbuv,, owing to the complexity
of the top decay. Instead, we compare yu u* — 7 1%v,7,
and p~p* — tv,v,u, with the results shown in Fig. 9. The
combination of the two processes (t*7~ & 7v,, solid con-
tour) provides a sizable improvement to the top of the
symmetric process alone (r*r~ only, dashed contour),
particulary for the 10 TeV run. The improvement is most
significant for ¢33, which modifies the W-fermion coup-
lings. As mentioned in Section III.B, we have imposed a
rapidity cut of || < 6 on muons, assuming forward muon
taggers [63—65] will be implemented. Without forward
muon taggers, the asymmetric processes could suffer
from a considerably smaller signal selection efficiency.
Thus, our analysis provides an important case that motiv-
ates the implementation of forward muon taggers.

Similar results for the combination of the processes
uut — cev,v, and yut — csv,u are shown in Fig. BS in
Appendix B, which also exhibits a significant improve-

3
ment for 651;

D. Constraints on the Wilson coefficients

A summary of the reaches on all the Wilson coeffi-
cients considered in our analysis is presented in Fig. 10.
The measurements of all the processes in Table 1 are con-
sidered, whereas for the symmetric processes, the bin-
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Fig. 7. (color online) Ay? =1 contours from the three-parameter (c}};,cgé,cw) fit to y~u* — bbv,¥, at 10 TeV (top row) and 30 TeV
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parameter marginalized). The contours with the first three, six, and all nine bins are shown. We set A = 1 TeV for convenience.
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Fig. 9. (color online) Comparison of the results for the three parameters C(F};,cg;,c‘ye (all with flavor indices 33) from the measure-
ments of y~u* — 7%y, only (labeled as "v*7~ only", dashed contours, with M,+,- <1TeV) and the combination of y~u* — 1% v,¥,
and y~pt — vy (labeled as "t 7~ &rv. ", solid contours). Contours correspond to Ay?> =1. We set A =1 TeV for convenience.
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ning is performed with both the invariant mass of the fer-
mion pair (as in Table 2) and the |cosf| variable (Table
3). Note again that we have imposed an invariant mass
cut of M;7<1TeV toreduce the background and im-
prove EFT validity. The previously omitted flavor in-
dices are also explicitly shown in Fig. 10. Both the glob-
al-fit results (in our case, which involve three operators
for any given process) and the individual ones (by switch-
ing on one operator at a time) are shown.

For comparison, we also show in Fig. 10 the reach of
CEPC from a Higgs+EW global fit, converted from the
results in Ref. [43] to the basis in Ref. [29]. Note that the
results in Ref. [43] are obtained under a different frame-
work with more parameters and measurements included
(with all the other parameters marginalized here); there-
fore, a direct comparison under the same conditions is not

possible. Furthermore, we have excluded the CEPC ##
measurements (hence the bounds on (cjj)s; and (c§))3
are missing) because the top measurements at a muon
collider are also excluded in our analysis. Nevertheless,
we observe that the overall reach of the muon collider on
these Wilson coefficients is generally on the same order
as those at the CEPC (or FCC-ee).

The numerical values of the one-sigma bounds of the
Wilson coefficients and their correlation matrices are lis-
ted in Tables 4, 5, and 6.

V. CONCLUSION

In this study, we consider the measurements of sever-
al vector-boson-fusion-to-two-fermions (VBF— 2f, with
an additional v,v, or v,u pair) processes at a future high

[ [10TeV Global

| W10TeV Individual
30TeV Global
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L

0.050

0.010

0.005

0.001

5.x107

CEPC EW+Higgs Global ]

(CHu)zz (”He)33

(cm ) (Cm ) (cm ) ((.m )
Ha)y Ha) s Ha) g Ha) s

L, o) ®)
(¢t (L”‘).z‘s (C“’) »

Fig. 10. (color online) 1 o constraints on Wilson coefficients in our analysis. The light-shaded bars correspond to global-fit results,
whereas the solid bars are individual fit results. The blue (orange) bars correspond to the results in the 10 (30) TeV run. The CEPC res-
ults from a full EW+Higgs global fit are shown as green bars, which have been converted from the results in Ref. [43]. We set
A =1TeV for convenience.

Table 4. One-sigma individual and global bounds of (623,)33, (CS;)33, and (cpq)33 and their correlations (corresponding to the global

bounds) from the measurement of p~u* — bbv, ¥, in the 10 TeV run (left panel) and 30 TeV run (right panel). An invariant mass cut of
M7 <1TeV is imposed, after which all the invariant mass and |cosd| bins are included. We set A = 1 TeV for convenience.

10 TeV 30 TeV
68%CL 1o bound (x1072) Correlation matrix 68%CL 1o bound (x1072) Correlation matrix
Individual Global (02;) “ (a}_};) N Individual Global (c;};) “ (oﬁ};) SN

(i) %0500 +1.90 1 (i)~ *0.158 +0.629 1

() %0526 +3.47 0.871 1 () %0165 +1.06 0.895 1

(cHa)33 +3.14 +28.1 0954 0963 1 (CHa)33 +0.992 +9.01 0966  0.961 1
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Table 5. Same as Table 4 but for (c(l) ) 2 (c(3) )22, and (cpu)y, from the measurements of y~u* — cev, v, and pu* — csv,u.

Hq Hq

10 TeV

30 TeV

68%CL 1o bound (x1072) Correlation matrix

68%CL 1o bound (x1072) Correlation matrix

Individual Global (in)y  (cin)y  (crn Individual Global () s (), (Crm
(i), ~ *0.679 +5.86 1 (i), ~— +0224 £1.97 1
CHAM +0.310 +0.349 -0.142 1 (<) £0.117 +0.138 -0.765 1
(cH)2 +1.61 +13.8 0.907  —0.323 1 (CH® +0.526 +4.61 0.701  —0.747 1

Table 6. Same as Table 4 but for (cgg) 13 (cgg) 13 and (cpe)33 from the measurements of u~u* — 74y, ¥, and g u* — vevu.

10 TeV

30 TeV

68%CL 1o bound (x1072) Correlation matrix

68%CL 1o bound (x1072) Correlation matrix

Individual Global () (2)y  (enon Individual Global () (0)y  (cnosm
(G +1.10 +8.12 1 (d)y #0350 +2.72 1
(i) 4 +0.323 +0.338 ~0.00695 1 () 15 +0.125 +0.134 0.0388 1
(cre)s £1.35 +10.0 098  0.0431 1 (cre)s £0.453 +3.53 0.946  0.156 1

energy muon collider, focusing on final states involving
b,c,t fermions. A phenomenological study is performed
to estimate their potential in probing the corresponding
dimension-6 operators that directly modify the couplings
of the fermions (b,c, ) to the W and Z bosons. With real-
istic tagging efficiencies applied, we consider only signal
statistical uncertainties and extract the precision reaches
on the Wilson coefficients with a chi-squared analysis on
the binned signal distributions. The information in the in-
variant mass of the two-fermion pair turned out to be cru-
cial for discriminating the effects of different operators
and simultaneously constraining their coefficients in a
global fit. The symmetric (WW fusion) and asymmetric
(WZ/Wvy fusion) processes also contain complementary
information. Combining all measurements, the precision
of the relevant Wilson coefficients (setting A =1TeV)
from a simultaneous fit with all the relevant operators in
consideration (i.e., those listed in Egs. (2) and (3)) at a fu-
ture muon collider can reach up to the 1072 level for the
10 TeV run and up to ~5x 1073 for the 30 TeV run. For
the latter, the results can be competitive with those from a
future e*e” collider with a dedicated Z-pole run, such as
the CEPC.

Our analysis demonstrates the significant potential of
a future high energy muon collider in precision EW
measurements, which calls for further studies in this dir-
ection. Ultimately, a complete analysis that includes all
the relevant EW measurements and operators is required
to fully determine the potential of a muon collider in
probing EW precision physics. Our study serves as one of
the many early steps towards this goal. Several directions
can be taken for future studies. Most importantly, when a
more concrete detector design is available, realistic ana-

lyses that include detector simulation and careful treat-
ments of background effects and signal selection efficien-
cies will be required. Given the overall good statistical
precision, it is also important to study the effects of sys-
tematics and theory uncertainties. These effects could be
different from those of EW measurements at future e*e”
colliders owing to the different processes and collider en-
vironments and may require dedicated studies. The use-
fulness of differential distributions illustrated in our study
is also a call for a more sophisticated analysis of the dis-
tribution, which perhaps utilizes optimal observables [75]
and/or machine learning technics (see e.g., Ref. [76]).
The study of the muon collider's EW physics potential is
particularly relevant for the particle physics roadmap. If a
muon collider is eventually built while an e*e™collider is
not, would we miss any important physics without a Z-
pole program? If both colliders are built, what important
complementarity could the muon collider offer in EW
precision physics? These important questions must be ad-
dressed when we make plans for future colliders.
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Appendix A. Numerical expressions of cross section

In Tables A1—-A6, contributions of relative Wilson
coefficients to the cross section are formulated under dif-
ferent invariant mass bins and angle divisions of |cosf),
where only linear contributions are considered, as men-
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tioned in Section II.B. The total cross sections corres-
ponding to asymmetric processes without binning of in-

variant mass and angle divisions are also listed, when ap-

Appendix B. Additional results

In this appendix, we illustrate the contours for other
different fermion production processes mentioned in Sec-

plicable. In all cases, A is set to 1 TeV. tions IV A, IV B, and IV C.

Table Al. SM cross section and normalized SMEFT cross section (osmerr/osm, as a function of Wilson coefficients) of

w 't — bbv,v, for different invariant masses and |cosd| bins at /s =10 TeV. The first row corresponds to the unbinned total cross sec-

tion. Tagging efficiencies are not applied here.

Invariant mass/GeV Polar angle |cos | SM cross section/pb Normalized SMEFT cross section
[0, +0c0) - 0.302 140.144 (cfp) ), +0.131 (c <”) —0.0226 (cHa)33
[0, 100) - 0.275 1+0.138 (cfy)) 3+0.138( <3)) —0.0238 (cha)3
(§9)] (3)
[100,200) - 0.0185 140137 (g0 ) 13 #0127 (¢f3) )., ~ 0.0140 (cra)s3
[200,400) - 0.00405 1+0.186 (¢, ) ., +0.0611 (¢fy)) . =0.00527 (cra)s3
3)
[400,600) - 0.00182 140.290 (cfy) ) ,, —0.0442 (i )33 0.00539 (cha)33
_ (D (3)
600,500 <045 1.98 x 10~4 1+0.622 (cfy)) 43— 0267 (<) 15— 000682 (cha)ss
>0.45 435% 1074 1+0.307 (c}y)) 50111 (<) 15~ 0:00631 (cha)ss
[800.1000) <055 1.42x 1074 1+0.810 (cg;;) 4, —0:498 (c,_};) 43~ 0:00861 (crra)s3
’ >0.55 2.25%1074 1+0.346 (6231)33 ~0.152 (cfy)) 15 —0.00749 (cpa)s;
<06 1.67x 104 1+1.15 (4};)3} -0.879 (cgjfl)%—0.0116@,%,)33
[1000, 1500) a &)
> 0.6 2,61 %10~ 1+0.451 (ch) 43— 0:229 ( & )33 —0.00958 (cHa)33
<0.65 6.17x10° 1+1.78 (CL;)%—I 52(c <3>) —0.0171 (cha)33
[1500,2000) (1) 3
>0.65 1.02x 1074 1+0.584 (cfj) ) ., —0.347 (<5 ) 15— 00131 (cha)ss
<07 6.22% 1075 14245 (¢ ), =209 (cf) )., = 0.0279 (cra)ss
[2000, +00) o &
~07 L17% 10-* 140706 (<) ) 15 = 0-519 (cf3) ) ., —0.0181 (cra)s3
Table A2. Same as Table A1l but for /s =30TeV.
Invariant mass/GeV Polar angle |cos 4| SM cross section/pb Normalized SMEFT cross section
[0, +00) - 0.336 1+0.147 (c;};) +0.130 (¢ m) —0.0226(cya)33
[0, 100) - 0.306 140138 (c ;};)33 +0.138 (c g;) —0.0237 (cha)33
(1) 3)
[100,200) - 0.0207 1+0.138 (ciy) ) 15 +0.127 (¢ ) ., = 0.0141 (cra)ss
(1) 3)
[200,400) - 0.00427 14+0.191 (¢ q)” +0.0665 (< )33 —0.00614 (cha)33
[400,600) - 0.00208 140258 (cly) ), —0.0462 (¢fy) ) . =0.00607 (cra)s3
<05 2.98x 104 1+0.593 (¢4} —0.257 (¢ —0.00792(ca)33
[600, 800) ( 51) ) 33 ( o )
>0.5 452%107 140297 (cy) ) 13 = 0112 (<) ) ., ~0.00706 (chia)ss
<05 1.62x 1074 1+0.870 (<) )33 0.555 (e <3)) —0.0103(cga)s3
[800, 1000) 0 s
>0.5 2.91x107 140383 (cy) ) 13 = 0175 (f7) ) 1, — 000886 (cpia)ss
<05 172x 1074 1+ 145 (e ), = 116 (cf) ) ., —0.0157 (cra)ss
[1000, 1500) ) G
>0.5 3.89% 10~ 140.523 (cig) ) 15 = 0:294 (cf3) ) 1, = 0.0121 (cra)ss
<06 921% 1075 1+2.14 (D) —1.86 (). —0.0248 (cha)s3
[1500,2000) ( g ) ) ( ”z? 3
>0.6 146 % 104 140.693 (ciy) ) 15 = 0:460 (cf7) ) ., = 0.0178 (cra)s3
<0.65 1.30x 10 14210 (¢lgg) 5 =170 (¢13g) 1, = 00749 s
[2000, +0) (1) 3)
> 0. 221 x 10~ 1+0.571 (¢l ) ,, = 0.420 (¢fy) ) ,, = 0.0364 (cra)s
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Table A3. SM cross section and normalized SMEFT cross section (osmerr/osm, as a function of Wilson coefficients) of
w pt — cev,y, for different invariant masses and |cosf| bins at +/s = 10 TeV. The first (last) row corresponds to the unbinned total cross
section for u~u* — ctv,v, (u u* — csvuu). Tagging efficiencies are not applied here.

Invariant mass/GeV Polar angle |cos 4| SM cross section/pb Normalized SMEFT cross section
[0, +00) - 0.216 1-0.142 (¢}, +0.148 (¢ “)) +0.0604 (Ci)an
[0, 100) - 0.199 1-0.144 (o <”) +0.146 (cg;) +0.0622 (chu)an
[100,200) - 0.01395 1—0.140( ; )22+o 139( (,})) +0.0363 (cru)nn
[200,400) - 0.00252 1-0.0823 (cfy) ), +0.164 (cl)) ) +0.0176 (ch)n
[400, 600) - 8.20% 107 1-0.0294 (cf;) ), +0.210 (cf3)) ) +0.0247 (can)n
£600.500) <045 1.04x 107 1+0.0376 (cfy) )., +0373 (cly)) ,, +0.0488 (chi)n
>0.45 2.86x 10~ 1+0.0141 ( o )22+0 218( g )22+o.0292(cf,u)22
(800, 1000) <045 5.38% 1075 140.152 (g0 ), +0.496 (cf3) ) ., +0.0684 (cr)
> 045 1.58 x 104 140.0513 (cy) ) ,, +0252 (¢ <3>) ,, +0.0368 (¢
1000, 1500) <045 579%x107 140402 (ciy) ), +0.750 (¢ ), +0.104 (e
>0.45 172 % 104 140129 (c}y) ,, +0.330 (¢ “)) +0.0493 (chu)nn
[1500,2000) <05 2.51%1075 1+0.956 (ciy0 ), +1:29 (ci)) ,, +0.158 (ca)a
>0.5 548% 1075 1+0.305 ( H>) +0.495 ( ) ) +0.0699 ()22
2000, +00) <06 3.63% 1075 1+3.36 (cly, ) ,, +3:66 (ciy)) ,, +0-234 (cr)n
>0.6 427x1075 1+0.980 (¢ <H>)22 +1.14 (c;};) +0.0992(cHu)an
T - esvu - 0.0144 1-1.92x 107 (cfy)),, = 0.121 (<)) ., =716 X 107 (e
Table A4. Same as Table A3 but for vs=30TeV.
Invariant mass/GeV Polar angle |cos6)| SM cross section/pb Normalized SMEFT cross section
[0, +00) - 0.225 1-0.133 (i) ), +0.155 (cf3) ) ., +0.0600(crn)2
[0,100) - 0.206 1-0.143 ( (D ) ,,+0.146 (cg()]) 1, +0.0622 (¢
[100,200) - 0.0138 1-0.136 (<) ), +0.137 (cf3) ) ,, +0.0367 (crn)2
[200,400) - 0.00261 1-0.0980 (<) ) ), +0.184 (7)), +0.0174 (cu)n
[400,600) - 0.00105 1-0.0371 (<)) 5, +0204 (cfj o) ,, +0.0249 (cr)
(600,500 <045 1.44x107 1+0.0138 (cfy) ), +0357 (7)) ,, +0.0471 (e
>0.45 3.95x 10~ 14000529 (cp)) ,, +0210 (¢5)) , +0.0284 (ch)na
1500, 1000) <045 7.85% 1073 1+0.115 (cfy)) ,, +0.489 (¢fy) ), +0.0678 (cru)a
>045 242% 104 1400393 (cfy) ), +0.236 (ciy) ) ,, +0.0347 (ch)
£1000.1500) <05 1.20x 1074 140.320 (¢fy) ), +0.679 (cfy) ), +0.0959 (cr)a
>0.5 2.81%10~4 1+0.103 (cfy)) ,,+0.298 (<) ,, +0.0442 ()
115002000, <05 5.08% 1075 1+0.919 (cfy)) , +1.27 (), +0.159 (can)nn
>0.5 122% 10~ 140.252 (c “)) +0.441 (c(;;)zz +0.0637 (crr)nn
2000, 400) <06 1.22x 107 L+ 121 (), +12.3 (clg)) ,, +0.336 (crmn
>0.6 1.50% 107 14279 (ef)) ,, +3.02 (¢)) ,, +0-113 (e
= esvp - 0.520 1-3.22x107° (cfy) ) +0.126 (¢ (3)) 1, ~419x1078 (cpr )y
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Table A5. SM cross section and normalized SMEFT cross section (osmerr/osm, as a function of Wilson coefficients) of
wpt -1 rhy,y, for different invariant mass and cosf bins at +/s =10 TeV. The first (last) row corresponds to the unbinned total cross
section for u~u* — vty v, (W ut - viv,u). Tagging efficiencies are not applied here.

Invariant mass/GeV Polar angle cos@ SM cross section/pb Normalized SMEFT cross section
[0, +00) - 0.0740 140,127 (efy) ) 1, +0.132 (7)) ;= 0.102(cpe)ss
[0, 100) - 0.0689 140126 (c “)) +0.127 (e <3>) 4= 0105 (cpre)33
[100,200) - 0.00452 1+0.138 (cfy) ) 1, +0.143 (c53)) ;,— 0.0615 (ce)33
[200.400) - 9.24x 107 1400776 () 1, +0.167 () . ~0.0241 (cre)zs
[400,600) - 3.35%x 107 1+0.0338 (cfp)) ,, +0.205 (cfy)) ,, —0.0304 (che)s3
600,800 <05 534x107° 1+0.00797 (e ) 1, +0:299 (cf3)) ,, —0.0536 (chre)s3
\ >0.5 1.19%x 1074 1+0.00456 (c;;;) +0.200 (cg;;) 13— 0:0320(cr)ss
(800, 1000) <05 2.83%x 1075 1-0.0291 (cfy)) , +0.358 (c) ) o, ~0.0726 (crre)as
>0.5 7.42x1075 1-0.0141 (cfp)) , +0.213 (cfy)) ,, —0.0362 (che)s3
1000, 1500) <0.6 4.84%1075 1-0.0712 (cfp)) 4, +0376 (<) 13— 0.0823(cre)as
>0.6 7.97% 107 1-0.0329 (cfp)) ,; +0.227 (cfy)) ,, — 0.0408 (chre)s3
[1500,2000) <07 249x107 1-0.131 (cy)) o, +0441 (<)), —0.103 (che)3s
>0.7 3.04x107° 1-0.0524 (cfp)) ,; +0.231 (cfy)) ,, —0.0453 (che)s3
2000, +c0) <075 3.30x 1075 1-0.200 (<)) 1, +0539 (cly) ) 1, — 0128 (che)s3
, +00 3
>0.75 438x1073 1-0.0679 (cip)) ,, +0.224 (cf3)) ,, —0.0492 (che)s3
M = TV - 0.351 1-6.83x1075 (cfp)) 1, +0.122 () ) 1, = 5.5 1078 (cpe)s3
Table A6. Same as Table A5 but for s=30TeV.
Invariant mass/GeV Polar angle |cos6)| SM cross section/pb Normalized SMEFT cross section
[0, +c0) - 0.0800 140.126 (c “)) +0.131 (e ‘3>) 15 —0.102(cre)s3
[0, 100) - 0.0721 140.129 (efy) ) o, +0.130 (7)) ,, = 0.102(cpre)ss
[100,200) - 0.00464 140141 (cfp)) 1, +0.145 (cly) ), —0.0626 (crre)ss
[200,400) - 0.00102 1400792 (cfy)) ,, +0.166 (c3)) ,, = 0.0267 (crre)ss
[400,600) - 373%10~4 1400346 (¢ “)) +0.207 (e <3>) —0.0349 (cre)33
<05 6.73x 107 1+0.000268 (cfp)) 1, +0.300 (cf3)) . —=0.0617 (cre)s3
[600,800)
>0.5 1.32x 1074 1+0.000162 (<)) . +0.203 (cly) ) ., ~0.0365 (crre)ss
[800.1000) <05 3.71%1075 1-0.0469 (cfp)) , +0.372 (cfy)) ,, — 0.0864 (che)s3
>0.5 8.31x 1075 1-0.0245 (cfy)) . +0.222 (c)) ., ~0.0435 (crre)ss
1000, 1500 <039 5.56x 107 1-0.124 (), + 0448 (cf3)) ;, = 0.116 (cre)ss
L1000 1300) >0.55 -4 1-0.0564 (cfp)) ,, +0.251 (cf)) ,, —0.0539 (crre)
. 1.01x 10 E H )33 TY: HI )33~V He)33
1500.2000 <05 1.85% 107 1-0.301 (cfy) ) o, +0.702 (7)) ;= 0.222 (cpe)ss
1120020000 >05 -5 1-0.116 (cfy) ) ., +0.300 (<)) ,, = 0.0723 (crre)
. 5.32x10 5 +0. )30 He)33
(2000, +00) <06 435%1075 1-0.727 (cfy)) 1, + 109 (cf3)) 5, 0444 (cre)
,+00
>0.6 8.61x1075 1-0283 (cly)) ,, +0457 (c)) ,, = 0.113 (cre)ss
KT = TVevup - 0.248 1-9.16x 107 (cfy) ) ., +0.121 (c})) ,, —8.98% 107 (cre)s3
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Fig. Bl and Fig. B2 show the Ay? =1 contours with
invariant mass bins, similar to Fig. 7, but for yu* —
cev,v, and u u*t — ttty,¥,, respectively. Fig. B3 and
Fig. B4 show the comparisons of the results with and

without including the |cosé)| bins, similar to Fig. 8, but for
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(color online) Similar to Fig. 7, the Ay? =1 contours from the three-parameter (¢

uput —cev,y, and ppt — v tty,y,, respectively. Fig.
B5 shows the comparison of asymmetric processes with
and without inclusion, similar to Fig. 9, but for the pro-
cesses u~u* — ctv,v, and u ut — csv .
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