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Abstract: A future  collider could run at the Z-pole to perform important electroweak (EW) precision meas-
urements, while such a run may not be viable for a future muon collider. This however can be compensated by the
measurements of  other  EW processes,  taking advantage of  the  high energy and large luminosity  of  the  muon col-
lider. In this paper, we consider the measurements of the vector boson fusion processes of  to a pair of
fermions (along with a  or  pair) at a high-energy muon collider and study their potential in probing
the EW observables. We consider two run scenarios for the muon collider with center-of-mass energy of 10 TeV and
30  TeV,  respectively,  and  focus  on  the  processes  involving  and  the  dimension-6  operators  that  directly
modify the corresponding fermions coupling to the  bosons. The invariant mass distribution of the  pair helps
to separate the events from the  resonance and the high-energy ones, while the polar angle of the outing fermi-
on also provides additional information. By performing a chi-squared analysis on the binned distributions and com-
bining  the  information  from  the WW and  fusion processes,  all  relevant  Wilson  coefficients  can  be  con-
strained simultaneously.  The precision surpasses the current  EW measurement constraints  and is  even competitive
with future  colliders. Our analysis can be included in a more complete framework which is needed to fully de-
termine the potential of muon colliders in EW precision measurements.
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I.  INTRODUCTION

A  future  high-energy  muon  collider,  if  constructed,
will  have  enormous  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, put for-
ward a  concrete  framework  for  developing  a  muon  col-
lider,  with  an  envisioned  startup  timeline  around  2045
[4]. Meanwhile, the European Strategy for Particle Phys-
ics (ESPPU),  updated  in  2020,  emphasized  the  import-

ance  of  a  robust  R&D  program  for  muon  colliders  [5].
This initiative led to the establishment of the Internation-
al  Muon Collider Collaboration (IMCC) [6],  tasked with
delivering 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  com-
munity.  This  roadmap  outlined  critical  requirements  for
key technologies and conceptual advances, setting bench-
marks for technical assessments such as luminosity goals
and  the  management  of  detector  backgrounds  [3].  Over
the coming decades, studies on muon colliders are expec-
ted to play an increasingly pivotal role in particle physics,
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offering unique opportunities to explore physics at unpre-
cedented energy scales.

e+e−

e+e−

The  main  advantage  of  a  muon  collider,  compared
with an  collider (such as the CEPC [9, 10], FCC-ee
[11, 12], ILC [13], C3 [14] and CLIC [15, 16]), is that it
can reach a higher center-of-mass energy, possibly up to
10 TeV or even 30 TeV [2, 3], thanks to the larger muon
mass which greatly reduces the synchrotron radiation ef-
fects.  A  possible  3  TeV  run  is  also  under  consideration
[17],  while  a  125  GeV  run  as  a  first  stage  to  produce
Higgs  boson  on s-channel resonance  could  still  be  stra-
tegically 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 col-
lider  does  fall  short  on  the  electroweak  (EW)  precision
program due to the lack of a Z-pole run, as opposed to an

 collider.

WW/WZ/Vh

However,  all  is  not  lost.  The  lack  of  a  Z-pole pro-
gram can  be  made  up  by  exploiting  other  EW measure-
ments. This is manifest in the framework of the Standard
Model  Effective  Field  Theory  (SMEFT),  where  the  new
physics  effects  are  systematically  parametrized  in  terms
of a series of higher dimensional operators, and the con-
nections  among  different  couplings  imposed  by  the  SM
gauge groups  are  automatically  imposed.  Two important
aspects  should  be  considered  for  the  EW analysis  under
the SMEFT framework. The first is that the contributions
of a  large  set  of  higher  dimensional  operators  have  en-
ergy enhancements, and it is advantageous to measure the
corresponding  processes  at  the  highest  possible  energy,
despite a possible smaller SM cross section. A typical ex-
ample  is  the  diboson  ( )  processes,  as  their
measurements  at  a  high  energy  muon  collider  can  have
competitive or even better reaches on certain EW operat-
ors  compared  with  the  future Z-pole  program  [21, 22].
However, the diboson production is not directly sensitive
to  the  fermion  couplings  other  than  the  ones  of  muon,
while the subsequent decays of W or Z (which do depend
on fermion couplings) do not have energy enhancements.
The second aspect is that the cross sections of vector bo-
son fusion (VBF) processes increase with the collider en-
ergy, and a large number of events can be collected at the
high energy runs, effectively turning the high energy into
high precision [22−27].

WW/WZ/Wγ

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

νµν̄µ νµµ
+/ν̄µµ

− µ+µ−

→ 2 f

W/Z

e+e−

 or  pair coming from the incoming ),
which  we  collectively  denote  as  VBF .1) We  focus
on the cases with either bottom, charm or tau in the final
states,  and  consider  the  operators  that  directly  modify
their  couplings to the  bosons.  As mentioned above,
these operators cannot be directly probed by the diboson
production processes  without  additional  flavor  assump-
tions,  and  the  measurements  of  the  VBF  processes  thus
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.2) By combining the measurements of dif-
ferent fusion processes and exploiting the differential in-
formation, all  relevant  operator  coefficients  can  be  con-
strained  simultaneously.  In  some  cases,  the  reaches  are
even competitive with those of future  colliders.

→ 2 f

WZ/Wγ

The rest of this paper is organized as follows: In Sec-
tion II,  we  provide  an  overview  of  the  relevant  dimen-
sion-6 SMEFT operators and the details of the VBF
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  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.  THE THEORETICAL FRAMEWORK
 

A.    Dimension-6 operators in SMEFT
The SMEFT Lagrangian can be obtained by adding to

the SM Lagrangian a series of higher dimensional operat-
ors, characterized by the energy scale Λ [28, 29]. Assum-
ing baryon and lepton numbers are conserved around the
TeV  scale,  all  higher  dimensional  operators  are  of  even
dimensions, 

LSMEFT =LSM+
∑

i

c(6)
i

Λ2
O(6)

i +
∑

j

c(8)
j

Λ4
O(8)

j + · · · (1)

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  the  EW,
Higgs  and  top  measurements  at  both  current  and  future
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→ 2 f
→ 2 f

VV → VV

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

WZ/Wγ2) For the  fusion processes with lepton final states, the invariant mass can not be reconstructed due to the missing neutrino.
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colliders [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(1)
Hl = (H†i

←→
D µH)(ℓ̄γµℓ) ,

O(3)
Hl = (H†i

←→
D i
µH)(ℓ̄σiγµℓ) ,

OHe = (H†i
←→
D µH)(ēγµe) , (2)

and similar ones for the quarks, 

O(3)
Hq = (H†i

←→
D i
µH)(q̄σiγµq) ,

OHu = (H†i
←→
D µH)(ūγµu) ,

OHd = (H†i
←→
D µH)(d̄γµd) , (3)

where 

H†i
←→
D µH = H†(iDµH)− (iDµH†)H, (4)

 

H†i
←→
D i
µH = H†σi(iDµH)− (iDµH†)σiH , (5)

hV f f

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

L ⊃ − g
cW

Zµ

ï ∑
f=u,d,e,v

f̄Lγ
µ(T 3

f − s2
W Q f +δg

Z f
L ) fL

+
∑

f=u,d,e

f̄Rγ
µ(−s2

W Q f +δg
Z f
R ) fR

ò
− g√

2

î
W+
µ ūLγ

µ(VCKM+δg
Wq
L )dL

+W+
µ ν̄Lγ

µ(1+δgWℓ
L )eL +h.c.

ó
, (6)

u,d,e
VCKM = 1

where  collectively denote the corresponding fermi-
ons  of  all  3  generations.  Assuming  for simpli-
city,  the  modifications  of  the Vff-type couplings  are  re-
lated to the Wilson coefficients by 

δgZe
L = −(c(1)

Hℓ + c(3)
Hℓ)

v2

2Λ2
, δgZe

R = −cHe
v2

2Λ2
,

δgWl
L = c(3)

Hl
v2

Λ2
, δgZu

L = −(c(1)
Hq− c(3)

Hq)
v2

2Λ2
,

 

δgZu
R = −cHu

v2

2Λ2
, δgZd

L = −(c(1)
Hq+ c(3)

Hq)
v2

2Λ2
,

δgZd
R = −cHd

v2

2Λ2
, δgWq

L = c(3)
Hq

v2

Λ2
, (7)

where again the generation indices are not explicitly writ-
ten.

b, c

→ 2 f

W+W−→ µ+µ−
µ+µ−→W+W−

u,d, s

We assume that all operators/couplings are flavor di-
agonal and  focus  on  those  that  contribute  to  the  pro-
cesses involving  or τ (as listed later in Section II B),
while  the  couplings  of  different  generations  are  allowed
to  be  different  (i.e., flavor  universality  is  not  imposed).
The reasons for our choices are as follows. First,  operat-
ors  that  generate  universal  corrections  tend  to  be  better
constrained  by  other  measurements,  such  as  the W mass
measurement,  or  the  measurement  of  the  diboson  or Vh
processes which have a much larger (effective) c.o.m. en-
ergy [22]. Assuming this  is  the  case,  it  is  then a  reason-
able  approximation  to  set  their  effects  to  zero  for  the
VBF  processes. The same applies for the EW oper-
ators that involve the electron or the muon. For instance,
there  is  no  need  to  consider  the  process 
when the reverse one, , is available with a
much larger  c.o.m.  energy.  Processes  involving  only  the
light  quarks  ( ) 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  of  crucial  importance  but  are
left for future studies since the kinematics are much more
complicated due to the top decay.

1,2,3

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 . 

B.    Processes

→ 2 f

µ−µ+→ 4 f

We  consider  the  vector  boson  fusion  processes  that
produce a pair of fermions (VBF ) where at least one
of the fermions is either b, c or τ. More explicitly, includ-
ing all final state particles, we consider the following five

 processes: 

µ−µ+→ bb̄νµν̄µ , µ−µ+→ cc̄νµν̄µ , µ−µ+→ τ−τ+νµν̄µ ,

µ−µ+→ csνµµ, µ−µ+→ τντνµµ,
(8)

csνµµ cs̄ν̄µµ−

c̄sνµµ+ τντνµµ

µ−µ+→ tbνµµ

where by  we denote the combination of  and
,  and  the  same  applies  to .  Note  that  the

 process  is  not  considered  in  our  analysis
since the top decay produces more complicated kinemat-
ic features, which requires separate studies. Here we shall

Probing Z/W Pole Physics at High-energy Muon Colliders via Vector-boson-fusion Processes Chin. Phys. C 49, (2025)
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µ−µ+→ bb̄νµν̄µ

4 f

bb̄

µ−µ+→ Zν̄µνµ , Z→ bb̄

µ−µ+→ ZZ→ ν̄µνµbb̄
65

µ−µ+→ ZZ→ ν̄eνebb̄/ν̄τντbb̄

µ−µ+→ 4 f

bb̄ Mbb̄

take  the  process  as  an  example,  noting
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  final  states.  However,  the
cross section is dominated by the WW fusion process, es-
pecially when the invariant mass of the  pair is around
the Z-pole.  For  instance,  at  10  TeV  the  total  tree-level
cross section of this process is 0.30 pb, while the one of

 is  around  0.29  pb  according  to
MadGraph5  [62].  Furthermore,  the  diboson  process

 has  a  much  smaller  cross  section,
which  is  around ab. Similarly,  the  irreducible  back-
grounds  also have negligible
rates compared with the signal. Note that in our analysis,
we always simulate the full  process which in-
cludes  all  diagrams except  those that  involves  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 requiring a pair
of  fermions  along  with  missing  momentum  in  the  final
states. The backgrounds of this process have much smal-
ler  rates  than  the  signal  one  when  the  invariant  mass  of
the  pair  ( )  is  around  the Z-pole.  As  mentioned

→ h→ bb̄

bb̄

µ−µ+→ bb̄

Mbb̄

Mbb̄

µ−µ+→ bb̄µ−µ+

ZZ/Zγ/γγ

̸ pT

̸ pT

η > 6
̸ pT

earlier, the VBF  process can also be efficiently
removed  with  an  invariant  mass  window  cut.  However,
the  events  with  high  invariant  mass  values  are  also
crucial  for  our  analysis,  for  which  the  signal  rates  are
much smaller, and a more careful treatment on the back-
ground  is  needed.  One  potential  background  process  is

 with  additional  initial-state  radiation  (ISR)
photons,  which  could  fake  the  signal  if  the  ISR photons
are  not  tagged.  This  background  is  highly  suppressed
when  is  much  smaller  than  the  center-of-mass en-
ergy  of  the  collision.  As  shown  later  in  Section  III,  we
will impose an upper bound on  of 1 TeV, which we
expect  to  be  able  to  efficiently  remove  this  background.
Another potentially sizable background is 
via  fusion with undetected forward muons. As-
suming 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,  so  this  background
process will  have  a  very  small  missing  transverse  mo-
mentum ( ). On the other hand, the signal events gener-
ally have a sizable . This is illustrated in Fig. 2, where
we assume muons with  are untagged. As such, this
background  can  be  efficiently  removed  with  a  mild 

 

µ−µ+→ bb̄νµν̄µ 2 f → 2 f

Z/γ

Fig. 1.    Typical Feynman diagrams for the process . Diagram (a) to (c) are examples of  processes with an addi-
tional initial or final state . Other diagrams of the same type are not explicitly shown. Diagram (d) is neutral diboson production,
while (e) and (f) is VBF. BSM vertexes are indicated by black dots.
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∼ 20 GeV

̸ pT

cut ( ). Another potential background is the QCD
parton  induced  di-jet  backgrounds  [66, 67],  which  we
also  expect  to  be  efficiently  removed  with  this  cut.
For convenience, we omit these background processes in
our analysis  and  leave  a  more  detailed  background  ana-
lysis to future studies.

µ−µ+→ bb̄νµν̄µ

bb̄

c(1)
Hq, c

(3)
Hq, cHd

Λ = 1 TeV

c(1)
Hq c(3)

Hq

The differential distribution of the  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  pair. The red curve corresponds to
the SM  value  while  the  other  three  curves  each  corres-
ponds to one of the three Wilson coefficients 
setting  to  a  reference  value  of  1  (with )  while
the  other  two  are  set  to  zero.  A  peak  around  the  Z-pole
can be clearly seen, which corresponds to the s-channel Z
diagram in Fig. 1(f). The cross section also drops rapidly
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 com-
plementary to the ones around the Z-pole. In particular, as
shown in Fig.  3, the  cross  section  becomes  more  sensit-
ive  to  the  coefficients  and  at  higher  invariant
mass, a feature expected from their energy enhancements.
As we  will  show  later,  a  binned  analysis  that  takes  ac-
count of  the  information  in  the  invariant  mass  distribu-
tion  makes  it  possible  to  simultaneously  constrain  all
three Wilson coefficients.

µ−µ+→ bb̄νµν̄µ

W± b̄

The  angular  distributions  of  the  pro-
cess  also  contain  useful  information.  For  instance,  the
diagram  with  the s-channel Z would have  different  kin-
ematics with the one with a t-channel fermion exchange.
Ideally, this information is captured by the angle between
the incoming  and the outgoing b or . However, this

b̄
|cos θ̄|

Mbb̄

bb̄
bb̄

bb̄
µ− µ+

|cos θ̄|

angle  cannot  be  directly  measured  due  to  the  missing
neutrinos. Nevertheless, part of the information is still in
the production polar angles of b and . In Fig. 4, we show
the distribution of the variable  for events in differ-
ent ranges of  (same as the choices of 9 bins listed in
Table III), where θ is the polar angle of b in the center-of-
mass frame of the  system. The reason for going to the

 c.o.m. frame is that the kinematics in the lab frame is
subject to  a  large  longitudinal  boost,  similar  to  the  situ-
ation  of  LHC.  Note  that,  in  the  c.o.m. frame,  the  in-
coming  and  are in general not on the same line, and

 is simply defined as the average of the two differ-
ent values, 

|cos θ̄| ≡ 1
2
(∣∣cosθµ−b

∣∣+ ∣∣cosθµ+b

∣∣) , (9)

θµ−b θµ+b µ− µ+

c(1)
Hq, c

(3)
Hq, cHd

Λ = 1 TeV

Mbb̄ |cos θ̄|
c(1)

Hq c(3)
Hq

Mbb̄ Mbb̄

where  ( )  is  the  angle  between  ( )  and b.
Here, for the three Wilson coefficients , a ref-
erence  value  of  10  is  chosen  instead  (assuming

, and in each case the other two are set to zero)
to better visualize their effects.1) It is clear in Fig. 4 that,
for large  (much above Z pole),  is sensitive to

 and ,  which give  a  more  even distribution,  while
the  SM  one  concentrates  more  in  the  forward  region
(since  the  SM cross  section  is  dominated  by  the t-chan-
nel diagram at high ). As such, for large  we can

 

̸ pT bb̄νµν̄µ bb̄µ−µ+
√

s = 10 TeV bb̄µ−µ+ |ηµ | > 6

Fig.  2.    (color online) The  missing  transverse  momentum
( )  distribution  for  (red)  and  (green)  at

. For , a cut on the muon rapidity of 
is imposed, corresponding to both muons being untagged.

 

bb̄ Mbb̄

µ−µ+→ bb̄νµν̄µ
√

s = 10 TeV

c(1)
Hq, c

(3)
Hq, cHd

Λ = 1 TeV
Mbb̄ ≪ mZ

Fig. 3.    (color online) The differential Cross Section distribu-
tion  on  the  invariant  mass  of  pair  ( )  for  the

 process  with .  A  bin  width  of  20
GeV  is  chosen.  The  red  curve  corresponds  to  the  SM  value
while  the  other  three  curves  each  corresponds  to  one  of  the
three  Wilson  coefficients  setting  to  a  reference
value of 1 (with ) while the other two are set to zero.
Note that the low energy bins (with )  are subject to
large statistical uncertainties in our simulation.

Probing Z/W Pole Physics at High-energy Muon Colliders via Vector-boson-fusion Processes Chin. Phys. C 49, (2025)
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|cos θ̄|further use the  distribution to increase the sensitiv-
ity to the Wilson coefficients.

µ−µ+→ cc̄νµν̄µ µ−µ+→ τ−τ+νµν̄µ

µ−µ+→ csνµµ µ−µ+→ τντνµµ
τντνµµ

WZ/Wγ
O(3)

Hl O
(3)
Hq csνµµ

τντ

νµ

The  discussion  above  also  applies  to  the
 and ,  which  have  very

similar  features.  For  the  asymmetric  processes
 and ,  the  situations  are

slightly different.  Taking  for example, the typical
diagrams are shown in Fig. 5,  where again the dominant
contribution  to  the  total  cross  section  comes  from  the

 fusion  diagrams  (f),  (g).1) They  are  also  more
sensitive to the  (  for ) operator which modi-
fies  the W-fermion  couplings.  Again,  we  do  not  expect
any significant background for this process. While the in-
variant mass distribution of the  pair still contains use-
ful  information  and  peaks  around  the W mass,  it  cannot
be reconstructed due to the additional missing . Never-
theless,  the measurement  of  the total  rate  of  this  process

µ−µ+→ τ−τ+νµν̄µ
csνµµ

cc̄νµν̄µ

contains  useful  information  which  is  complementary  to
the one of , as we will show later. Simil-
arly, the measurement of  process also provides in-
formation complementary to the one of . 

III.  MEASUREMENTS AND ANALYSES
 

A.    Run scenarios
We consider two runs with center-of-mass energy 10

TeV and 30 TeV. The reference values of  the integrated
luminosity  are  taken  from  the  ideal  luminosity  relations
[3], 

Lint = 10 ab−1
Å

Ecm

10 TeV

ã2

, (10)

10ab−1 90ab−1which are  for the 10 TeV run and  for

 

|cos θ̄| |cos θ̄| ≡ 1
2

(∣∣cosθµ−b

∣∣+ ∣∣cosθµ+b

∣∣) θµ−b θµ+b

µ− µ+ bb̄

Λ = 1 TeV

Fig. 4.    (color online) Differential cross section of the  variable, defined as , where  ( ) is
the angle between  ( ) and b in the c.o.m. frame of the  system. A reference value of 10 is chosen here for each Wilson coeffi-
cient (assuming , and setting the other two to zero), with only linear contribution considered. The bin width is chosen to be
0.05. A (different) invariant mass selection is applied for each of the 9 plots, which corresponds to the 9 bins listed in Table 3.

Hao-Qiao Li, Hai-Ning Yan, Jiayin Gu et al. Chin. Phys. C 49, (2025)

Wτντ 4 f
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  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  final
states are included in our analysis.
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the  30  TeV run,  respectively.  It  is  worth  noting  that  the
run scenarios considered in this work are optimistic, and
are subject to change with the continuous development of
the muon collider R&D program. 

B.    Methodology

p j
T > 20 GeV |η j| < 2.44

pl
T > 10 GeV |ητ| < 2.44 |ηµ| < 6

ηµ

csνµµ τντνµµ

We simulate  our  signal  processes  with  MAD-
GRAPH5_AMC@NLO  v3.5.6  [68]  at  parton  level  with
SMEFT effects implemented by SMEFTsim 3.0 package
[69]  as  a  UFO model  [70].  We apply  the  following cuts
within  this  study: ,  for  jets  and

, ,  for  charged  leptons
[65−67].  The  choices  of  rapidity  cuts  are  typical  for  the
analyses  at  muon  colliders,  since  it  is  difficult  to  detect
jets and charged leptons (except muon) close to the beam
due to the dramatic beam induced background (BIB) [65].
We  also  assume  that  forward  muon  taggers  [63−65]  are
implemented, which  results  in  the  much  larger  accept-
ance for . We do not expect these cuts to have very sig-
nificant impacts  in  our  analysis  except  for  the  asymmet-
ric processes  and , for which we require the
muon  to  be  tagged.  As  such,  the  selection  efficiency  of

|cos θ̄|

τντνµµ

bb̄ τντνµµ

the asymmetric  processes  are  very  sensitive  to  the  per-
formance of the forward muon taggers. We do not expect
the  detector  effects  to  have  a  significant  impact  in  our
analysis either,  as  we  use  only  simple  kinematic  vari-
ables including the invariant mass and the  variable
defined in Eq. (9). However, the tagging efficiencies of b,
c, τ are crucial  in our analysis  since they have a directly
impact  on  the  total  rate.  Ref.  [3]  provides  a  benchmark
efficiency  of  around  80%  for  tagging  one b jet,  and
around  70%  for  the  di-tau  system.  For  the  charm  and
strange  quarks,  the  tagging  efficiencies  are  not  listed  in
Ref. [3], and we use the recent CEPC study [71] as a ref-
erence  (assuming  a  muon  collider  could  achieve  similar
performances), which are approximately 70% for a charm
jet  and  50%  for  a  strange  jet,  respectively.1) Note  that,
these  tagging  rates  could  be  somewhat  optimistic  for
muon colliders, and should be replaced by more realistic
estimations in future studies once they become available.
Apart from the  process, we always require the two
final state fermions to be both tagged, which gives e.g. a
64%  efficiency  for  the  pair.  For ,  we  assume
that the final states can be selected by requiring one τ-tag

 

µ−µ+→ τ+ντν̄µµ− 2 f → 2 fFig. 5.    Typical Feynman diagram for the process . Diagram (a) to (c) are examples of  processes with addi-
tional W in the initial or final state, diagram (d) and (e) are diboson production, while (f) and (g) is VBF. BSM vertexes are indicated
by black dots.

Probing Z/W Pole Physics at High-energy Muon Colliders via Vector-boson-fusion Processes Chin. Phys. C 49, (2025)

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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√
0.7 ≈ 0.84

b̄ c̄

≲

in addition  to  a  muon  and  missing  momentum,  and  na-
ively assign an efficiency of . We do not  re-
quire  the  discrimination  between b and  (or c and )
since this information is not used in our analysis. The sig-
nal selection  efficiencies  based  on  tagging  are  summar-
ized  in Table  1.  We  also  do  not  expect  mis-tagging  to
have a significant  impact  on our analyses,  given that  we
do not have any overwhelming backgrounds to start with.
The  only  sizable  mis-tagging  rate  is  the  one  for b to  be
identified  as c,  which  is  around  20% [3].  Given  that  we
require both final  state quarks to be tagged,  we only ex-
pect  a  small  mixing  (  4%)  between  different  signal
events, which we simply ignore in our study. Once all the
mis-tagging rates  are  available,  one  could  also  imple-
ment 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 ana-
lysis.

Λ−2

Λ−4

We consider the leading SMEFT contributions at  the
 order. At the cross section level, this means that only

the  linear  contributions  of  the  Wilson  coefficients  are
considered, while the quadratic contributions are omitted
since they are at the  order. Given the high measure-
ment precision, this is  a very good approximation in our
analysis. The SMEFT prediction of the cross sections are
thus parameterized as 

σSMEFT = σSM+
∑

i

αici+O(Λ−4) , (11)

αi

χ2

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  given by 

χ2 =

bins∑
i

(σi,SMEFT−σi,exp)2

(∆σi)2
, (12)

σi,SMEFT σi,exp ∆σi

where the sum is performed over all  the bins (to be spe-
cified later),  and ,  and  are  the SMEFT

σi,exp = σi,SM

prediction,  the  measured  central  value  and  the  (one-
sigma) uncertainty of the cross section in the ith bin,  re-
spectively.  By  construction,  we  assume  the  measured
central  values  are  SM-like, .  Note  that  we
have  also  explicitly  assumed  that  the  measurements  of
different bins  are  uncorrelated.  We consider  only statist-
ical uncertainties, in which case 

∆σi =
σi,SM√
Ni,SM

=

…
σi,SM

L
, (13)

Ni,SMwhere  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 

(U−1)i j =
1
2
∂2χ2

∂ci∂c j

∣∣∣∣
c=ĉ
, (14)

ci ĉ
χ2

δci

ρi j

where  are the Wilson coefficients and  their best  fit-
ted values (with minimum ), which are zero in our ana-
lysis  by construction.  The one sigma bounds  and the
correlation  matrix  of  the  Wilson  coefficients  can  be
obtained as 

δci =
√

Uii , (15)

and 

ρi j =
Ui j

δciδc j
. (16)

 

C.    Binning
µ−µ+→ f f̄ νµν̄µ

f f̄ = bb̄ cc̄ τ−τ+

f f̄

For  the  symmetric  processes  (  where
,  or ),  the  invariant  mass  distribution  of

the  pair contain crucial important information in prob-
ing  the  Wilson  coefficients.  To  extract  this  information,
we perform a binned analysis by dividing the signal pro-
cess into 9 bins, with the range of the bins listed in Table
2. The first bin has the largest cross section due to the Z
resonance. To ensure enough MC statistics for higher in-
variant  mass  bins,  each  bin  is  separately  generated  in
MadGraph with the corresponding invariant mass cuts.

µ−µ+→ f f̄

M f f̄

M f f̄

M f f̄

As  mentioned  earlier,  for  very  high  invariant  mass,
the signal could be subject to a sizable  back-
ground,  and  it  is  desirable  to  impose  a  upper  bound  on

.  Furthermore,  the  validity  of  the  EFT  analysis  also
tends to be problematic for high , given that the typ-
ical reach on the  new physics  scale  Λ could  be  compar-
able  or  even smaller  than  [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

 

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

Process Requirement Efficiency

µ−µ+→ bb̄νµν̄µ 2 b-tags 0.64

µ−µ+→ cc̄νµν̄µ 2 c-tags 0.49

µ−µ+→ τ−τ+νµν̄µ 2 τ-tags 0.7

µ−µ+→ csνµµ 1 c-tag and 1 s-tag 0.35

µ−µ+→ τντνµµ 1 τ-tag 0.84

Hao-Qiao Li, Hai-Ning Yan, Jiayin Gu et al. Chin. Phys. C 49, (2025)
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M f f̄TeV on  and discard bin 7-9 listed in Table 2.
|cos θ̄|

χ2 χ2

In addition, we will also make use of the  vari-
able  in  Eq.  (9).  To  capture  the  essential  information
shown  in Fig.  4,  the  events  in  each  invariant  mass  bin
starting from 600 GeV are further divided into two bins,
with the division point as listed in Table 3. The values of
the division points are determined based a simple optim-
ization procedure (by looking at a few benchmark values
and  choosing  the  one  with  the  best  result).  Finally,  the
total  is  obtained  by  summing  over  the  of  all  bins
using Eq. (12). As shown in the next section, the binning
is very helpful in discriminating the contributions of dif-
ferent  Wilson  coefficients  and  can  significantly  improve
the overall results.

µ−µ+→ csνµµ
µ−µ+→ τντνµµ

χ2

µ−µ+→ τντνµµ
Mτντ

For  the  asymmetric  processes  ( ,
), we consider only the measurement of the

total cross section and combine its  with that of the cor-
responding symmetric process. This also brings nontrivi-
al  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 issues.
For  in particular,  it  is  nontrivial  to  re-
move  these  events  since  cannot be  directly  meas-
ured. Nevertheless, since we only use the total rates of the
asymmetric  processes,  we  do  not  expect  the  events  with
high invariant masses to have a significant impact in our
study. A more careful treatment on the differential distri-
butions  of  the  asymmetric  processes  is  left  for  future
studies. 

IV.  RESULTS

Our fit results are presented in this section. In Section

|cos θ̄| µ−µ+→ bb̄νµν̄µ

µ−µ+→ τ−τ+νµν̄µ
τντνµµ

33

IV A and IV B, we consider the impacts of binning in the
invariant mass and , using  as an ex-
ample. In Section IV C, we compare the results from the

 process alone with the ones that also in-
clude the  process, where the latter brings 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 Section IV A, IV B and IV C, we
have omitted the flavor indices of the Wilson coefficients,
which are  (diagonal, third generation).  The flavor in-
dices are restored in Section IV D. Additional results are
provided in Appendix B. 

A.    Impacts of the invariant mass bins

∆χ2 = 1
(c(1)

Hq,c
(3)
Hq,cHd) µ−µ+→ bb̄νµν̄µ

∆χ2 = 1

|cos θ̄|

To  illustrate  the  impacts  of  different  invariant  mass
bins, we show in Fig. 6 the  contours 1) of 3-para-
meter  fit  of  the  process  for
both the 10 TeV run (top row) and the 30 TeV run (bot-
tom row). In each case, we divide the invariant mass bins
into three groups (bin 1-3, 4-6, and 7-9), and the 
contours  are  shown  separately  for  each  group  of  3  bins,
which are projected on three different 2D planes of the 3
parameters.  The  variable  is  not  considered  here.
Note that, without binning (which is essentially the same
as  including  only  the  first  bin  since  the  cross  section  is
dominated  by  the Z resonance), the  cross  section  meas-
urement only provides one constraint on the 3 parameters.
A combination  of  at  least  three  different  bins  are  re-
quired  to  simultaneously  constrain  all  three  parameters.
Among the 3 groups of bins, clearly bin 1-3 provides the
best  constraints  due to the large rates around the Z pole.
The  results  from  higher  invariant  mass  bins  alone  are
general worse, and they also suffer from large (approxim-
ate) flat directions. Nevertheless, the high invariant mass

 

f f̄ µ−µ+→ f f̄ νµν̄µ f f̄ = bb̄ cc̄ τ−τ+

M f f̄ < 1 TeV

Table 2.    The binning of the invariant mass of the  pair for , where ,  or . Note that for all results ex-
cept those in Section IV A, we will impose the cut  and discard bin 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,+∞)

 

|cos θ̄|
|cos θ̄| < x |cos θ̄| > x

Table 3.    Division point of observable  (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  and  where we denote x as the division point.

Invariant Mass (GeV)
bb̄ cc̄ τ−τ+

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, ) 0.7 0.65 0.6 0.6 0.75 0.6

Probing Z/W Pole Physics at High-energy Muon Colliders via Vector-boson-fusion Processes Chin. Phys. C 49, (2025)

∆χ2 = χ2 −χ2
min χ2

min = χ
2(ci = 0) = 01) Note that , where  by our assumption that all measurements are SM like.
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bins carry important complementary information to those
of the Z-resonance events. This is made more clear in Fig.
7,  where  we  present  the  same  set  of  results,  but  for  the
combinations  of  bin  1-3,  bin  1-6  and  bin  1-9  instead,
which clearly demonstrates the improvements brought by
the  higher  invariant  mass  bins  on  the  top  of  the  ones
around the Z pole. As mentioned earlier, we will discard
the  signal  events  with  invariant  mass  larger  than  1  TeV
(bin 7-9) in order to reduce background and improve EFT
validity.  While  this  would  reduce  the  overall  reach,  one
could also see in Fig. 7 that the impact of this cut is un-
der  control  given  that  reaches  with  bin  1-6 (green  con-
tours) are not much worse than the ones with all the bins
(blue contours).

µ−µ+→ cc̄νµν̄µ µ−µ+→ τ−τ+νµν̄µThe  results  for  and 
are shown in Fig. B1 and Fig. B2 in Appendix B, respect-
ively, which exhibit similar features. 

|cos θ̄|B.    Impacts of the  bins

Mbb̄ > 600 GeV |cos θ̄|

Mbb̄

|cos θ̄| Mbb̄ & |cos θ̄|

|cos θ̄|

In addition to the invariant mass bins, we consider the
impacts  of  further  splitting  the  high  invariant  mass  bins
( ) in  as in Table 3. In Fig. 8, a com-
parison is made between the results that only include in-
variant  mass bins  ( ,  dashed contours)  and the results
that  further  split  the  bins  in  ( ,  solid
contours).  Although  the  improvements  from  the  binning
in  are relatively small in all cases, they are still vis-
ible, especially for the 10 TeV case. In Appendix B, sim-

µ−µ+→ cc̄νµν̄µ
µ−µ+→ τ−τ+νµν̄µ

ilar results can be found in Fig. B3 for  and
Fig. B4 for . 

C.    Impacts of the asymmetric processes

µ−µ+→ bb̄νµν̄µ µ−µ+→ tbµνµ

µ−µ+→ τ−τ+νµν̄µ µ−µ+→ τντνµµ

τ+τ− & τντ

τ+τ−

c(3)
Hl

|ηµ| < 6

On the top of the full binned analysis of the symmet-
ric process, the inclusion of the asymmetric process may
bring additional improvement. Note that in our study we
do  not  consider  the  asymmetric  process  of

,  which  is , due  to  the  com-
plicated nature of the top decay. Instead, a comparison is
made  for  and ,  with  the
results shown in Fig. 9. The combination of the two pro-
cesses  ( , solid  contour)  brings  a  sizable  im-
provement  to  the  top  of  the  symmetric  process  alone
(  only,  dashed  contour),  especially  for  the  10  TeV
run.  The improvement  is  most  significant  for ,  which
modifies the W-fermion couplings. As mentioned in Sec-
tion III  B,  we have imposed a  rapidity  cut  of  on
muons,  assuming forward muon taggers  [63−65]  will  be
implemented. Without  forward  muon  taggers,  the  asym-
metric processes could suffer from a much smaller signal
selection efficiency.  Our  analysis  thus  provides  an  im-
portant case  that  motivates  the  implementation  of  for-
ward muon taggers.

µ−µ+→ cc̄νµν̄µ µ−µ+→ csνµµ

c(3)
Hq

Similar  results  for  the  combination  of  the  processes
 and  can be found in Fig. B5

in Appendix  B,  which  also  exhibits  significant  improve-
ment for .
 

 

∆χ2 = 1 (c(1)
Hq,c

(3)
Hq,cHd) µ−µ+→ bb̄νµν̄µ

Λ = 1 TeV

Fig. 6.    (color online) The  contours from the 3-parameter  fit to  at 10 TeV (top row) and 30 TeV
(bottom row), obtained from three separate groups of invariant mass bins as listed in Table 2, which are bin 1-3 (red contours), bin 4-6
(green contours) and bin 7-9 (blue contours). For each row, the results are projected onto three 2D planes (each with the other paramet-
er marginalized). We set  for convenience.

Hao-Qiao Li, Hai-Ning Yan, Jiayin Gu et al. Chin. Phys. C 49, (2025)
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∆χ2 = 1 (c(1)
Hq,c

(3)
Hq,cHd) µ−µ+→ bb̄νµν̄µ

Λ = 1 TeV

Fig. 7.    (color online) The  contours from the 3-parameter  fit to  at 10 TeV (top row) and 30 TeV
(bottom row), with the invariant mass bins in Table 2. For each row, the results are projected onto three 2D planes (each with the other
parameter marginalized). The contours with the first 3, 6, and all 9 bins are shown. We set  for convenience.

 

µ−µ+→ bb̄νµν̄µ
|cos θ̄| Mbb̄ < 1 TeV

∆χ2 = 1 (c(1)
Hq,c

(3)
Hq,cHd) Λ = 1 TeV

Fig. 8.    (color online) Comparison of the results for  with only the invariant mass bins (dashed contours, binning as in
Table 2) and also with the  bins (solid contours, binning as in Table 3). An invariant mass cut of  is imposed. The con-
tours correspond to  from the 3-parameter  fit. We set  for convenience.

 

c(1)
Hl ,c

(3)
Hl ,cHe

µ−µ+→ τ−τ+νµν̄µ τ+τ− Mτ+τ− < 1 TeV

µ−µ+→ τ−τ+νµν̄µ µ−µ+→ τντνµµ τ+τ−&τντ ∆χ2 = 1 Λ = 1 TeV

Fig.  9.    (color online) Comparison of the results  for the three parameters  (all with flavor indices 33) from the measure-
ments  of  only  (labeled  as  "  only",  dashed  contours,  with )  and  the  combination  of  the

 and  (labeled as " ", solid contours). Contours correspond to . We set  for con-
venience.

Probing Z/W Pole Physics at High-energy Muon Colliders via Vector-boson-fusion Processes Chin. Phys. C 49, (2025)
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D.    Constraints on the Wilson coefficients

|cos θ̄|

M f f̄ < 1 TeV

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, while for the symmetric processes the binning is
performed  with  both  the  invariant  mass  of  the  fermion
pair  (as  in Table  2)  and  the  variable  (Table  3).
Note again that we have imposed an invariant mass cut of

 in order to reduce background and improve
EFT  validity.  The  previously  omitted  flavor  indices  are
also  explicitly  shown in Fig.  10.  Both  the  global-fit res-
ults (in our cases which involve 3 operators for any given
process) and the individual ones (by switching on one op-
erator 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

tt̄
(c(1)

Hq)33 (c(3)
Hq)33

results in Ref. [43] to the basis in Ref. [29]. It should be
emphasized that  the results in Ref.  [43] are obtained un-
der  a  different  framework  with  more  parameters  and
measurements  included  (with  all  the  other  parameters
marginalized  here),  so  a  direct  comparison  under  the
same  conditions  is  not  possible.  Furthermore,  we  have
excluded  the  CEPC  measurements  (hence  the  bounds
on  and  are missing) since the top measure-
ments  at  muon  collider  are  not  included  in  our  analysis
either. Nevertheless, it  can be seen that the overall reach
of the muon collider on these Wilson coefficients are gen-
erally at the same order as the ones at CEPC (or FCC-ee).

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

 

Λ = 1 TeV

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

 for convenience.

 (
c(1)

Hq

)
33

(
c(3)

Hq

)
33 (cHd)33

µ−µ+→ bb̄νµν̄µ
M f f̄ < 1 TeV |cos θ̄| Λ = 1 TeV

Table 4.    One-sigma individual and global bounds of ,  and  and their correlations (corresponding to the global
bounds) from the measurement of  at the 10 TeV run (left panel) and 30 TeV run (right panel). An invariant mass cut of

 is imposed, after which all the invariant mass and  bins are included. We set  for convenience.

10 TeV 30 TeV

1σ ×10−268%CL  bound ( ) Correlation matrix 1σ ×10−268%CL  bound ( ) Correlation matrix

Individual Global
(

c(1)
Hq

)
33

(
c(3)

Hq

)
33

(cHd)33 Individual Global
(

c(1)
Hq

)
33

(
c(3)

Hq

)
33

(cHd)33(
c(1)

Hq

)
33

±0.500 ±1.90 1
(

c(1)
Hq

)
33

±0.158 ±0.629 1(
c(3)

Hq

)
33

±0.526 ±3.47 0.871 1
(

c(3)
Hq

)
33

±0.165 ±1.06 0.895 1

(cHd)33 ±3.14 ±28.1 0.954 0.963 1 (cHd)33 ±0.992 ±9.01 0.966 0.961 1
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V.  Conclusion

→ 2 f
ν̄µνµ νµµ

b,c, τ

b,c, τ

WZ/Wγ

Λ = 1 TeV

10−2

∼ 5×10−3

e+e−

In this paper, we considered the measurements of sev-
eral  vector-boson-fusion-to-two-fermions  (VBF ,
with an additional  or  pair) processes at a future
high energy  muon  collider,  focusing  on  final  states  in-
volving . A phenomenological study is performed to
estimate their  potential  in  probing  the  corresponding  di-
mension-6  operators  that  directly  modifies  the  couplings
of the fermions ( ) to the W and Z bosons. With real-
istic tagging efficiencies applied, we considered only sig-
nal  statistical  uncertainties  and  extracted  the  precision
reaches  on  the  Wilson  coefficients  with  a  chi-squared
analysis on the binned signal distributions.  The informa-
tion in the invariant mass of the two-fermion pair turned
out to  be  crucial  for  discriminating  the  effects  of  differ-
ent operator and simultaneously constraining their coeffi-
cients  in  a  global  fit.  The  symmetric  (WW fusion)  and
asymmetric (  fusion) processes also contain com-
plementary  information.  Combining  all  measurements,
the precision on the relevant Wilson coefficients (setting

)  from  a  simultaneous  fit  with  all  the  relevant
operators in consideration (i.e. those listed in Eq. (2) and
Eq. (3)) at a future muon collider can reach up to the 
level  for  the  10 TeV run and up to  for  the  30
TeV  run.  For  the  latter,  the  results  can  be  competitive
with  the  ones  from  a  future  collider with  a  dedic-
ated Z-pole run, such as the CEPC.

Our analysis demonstrates the great potential of a fu-
ture high energy muon collider in precision EW measure-
ments, which calls for further studies in this direction. Ul-
timately, a complete analysis that includes the all the rel-
evant  EW  measurements  and  operators  are  needed  to

e+e−

e+e−

fully determine the potential  of  a muon collider in prob-
ing EW precision physics, and our study serves as one of
the many early steps towards this goal. There are several
directions  for  future  studies.  Most  importantly,  realistic
analyses  that  include  detector  simulation  and  careful
treatments of background effects and signal selection effi-
ciencies are needed, once a more concrete detector design
is  available.  Given  the  overall  good  statistical  precision
reaches, it is also important to study the effects of system-
atics and theory uncertainties. These effects could be dif-
ferent from the ones of EW measurements at future 
colliders due to the different processes and collider envir-
onments, and may require dedicated studies.  The useful-
ness of differential distributions illustrated in our study is
also a call for a more sophisticated analysis of the distri-
bution,  which perhaps makes use of optimal observables
[75] and/or machine learning technics (see e.g. Ref. [76]).
The study of the muon collider's EW physics potential is
also  particularly  relevant  for  the  particle  physics
roadmap.  If  a  muon  collider  is  eventually  built  while  a

 collider is  not,  would we miss  any important  phys-
ics without a Z-pole program? If both colliders are built,
are  there  any  important  complementarity  that  the  muon
collider  could  offer  in  the  EW precision  physics?  These
important questions needs to be addressed when we make
plans for the future colliders. 
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 (
c(1)

Hq

)
22

(
c(3)

Hq

)
22

(cHu)22 µ−µ+→ cc̄νµν̄µ µ−µ+→ csνµµTable 5.    Same as Table 4 but for ,  and  from the measurements of  and .

10 TeV 30 TeV

1σ ×10−268%CL  bound ( ) Correlation matrix 1σ ×10−268%CL  bound ( ) Correlation matrix

Individual Global
(

c(1)
Hq

)
22

(
c(3)

Hq

)
22

(cHu)22 Individual Global
(

c(1)
Hq

)
22

(
c(3)

Hq

)
22

(cHu)22(
c(1)

Hq

)
22

±0.679 ±5.86 1
(

c(1)
Hq

)
22

±0.224 ±1.97 1(
c(3)

Hq

)
22

±0.310 ±0.349 −0.142 1
(

c(3)
Hq

)
22

±0.117 ±0.138 −0.765 1

(cHu)22 ±1.61 ±13.8 0.907 −0.323 1 (cHu)22 ±0.526 ±4.61 0.701 −0.747 1

 (
c(1)

Hl

)
33

(
c(3)

Hl

)
33

(cHe)33 µ−µ+→ τ−τ+νµν̄µ µ−µ+→ τντνµµTable 6.    Same as Table 4 but for ,  and  from the measurements of  and .

10 TeV 30 TeV

1σ ×10−268%CL  bound ( ) Correlation matrix 1σ ×10−268%CL  bound ( ) Correlation matrix

Individual Global
(

c(1)
Hl

)
33

(
c(3)

Hl

)
33

(cHe)33 Individual Global
(

c(1)
Hl

)
33

(
c(3)

Hl

)
33

(cHe)33(
c(1)

Hl

)
33

±1.10 ±8.12 1
(

c(1)
Hl

)
33

±0.350 ±2.72 1(
c(3)

Hl

)
33

±0.323 ±0.338 −0.00695 1
(

c(3)
Hl

)
33

±0.125 ±0.134 0.0388 1

(cHe)33 ±1.35 ±10.0 0.986 0.0431 1 (cHe)33 ±0.453 ±3.53 0.946 0.156 1
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Appendix A.  Numerical expressions of cross section

|cos θ̄|

In Table  A1 to A6,  contributions  of  relative  Wilson
coefficients to the cross section are formulated under dif-
ferent  invariant  mass  bins  and  angle  divisions  of ,

where only  linear  contributions  are  considered  as  men-
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-
plicable. In all cases, Λ is set to 1 TeV. 

 

σSMEFT/σSM

µ−µ+→ bb̄νµν̄µ |cos θ̄| √
s = 10 TeV

Table  A1.    The  SM  cross  section  and  normalized  SMEFT  cross  section  ( ,  as  a  function  of  Wilson  coefficients)  of
 for different invariant mass and  bins at . The first row corresponds to the unbinned total cross section.

Tagging efficiencies are not applied here.

Invariant mass [GeV] |cos θ̄|Polar angle SM cross section [pb] Normalized SMEFT cross section

[0,+∞) – 0.302 1+0.144
(

c(1)
Hq

)
33
+0.131

(
c(3)

Hq

)
33
−0.0226(cHd)33

[0,100) – 0.275 1+0.138
(

c(1)
Hq

)
33
+0.138

(
c(3)

Hq

)
33
−0.0238(cHd)33

[100,200) – 0.0185 1+0.137
(

c(1)
Hq

)
33
+0.127

(
c(3)

Hq

)
33
−0.0140(cHd)33

[200,400) – 0.00405 1+0.186
(

c(1)
Hq

)
33
+0.0611

(
c(3)

Hq

)
33
−0.00527(cHd)33

[400,600) – 0.00182 1+0.290
(

c(1)
Hq

)
33
−0.0442

(
c(3)

Hq

)
33
−0.00539(cHd)33

[600,800)
≤ 0.45 1.98×10−4 1+0.622

(
c(1)

Hq

)
33
−0.267

(
c(3)

Hq

)
33
−0.00682(cHd)33

> 0.45 4.35×10−4 1+0.307
(

c(1)
Hq

)
33
−0.111

(
c(3)

Hq

)
33
−0.00631(cHd)33

[800,1000)
≤ 0.55 1.42×10−4 1+0.810

(
c(1)

Hq

)
33
−0.498

(
c(3)

Hq

)
33
−0.00861(cHd)33

> 0.55 2.25×10−4 1+0.346
(

c(1)
Hq

)
33
−0.152

(
c(3)

Hq

)
33
−0.00749(cHd)33

[1000,1500)
≤ 0.6 1.67×10−4 1+1.15

(
c(1)

Hq

)
33
−0.879

(
c(3)

Hq

)
33
−0.0116(cHd)33

> 0.6 2.61×10−4 1+0.451
(

c(1)
Hq

)
33
−0.229

(
c(3)

Hq

)
33
−0.00958(cHd)33

[1500,2000)
≤ 0.65 6.17×10−5 1+1.78

(
c(1)

Hq

)
33
−1.52

(
c(3)

Hq

)
33
−0.0171(cHd)33

> 0.65 1.02×10−4 1+0.584
(

c(1)
Hq

)
33
−0.347

(
c(3)

Hq

)
33
−0.0131(cHd)33

[2000,+∞)
≤ 0.7 6.22×10−5 1+2.45

(
c(1)

Hq

)
33
−2.09

(
c(3)

Hq

)
33
−0.0279(cHd)33

> 0.7 1.17×10−4 1+0.706
(

c(1)
Hq

)
33
−0.519

(
c(3)

Hq

)
33
−0.0181(cHd)33

 √
s = 30 TeVTable A2.    Same as Table A1 but for .

Invariant mass [GeV] |cos θ̄|Polar angle SM cross section [pb] Normalized SMEFT cross section

[0,+∞) – 0.336 1+0.147
(

c(1)
Hq

)
33
+0.130

(
c(3)

Hq

)
33
−0.0226(cHd)33

[0,100) – 0.306 1+0.138
(

c(1)
Hq

)
33
+0.138

(
c(3)

Hq

)
33
−0.0237(cHd)33

[100,200) – 0.0207 1+0.138
(

c(1)
Hq

)
33
+0.127

(
c(3)

Hq

)
33
−0.0141(cHd)33

[200,400) – 0.00427 1+0.191
(

c(1)
Hq

)
33
+0.0665

(
c(3)

Hq

)
33
−0.00614(cHd)33

[400,600) – 0.00208 1+0.258
(

c(1)
Hq

)
33
−0.0462

(
c(3)

Hq

)
33
−0.00607(cHd)33

[600,800)
≤ 0.5 2.98×10−4 1+0.593

(
c(1)

Hq

)
33
−0.257

(
c(3)

Hq

)
33
−0.00792(cHd)33

> 0.5 4.52×10−4 1+0.297
(

c(1)
Hq

)
33
−0.112

(
c(3)

Hq

)
33
−0.00706(cHd)33

[800,1000)
≤ 0.5 1.62×10−4 1+0.870

(
c(1)

Hq

)
33
−0.555

(
c(3)

Hq

)
33
−0.0103(cHd)33

> 0.5 2.91×10−4 1+0.383
(

c(1)
Hq

)
33
−0.175

(
c(3)

Hq

)
33
−0.00886(cHd)33

[1000,1500)
≤ 0.5 1.72×10−4 1+1.45

(
c(1)

Hq

)
33
−1.16

(
c(3)

Hq

)
33
−0.0157(cHd)33

> 0.5 3.89×10−4 1+0.523
(

c(1)
Hq

)
33
−0.294

(
c(3)

Hq

)
33
−0.0121(cHd)33

[1500,2000)
≤ 0.6 9.21×10−5 1+2.14

(
c(1)

Hq

)
33
−1.86

(
c(3)

Hq

)
33
−0.0248(cHd)33

> 0.6 1.46×10−4 1+0.693
(

c(1)
Hq

)
33
−0.460

(
c(3)

Hq

)
33
−0.0178(cHd)33

[2000,+∞)
≤ 0.65 1.30×10−4 1+2.10

(
c(1)

Hq

)
33
−1.70

(
c(3)

Hq

)
33
−0.0749(cHd)33

> 0. 2.21×10−4 1+0.571
(

c(1)
Hq

)
33
−0.420

(
c(3)

Hq

)
33
−0.0364(cHd)33
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σSMEFT/σSM

µ−µ+→ cc̄νµν̄µ |cos θ̄| √
s = 10 TeV

µ−µ+→ cc̄νµν̄µ µ−µ+→ csνµµ

Table  A3.    The  SM  cross  section  and  normalized  SMEFT  cross  section  ( ,  as  a  function  of  Wilson  coefficients)  of
 for different invariant mass and  bins at .  The first (last) row corresponds to the unbinned total cross

section for  ( ). Tagging efficiencies are not applied here.

Invariant mass [GeV] |cos θ̄|Polar angle SM cross section [pb] Normalized SMEFT cross section

[0,+∞) – 0.216 1−0.142
(

c(1)
Hq

)
22
+0.148

(
c(3)

Hq

)
22
+0.0604(cHu)22

[0,100) – 0.199 1−0.144
(

c(1)
Hq

)
22
+0.146

(
c(3)

Hq

)
22
+0.0622(cHu)22

[100,200) – 0.01395 1−0.140
(

c(1)
Hq

)
22
+0.139

(
c(3)

Hq

)
22
+0.0363(cHu)22

[200,400) – 0.00252 1−0.0823
(

c(1)
Hq

)
22
+0.164

(
c(3)

Hq

)
22
+0.0176(cHu)22

[400,600) – 8.29×10−4 1−0.0294
(

c(1)
Hq

)
22
+0.210

(
c(3)

Hq

)
22
+0.0247(cHu)22

[600,800)
≤ 0.45 1.04×10−4 1+0.0376

(
c(1)

Hq

)
22
+0.373

(
c(3)

Hq

)
22
+0.0488(cHu)22

> 0.45 2.86×10−4 1+0.0141
(

c(1)
Hq

)
22
+0.218

(
c(3)

Hq

)
22
+0.0292(cHu)22

[800,1000)
≤ 0.45 5.38×10−5 1+0.152

(
c(1)

Hq

)
22
+0.496

(
c(3)

Hq

)
22
+0.0684(cHu)22

> 0.45 1.58×10−4 1+0.0513
(

c(1)
Hq

)
22
+0.252

(
c(3)

Hq

)
22
+0.0368(cHu)22

[1000,1500)
≤ 0.45 5.79×10−5 1+0.402

(
c(1)

Hq

)
22
+0.750

(
c(3)

Hq

)
22
+0.104(cHu)22

> 0.45 1.72×10−4 1+0.129
(

c(1)
Hq

)
22
+0.330

(
c(3)

Hq

)
22
+0.0493(cHu)22

[1500,2000)
≤ 0.5 2.51×10−5 1+0.956

(
c(1)

Hq

)
22
+1.29

(
c(3)

Hq

)
22
+0.158(cHu)22

> 0.5 5.48×10−5 1+0.305
(

c(1)
Hq

)
22
+0.495

(
c(3)

Hq

)
22
+0.0699(cHu)22

[2000,+∞)
≤ 0.6 3.63×10−5 1+3.36

(
c(1)

Hq

)
22
+3.66

(
c(3)

Hq

)
22
+0.234(cHu)22

> 0.6 4.27×10−5 1+0.980
(

c(1)
Hq

)
22
+1.14

(
c(3)

Hq

)
22
+0.0992(cHu)22

µ−µ+→ csνµµ − 0.0144 1−1.92×10−4
(

c(1)
Hq

)
22
−0.121

(
c(3)

Hq

)
22
−7.16×10−11 (cHu)22

 √
s = 30 TeVTable A4.    Same as Table A3 but for .

Invariant mass [GeV] |cos θ̄|Polar angle SM cross section [pb] Normalized SMEFT cross section

[0,+∞) – 0.225 1−0.133
(

c(1)
Hq

)
22
+0.155

(
c(3)

Hq

)
22
+0.0600(cHu)22

[0,100) – 0.206 1−0.143
(

c(1)
Hq

)
22
+0.146

(
c(3)

Hq

)
22
+0.0622(cHu)22

[100,200) – 0.0138 1−0.136
(

c(1)
Hq

)
22
+0.137

(
c(3)

Hq

)
22
+0.0367(cHu)22

[200,400) – 0.00261 1−0.0980
(

c(1)
Hq

)
22
+0.184

(
c(3)

Hq

)
22
+0.0174(cHu)22

[400,600) – 0.00105 1−0.0371
(

c(1)
Hq

)
22
+0.204

(
c(3)

Hq

)
22
+0.0249(cHu)22

[600,800)
≤ 0.45 1.44×10−4 1+0.0138

(
c(1)

Hq

)
22
+0.357

(
c(3)

Hq

)
22
+0.0471(cHu)22

> 0.45 3.95×10−4 1+0.00529
(

c(1)
Hq

)
22
+0.210

(
c(3)

Hq

)
22
+0.0284(cHu)22

[800,1000)
≤ 0.45 7.85×10−5 1+0.115

(
c(1)

Hq

)
22
+0.489

(
c(3)

Hq

)
22
+0.0678(cHu)22

> 0.45 2.42×10−4 1+0.0393
(

c(1)
Hq

)
22
+0.236

(
c(3)

Hq

)
22
+0.0347(cHu)22

[1000,1500)
≤ 0.5 1.20×10−4 1+0.320

(
c(1)

Hq

)
22
+0.679

(
c(3)

Hq

)
22
+0.0959(cHu)22

> 0.5 2.81×10−4 1+0.103
(

c(1)
Hq

)
22
+0.298

(
c(3)

Hq

)
22
+0.0442(cHu)22

[1500,2000)
≤ 0.5 5.08×10−5 1+0.919

(
c(1)

Hq

)
22
+1.27

(
c(3)

Hq

)
22
+0.159(cHu)22

> 0.5 1.22×10−4 1+0.252
(

c(1)
Hq

)
22
+0.441

(
c(3)

Hq

)
22
+0.0637(cHu)22

[2000,+∞)
≤ 0.6 1.22×10−4 1+12.1

(
c(1)

Hq

)
22
+12.3

(
c(3)

Hq

)
22
+0.336(cHu)22

> 0.6 1.50×10−4 1+2.79
(

c(1)
Hq

)
22
+3.02

(
c(3)

Hq

)
22
+0.113(cHu)22

µ−µ+→ csνµµ − 0.520 1−3.22×10−6
(

c(1)
Hq

)
22
+0.126

(
c(3)

Hq

)
22
−4.19×10−8 (cHu)22
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σSMEFT/σSM

µ−µ+→ τ−τ+νµν̄µ cos θ̄
√

s = 10 TeV

µ−µ+→ τ−τ+νµν̄µ µ−µ+→ τντ̄νµµ

Table  A5.    The  SM  cross  section  and  normalized  SMEFT  cross  section  ( ,  as  a  function  of  Wilson  coefficients)  of
 for different invariant mass and  bins at . The first (last) row corresponds to the unbinned total cross

section for  ( ). Tagging efficiencies are not applied here.

Invariant mass [GeV] cos θ̄Polar angle SM cross section [pb] Normalized SMEFT cross section

[0,+∞) – 0.0740 1+0.127
(

c(1)
Hl

)
33
+0.132

(
c(3)

Hl

)
33
−0.102(cHe)33

[0,100) – 0.0689 1+0.126
(

c(1)
Hl

)
33
+0.127

(
c(3)

Hl

)
33
−0.105(cHe)33

[100,200) – 0.00452 1+0.138
(

c(1)
Hl

)
33
+0.143

(
c(3)

Hl

)
33
−0.0615(cHe)33

[200,400) – 9.24×10−4 1+0.0776
(

c(1)
Hl

)
33
+0.167

(
c(3)

Hl

)
33
−0.0241(cHe)33

[400,600) – 3.35×10−4 1+0.0338
(

c(1)
Hl

)
33
+0.205

(
c(3)

Hl

)
33
−0.0304(cHe)33

[600,800)
≤ 0.5 5.34×10−5 1+0.00797

(
c(1)

Hl

)
33
+0.299

(
c(3)

Hl

)
33
−0.0536(cHe)33

> 0.5 1.19×10−4 1+0.00456
(

c(1)
Hl

)
33
+0.200

(
c(3)

Hl

)
33
−0.0320(cHe)33

[800,1000)
≤ 0.5 2.83×10−5 1−0.0291

(
c(1)

Hl

)
33
+0.358

(
c(3)

Hl

)
33
−0.0726(cHe)33

> 0.5 7.42×10−5 1−0.0141
(

c(1)
Hl

)
33
+0.213

(
c(3)

Hl

)
33
−0.0362(cHe)33

[1000,1500)
≤ 0.6 4.84×10−5 1−0.0712

(
c(1)

Hl

)
33
+0.376

(
c(3)

Hl

)
33
−0.0823(cHe)33

> 0.6 7.97×10−5 1−0.0329
(

c(1)
Hl

)
33
+0.227

(
c(3)

Hl

)
33
−0.0408(cHe)33

[1500,2000)
≤ 0.7 2.49×10−5 1−0.131

(
c(1)

Hl

)
33
+0.441

(
c(3)

Hl

)
33
−0.103(cHe)33

> 0.7 3.04×10−5 1−0.0524
(

c(1)
Hl

)
33
+0.231

(
c(3)

Hl

)
33
−0.0453(cHe)33

[2000,+∞)
≤ 0.75 3.30×10−5 1−0.200

(
c(1)

Hl

)
33
+0.539

(
c(3)

Hl

)
33
−0.128(cHe)33

> 0.75 4.38×10−5 1−0.0679
(

c(1)
Hl

)
33
+0.224

(
c(3)

Hl

)
33
−0.0492(cHe)33

µ−µ+→ τντ̄νµµ − 0.351 1−6.83×10−5
(

c(1)
Hl

)
33
+0.122

(
c(3)

Hl

)
33
−5.55×10−8 (cHe)33

 √
s = 30 TeVTable A6.    Same as Table A5 but for .

Invariant mass [GeV] |cos θ̄|Polar angle SM cross section [pb] Normalized SMEFT cross section

[0,+∞) – 0.0800 1+0.126
(

c(1)
Hl

)
33
+0.131

(
c(3)

Hl

)
33
−0.102(cHe)33

[0,100) – 0.0721 1+0.129
(

c(1)
Hl

)
33
+0.130

(
c(3)

Hl

)
33
−0.102(cHe)33

[100,200) – 0.00464 1+0.141
(

c(1)
Hl

)
33
+0.145

(
c(3)

Hl

)
33
−0.0626(cHe)33

[200,400) – 0.00102 1+0.0792
(

c(1)
Hl

)
33
+0.166

(
c(3)

Hl

)
33
−0.0267(cHe)33

[400,600) – 3.73×10−4 1+0.0346
(

c(1)
Hl

)
33
+0.207

(
c(3)

Hl

)
33
−0.0349(cHe)33

[600,800)
≤ 0.5 6.73×10−5 1+0.000268

(
c(1)

Hl

)
33
+0.300

(
c(3)

Hl

)
33
−0.0617(cHe)33

> 0.5 1.32×10−4 1+0.000162
(

c(1)
Hl

)
33
+0.203

(
c(3)

Hl

)
33
−0.0365(cHe)33

[800,1000)
≤ 0.5 3.71×10−5 1−0.0469

(
c(1)

Hl

)
33
+0.372

(
c(3)

Hl

)
33
−0.0864(cHe)33

> 0.5 8.31×10−5 1−0.0245
(

c(1)
Hl

)
33
+0.222

(
c(3)

Hl

)
33
−0.0435(cHe)33

[1000,1500)
≤ 0.55 5.56×10−5 1−0.124

(
c(1)

Hl

)
33
+0.448

(
c(3)

Hl

)
33
−0.116(cHe)33

> 0.55 1.01×10−4 1−0.0564
(

c(1)
Hl

)
33
+0.251

(
c(3)

Hl

)
33
−0.0539(cHe)33

[1500,2000)
≤ 0.5 1.85×10−5 1−0.301

(
c(1)

Hl

)
33
+0.702

(
c(3)

Hl

)
33
−0.222(cHe)33

> 0.5 5.32×10−5 1−0.116
(

c(1)
Hl

)
33
+0.300

(
c(3)

Hl

)
33
−0.0723(cHe)33

[2000,+∞)
≤ 0.6 4.35×10−5 1−0.727

(
c(1)

Hl

)
33
+1.09

(
c(3)

Hl

)
33
−0.444(cHe)33

> 0.6 8.61×10−5 1−0.283
(

c(1)
Hl

)
33
+0.457

(
c(3)

Hl

)
33
−0.113(cHe)33

µ−µ+→ τντνµµ − 0.248 1−9.16×10−5
(

c(1)
Hl

)
33
+0.121

(
c(3)

Hl

)
33
−8.98×10−8 (cHe)33
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Appendix B.  Additional results

In  this  appendix,  we  illustrate  the  contours  for  other
different  fermions  production  processes  mentioned  in
Section IV A, IV B and IV C.

∆χ2 = 1
µ−µ+→ cc̄νµν̄µ

Fig.  B1 and Fig.  B2 show the  contours  with
invariant mass bin, same as Fig. 7, but for 

µ−µ+→ τ−τ+νµν̄µ

|cos θ̄|
µ−µ+→ cc̄νµν̄µ µ−µ+→ τ−τ+νµν̄µ

µ−µ+→ cc̄νµν̄µ µ−µ+→ csνµµ

and ,  respectively. Fig.  B3 and Fig.  B4
show the  comparison of  the  results  with  and without  in-
cluding  the  bins,  same  as Fig.  8,  but  for

 and ,  respectively. Fig.
B5 shows  the  comparison  of  asymmetric  processes  with
and  without  included,  same  as Fig.  9, but  for  the  pro-
cesses  and .

 

∆χ2 = 1 (c(1)
Hq,c

(3)
Hq,cHu) µ−µ+→ cc̄νµν̄µFig. B1.    (color online) Same as Fig. 7,  the  contours from the 3-parameter  but fit  to  at  10 TeV

(top row)  and 30 TeV (bottom row),  with  the  invariant  mass  bins  in Table  2.  For  each row,  the  results  are  projected  onto  three  2D
planes (each with the other parameter marginalized). Only the contours with the first 3, 6, and all 9 bins are shown.

 

µ−µ+→ τ−τ+νµν̄µ c(1)
Hl c(3)

Hl cHeFig. B2.    (color online) Same as Fig. B1 but for  with Wilson coefficients ,  and .
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