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• High-energy Muon collider


    Enormous physical potential, despite many technical challenges


• High energy & high Luminosity 

    Energy frontier & Precision frontier

    3 TeV run (up to 10 TeV & 30 TeV), 1   (up to 10   & 90  )

      Directly searching for BSM (Beyond Standard Model)


• However, MuCol may fall short on some aspect of EW precision program 

    e.g. lack of Z-pole run (compared with future   colliders)


• All is not lost  

    It can be made up by exploiting other EW measurements


• Manifested with SMEFT (Standard Model Effective Field Theory) 

    New physics described by a serious of high-order operators 


    Impose different couplings on SM gauge couplings

ab−1 ab−1 ab−1

→

e+e−

Motivation
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Two aspects for EW analysis under SMEFT 

• Contributions from many higher dimensional operators have energy enhancements


 e.g. WW/WZ/ZH processes


 However, the subsequent decays of W or Z to fermions may not 


• VBF (vector boson fusion) processes increase with the collider energy


High energy   high precision
effectively

Motivation
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T. Han, W. Kilian et.al. arXiv: 2108.05362
A. Costantini, F. D. Lillo et.al. arXiv: 2005.10289

D. Buttazzo, R. Franceschini, A. Wulzer, arXiv: 2012.11555

solid: VBF
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Motivation
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Thus, in this study 

• To further investigate the potential of EW measurements at MuCol


Phenomenological analyses to the fusion processes of two vector bosons


• VBF→ 2f processes*


At least one   boson, i.e.  , into a pair of fermions 


Along with a   or   pair coming from the incoming  

W WW/WZ /Wγ

νμν̄μ νμμ+/ν̄μμ− μ+μ−

* Although can be controversial, for convenience, “VBF→ 2f ” is simply used to denote the two-vector-boson-to-two-fermion 
processes.

Two aspects for EW analysis under SMEFT 

• Contributions from many higher dimensional operators have energy enhancements


 e.g. WW/WZ/ZH processes


 However, the subsequent decays of W or Z to fermions may not 


• VBF (vector boson fusion) processes increase with the collider energy


High energy   high precision
effectively

D. Buttazzo, R. Franceschini, A. Wulzer, arXiv: 2012.11555
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• SMEFT lagrangian:


    


    where   is potential new physics scale. Λ

Theoretical framework
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 ℒSMEFT = ℒSM + ∑
i

c(6)
i

Λ2
𝒪(6)

i + ⋯,

• dim-6 operators involved:


where,   H†iDμH = H†(iDμH) − (iDμH†)H, H†iDi
μH = H†σi(iDμH) − (iDμH†)σiH ,

  

  

 

𝒪(1)
Hl = (H†iDμH)(ℓ̄γμℓ) ,

𝒪(3)
Hl = (H†iDi

μH)(ℓ̄σiγμℓ) ,

𝒪He = (H†iDμH)(ēγμe) ,

  

  

  

 

𝒪(1)
Hq = (H†iDμH)(q̄γμq) ,

𝒪(3)
Hq = (H†iDi

μH)(q̄σiγμq) ,

𝒪Hu = (H†iDμH)(ūγμu) ,

𝒪Hd = (H†iDμH)(d̄γμd) ,
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Theoretical framework
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ℒ ⊃ −
g

cW
Zμ ∑

f=u,d,e,v

f̄Lγμ(T3
f − s2

WQf + δgZf
L )fL + ∑

f=u,d,e

f̄Rγμ(−s2
WQf + δgZf

R )fR

−
g

2 [W+
μ ūLγμ(VCKM + δgWq

L )dL + W+
μ ν̄Lγμ(1 + δgWℓ

L )eL + h . c . ] ,

•   coupling modification by Wilson Coefficients:Vff

• Effective lagrangian: 

  

  

 

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
,

*   contact interactions are not considered in this studyhVff
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• Processes:

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

μ−μ+ → csνμμ, μ−μ+ → τντνμμ

• Typical diagrams for  μ−μ+ → bb̄νμν̄μ/h

(a) to (c):

  with additional 

initial or final  

2f → 2f

Z /γ

(e) to (f): VBF


symmetric processes

*Top quark not included, left to the future 

(d): 

neutral diboson 
production
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• Processes:

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

μ−μ+ → csνμμ, μ−μ+ → τντνμμ

• Typical diagrams for  μ−μ+ → τ+ντν̄μμ−/h

(a) to (c):

  with additional 

initial or final  

2f → 2f

Z /γ

(f) to (g): VBF


asymmetric processes

(d) to (e): 

diboson production

*Top quark not included, left to the future 
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• Run scenarios @10TeV & 30TeV


     


• Kinematic cuts:


      for jets and   for 
charged leptons


• Tagging (optimistic):


ℒint = 10ab−1 ( Ecm

10TeV )
2

,

pj
T > 20 GeV, |ηj | < 2.44, pl

T > 10 GeV, |ητ | < 2.44, |ημ | < 6

Analysis method
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*optimistic c & s 
tagging borrowed from 


H. Liang et.al. arXiv: 
2310.03440
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Few words about backgrounds:


•   not considered:


 can be efficiently removed with invariant mass window cut


•   with initial-state radiation (ISR) photons:


 suppressed when    , impose upper bound for  

VBF → h → bb̄

μ+μ− → bb̄

Mbb̄ ≪ s Mbb̄ < 1TeV

Analysis method
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•  via   fusion:  


 Only the very forward muons 
undetectable


  assuming   untagged, missing 
  cut can help


• ……

μ+μ− → bb̄μ+μ− ZZ /Zγ/γγ

ημ > 6
pT > 20GeV
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Analysis method
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Binning analysis:   distribution 


• take   @ 10TeV run for example 

Mff̄

μ+μ− → bb̄νμν̄μ

*  
on this page

ci = 1@Λ = 1TeV
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Analysis method
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Binning analysis: angle distribution

*  
on this page

ci = 10@Λ = 1TeV

|cos θ̄ | ≡
1
2 ( cos θμ−b + cos θμ+b )
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Binning analysis (by invariant mass   ):Mff̄

Analysis method
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*bin7-9 not included when fit bounds

due to background 

Binning by angle  :|cos θ̄ | |cos θ̄ | ≡
1
2 ( cos θμ−b + cos θμ+b )

* impose   when fittingMbb̄ < 1TeV
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•   contours from the 3-parameter fit to  Δχ2 = 1 μ−μ+ → bb̄νμν̄μ

Numerical results
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• Comparison of the 3-parameter fit for   and μ−μ+ → bb̄νμν̄μ

Numerical resuluts
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 solid contours only use invariant mass bins, dashed contours add   bins ↑ |cos θ̄ |

 solid contours only include symmetric processes, dashed contours add asymmetric 
process 

↑
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• 1   bounds and correlationsσ

Numerical results
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• 1   constraints compared with   colliderσ e+e−

Numerical results
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• High energy muon collider


    enormous physical potential in both energy & luminosity frontier


• Lack of Z-pole run (compared with   collider)


    can be compensated by exploiting other EW measurements 


• Within a subset of SMEFT for Vff coupling


    precision for Wilson coefficients reach up to   @ 10TeV, even   @ 30TeV


    roughly comparable with Z-pole run    collider


• Binned analysis can be helpful


    illustrate the contribution of SMEFT operators in different region of distributions


• More efforts are needed


    muon forward tagging, background analysis……

e+e−

∼ 10−2 ∼ 10−3

e+e−

Summary
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Thank you!

( )Λ = 1TeV
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Backup slides
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Backup slides
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arXiv: 2012.11555

Mis-tagging: e.g. for b to be identified as c, which is around 20%. Given that 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. 
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Backup slides
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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, which are bin 
1-3 (red contours), bin 4-6 (green contours) and bin 7-9

(blue contours). 

Δχ2 = 1 μ−μ+ → bb̄νμν̄μ
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Backup slides
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the  contours from the 3-parameter but fit to  at 10 TeV (top row) and 30 TeV (bottom row)Δχ2 = 1 μ−μ+ → cc̄νμν̄μ



/19Xiaoze Tan (DESY & FDU)13/05/2025

Backup slides
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the  contours from the 3-parameter but fit to  at 10 TeV (top row) and 30 TeV (bottom row)Δχ2 = 1 μ−μ+ → τ−τ+νμν̄μ
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Backup slides
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 Mcc̄ < 1TeV


