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µ and Physics Milestones
Special Relativity Standard Model

∆t = γ ∆τ
time dilation

1941
νµe−→νµe−neutral current

1973
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AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µ pairs/sec from 

e+e− interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
– hence, lower backgrounds in a 

collider detector and a higher 
potential CoM energy due to 

neutrino radiation.

J. P. Delahaye et al., arXiv:1901.06150

Muon Accelerator Program
map.fnal.gov

Low EMittance Muon Accelerator
web.infn.it/LEMMA

New results on µ cooling by MICE collaboration
Nature 508(2020)53
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µ Collider: Pros and Cons

µ vs. e
(circular collider)

Pros � Cons �

4 reduced synchrotron radiation
4 increased L

4 R & D

8 µ decay
8 ν radiation
8 R & D

7 / 38



Physics @ µ Collider
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Generic Process at µ Collider

µ f

µ

f

V

S

µµ → n f f +m V +k S

This is a 2→ (n,m,k) process
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Generic Process at µ Collider
Different class of processes are relevant at different √s

√
s <∼ 1 TeV
s-channel

√
s >∼ 1 TeV

VBF
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µ PDF

Effective W Approximation
fWλ/µ(z,Q2) is the LO likelihood of µ radiating a W with

polarization λ and pz
W = z Eµ and pT

W < Q

σ (µ+µ− WW→X−−−−−→ X )≈ fW +/µ+⊗ fW−/µ−⊗σ̂ (W +W−→ X )
= Σλ,λ′

∫
dz1dz2 fW +λ /µ+(z1,µf )fW−λ /µ−(z2,µf )σ̂λλ′(sWW )

Dawson(‘84);Kane,Repko,Rolnick(‘84);Altarelli,Mele,Pirolli(‘86);Kunszt,Soper(‘87);+. . .
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µ PDF

fVT (z ,Q2
f ,λ=±) = C

16π2
(gV ∓gA)2 +(gV ±gA)2(1− z)2

z log
(

Q2
f

M2
V

)

fVL(z ,Q2
f ) = C

4π2 (g2
V +g2

A)
(

1− z
z

)

with1
C = g2

8 , gV =−gA = 1

ΦW +W−(τ,Qf ,λ1,λ2)≡
∫ 1

τ
dξ
ξ fW−/µ−(ξ,Q2

f ,λ1) fW +/µ+(τξ ,Q2
f ,λ2)

1 for the Z boson C = g2
cos2 θW

, gV = 1
2 T 3−Q sin2 θW , gA =− 1

2 T 3
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µ Collider vs. p Collider

Given a muon collider cross section σµ the equivalent proton
energy is defined by

σp = σµ

Parton Luminosity

σ (pp→ X ) =
∫ 1

τ0

dτ∑
ij

Φij (τ,Qf ) σ̂ (ij → X )

Φij (τ,Qf )≡ 1
1+δij

∫ 1

τ
dξ
ξ
(

fi/p(ξ,Q2
f ) fj/p

(τ
ξ ,Q2

f

)
+(i ↔ j)

)

13 / 38



µ Collider vs. p Collider

Given a muon collider cross section σµ the equivalent proton
energy is defined by

σp = σµ
Parton Luminosity

σ (pp→ X ) =
∫ 1

τ0

dτ∑
ij

Φij (τ,Qf ) σ̂ (ij → X )

Φij (τ,Qf )≡ 1
1+δij

∫ 1

τ
dξ
ξ
(

fi/p(ξ,Q2
f ) fj/p

(τ
ξ ,Q2

f

)
+(i ↔ j)

)

13 / 38



µ Collider vs. p Collider: single production

Resonance with mass M

σp(sp) =
∫ 1

τ0

dτ∑
ij

Φij (τ,Qf ) [σ̂ ]δ
(
τ −M2

sp

)

σµ(sµ) = [σ̂ ]
with sµ = M2

σp = σµ ⇒ ∑
ij

Φij

(
sµ
sp
,
√sµ

2

)
= 1
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µ Collider vs. p Collider: single production

5 10 15 20 25 30
Eµ [TeV]
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µ Collider vs. p Collider: pair production

Pair Production
σp(sp) = 1

sp

∫ 1

τ0

dτ 1
τ
∑

ij
Φij (τ,Qf ) [σ̂ ŝ ]

σµ(sµ) = 1
sµ

[σ̂ ŝ ]
with µ collider at threshold

σp = σµ ⇒ sµ
sp

∫ 1

sµ
sp

dτ 1
τ
∑

ij
Φij

(
τ,
√sµ

2

)
= 1
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µ Collider vs. p Collider: pair production
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µ Collider vs. p Collider
ΦVV ′ (τ,Qf ) = 1

1+δVV ′

∫ 1

τ
dξ
ξ
∫ 1

τ/ξ
dz1
z1

∫ 1

τ/ξ/z1

dz2
z2

∑
q,q′

(fV /q(z2)fV ′/q′ (z1)fq/p(ξ)fq′/p( τ
ξz1z2

)+ fV /q(z2)fV ′/q′ (z1)fq/p( τ
ξz1z2

)fq′/p(ξ))

ΦW +W− (τ,Qf ,λ1,λ2)≡
∫ 1

τ
dξ
ξ fW−/µ− (ξ,Q2

f ,λ1) fW +/µ+ (τξ ,Q2
f ,λ2)
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SM @ µ Collider
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µ Collider: SM Processes
σ [fb]

√
s = 1 TeV √

s = 3 TeV √
s = 14 TeV √

s = 30 TeVVBF s-ch. VBF s-ch. VBF s-ch. VBF s-ch
tt̄ 4.3·10−1 1.7·102 5.1·100 1.9·101 2.1·101 8.8·10−1 3.1·101 1.9·10−1

tt̄h 2.0·10−4 2.0·100 1.3·10−2 4.1·10−1 1.5·10−1 3.0·10−2 3.1·10−1 7.9·10−3

tt̄Z 1.6·10−3 4.6·100 1.1·10−1 1.6·100 1.3·100 1.8·10−1 2.8·100 5.4·10−2

tt̄hh 7.2·10−8 1.4·10−2 3.4·10−5 6.1·10−3 6.4·10−4 5.4·10−4 1.6·10−3 1.5·10−4

tt̄hZ 7.1·10−7 3.6·10−2 3.5·10−4 3.0·10−2 1.0·10−2 5.3·10−3 2.7·10−2 1.9·10−3

tt̄ZZ 2.3·10−6 3.8·10−2 1.4·10−3 5.1·10−2 5.8·10−2 1.3·10−2 1.7·10−1 5.4·10−3

tt̄WW 4.8·10−6 1.4·10−1 2.8·10−3 3.4·10−1 1.1·10−1 1.3·10−1 3.0·10−1 5.8·10−2

tt̄tt̄ 5.1·10−8 5.4·10−4 6.8·10−5 6.7·10−3 1.1·10−3 2.5·10−3 2.1·10−3 1.0·10−3

h 2.1·102 - 5.0·102 - 9.4·102 - 1.2·103 -
hZ 1.2·100 1.3·101 9.8·100 1.4·100 4.5·101 6.3·10−2 7.4·101 1.4·10−2

hZZ 2.7·10−3 3.2·10−1 1.2·10−1 8.2·10−2 1.6·100 8.8·10−3 3.7·100 2.5·10−3

hWW 8.9·10−3 3.8·100 3.0·10−1 1.1·100 3.4·100 1.3·10−1 7.6·100 4.1·10−2

hh 7.4·10−2 - 8.2·10−1 - 4.4·100 - 7.4·100 -
hhZ 1.5·10−4 1.2·10−1 9.4·10−3 3.3·10−2 1.4·10−1 3.7·10−3 3.3·10−1 1.1·10−3

hhZZ 2.4·10−7 1.5·10−3 9.1·10−5 9.8·10−4 3.9·10−3 2.5·10−4 1.2·10−2 9.5·10−5

hhWW 7.2·10−7 1.3·10−2 2.3·10−4 1.1·10−2 9.1·10−3 2.8·10−3 2.9·10−2 1.2·10−3

hhh 3.7·10−6 - 3.0·10−4 - 7.1·10−3 - 1.9·10−2 -
hhhZ 1.5·10−8 4.1·10−4 4.7·10−6 1.6·10−4 1.9·10−4 1.6·10−5 5.1·10−4 5.4·10−6

WW 1.6·101 2.7·103 1.2·102 4.7·102 5.3·102 3.2·101 8.5·102 8.3·100

ZZ 6.4·100 1.5·102 5.6·101 2.6·101 2.6·102 1.8·100 4.2·102 4.6·10−1

WWZ 1.1·10−1 5.9·101 4.1·100 3.3·101 5.0·101 6.3·100 1.0·102 2.3·100

ZZZ 2.3·10−2 9.3·10−1 9.6·10−1 3.5·10−1 1.2·101 5.4·10−2 2.7·101 1.9·10−2

generated with MadGraph5_aMC@NLO
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µ Collider: SM Processes

σ [fb]
√

s = 1 TeV √
s = 3 TeV √

s = 14 TeV √
s = 30 TeVVBF s-ch. VBF s-ch. VBF s-ch. VBF s-ch

W + 3.80 ·103 - 8.59 ·103 - 1.75 ·104 - 2.26 ·104 -
W +Z 1.56 ·101 - 1.00 ·102 - 4.43 ·102 - 7.37 ·102 -
W +h 2.59 ·100 - 1.81 ·101 - 8.45 ·101 - 1.43 ·102 -
W +W + 2.1·101 - 1.4·102 - 5.5·102 - 8.7·102 -
W +W +Z 1.2·10−1 - 4.1·100 - 4.7·101 - 1.0·102 -
W +W +h 9.2·10−3 - 3.2·10−1 - 7.4·100 - 9.1·101 -

generated with MadGraph5_aMC@NLO

A µ collider with √s >∼ 10 TeV is essentially
a W collider!
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EFT @ µ Collider
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µ Collider: EFT

L = LSM + 1
Λ2

∑
CiOi

Relevant operators for the Higgs and top quark EW sector
OW εIJK W IµνW J,νρW K ,µρ Otφ

(φ†φ− v2

2

)
Q̄ t φ̃+h.c.

OφW
(φ†φ− v2

2

)
W µν

I W Iµν OtW i
(
Q̄σµν τI t

) φ̃W Iµν +h.c.
OφB

(φ†φ− v2

2

)
Bµν Bµν OtB i

(
Q̄σµν t

) φ̃Bµν +h.c.
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µ Collider: EFT

L = LSM + 1
Λ2

∑
CiOi

Relevant operators for the Higgs and top quark EW sector
OW εIJK W IµνW J,νρW K ,µρ Otφ
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2

)
Q̄ t φ̃+h.c.

OφW
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2
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I W Iµν OtW i
(
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) φ̃W Iµν +h.c.
OφB

(φ†φ− v2

2

)
Bµν Bµν OtB i

(
Q̄σµν t

) φ̃Bµν +h.c.
OφWB (φ†τIφ)BµνW Iµν O

(3)φQ i
(φ†↔Dµ τIφ)(Q̄ γµ τ IQ

)
OφD (φ†Dµφ)† (φ†Dµφ) O

(1)φQ i
(φ†↔Dµφ)(Q̄ γµQ

)
Oφ� (φ†φ)�(φ†φ) Oφt i

(φ†↔Dµφ)(t̄ γµ t
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Oφ
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2
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µ Collider: EFT
Bound on the operators

Operators Limit on Ci TeV−2

Operators Limit on Ci TeV−2

Individual Marginalised Individual Marginalised
OφD [-0.021,0.0055] [-0.45,0.50] Otφ [-5.3,1.6] [-60,10]
Oφd [-0.78,1.44] [-1.24,16.2] OtB [-7.09,4.68] −
OφB [-0.0033,0.0031] [-0.13,0.21] OtW [-0.4,0.2] [-1.8,0.9]
OφW [-0.0093,0.011] [-0.50,0.40] O

(1)φQ [-3.10,3.10] −
OφWB [-0.0051,0.0020] [-0.17,0.33] O

(3)φQ [-0.9,0.6] [-5.5,5.8]
OW [-0.18,0.18] − Oφt [-6.4,7.3] [-13,18]
Oφ − −

Buckley et.al.;Butter et.al.;Ellis,Murphy,Sanz,You;Hartland et.al.
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µ Collider: EFT
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µ Collider: EFT
VBF hh sensitivity ratios
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BSM @ µ Collider
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µ Collider: BSM Processes (neutral scalars)
SM+inert singlet
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µ Collider: BSM Processes (charged scalars)
Georgi-Machacek model
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µ Collider: BSM Processes (sparticles)
MSSM
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Conclusions
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� proposed future colliders either precision or discovery
machines

� multi-TeV µ collider → W collider
� R & D are pros and cons
� multi-TeV µ collider has both features (clean final states

and increased VBF cross section)
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Backup Slides
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SM + Singlet

L = LSM + 1
2∂µσ ∂µσ −

1
2m2σ σ2− λσ4! σ4− κσ2 σ2 Φ†Φ.
〈σ〉= vs

λhhh =−3m2
h

v vs
(vs cos3θ+ v sin3θ)

λsss = 3m2
s

v vs
(v cos3θ− vs sin3θ)

λhss =− (m2
h +2m2

s )
2v vs

sin2θ(v cosθ+ vs sinθ)
λhhs = (2m2

h +m2
s )

2v vs
sin2θ(vs cosθ− v sinθ)
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SM + Singlet: Inert Pair Production vs. Loop Corrections

δgh =− κ2σv2

16π2m2
h


1−4m2

S

tan−1
√

m2
h(4m2

S−m2
h)√

m2
h (4m2

S −m2
h)




Heinemann,Nir, Phys.Usp. 62 (2019) no.9, 920-930
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2HDM

V = µ1Φ†1 Φ1 +µ2Φ†2 Φ2 +(µ3Φ†1 Φ2 +H.c.)+λ1
(Φ†1 Φ1

)2 +λ2
(Φ†2 Φ2

)2

+λ3
(Φ†1 Φ1

)(Φ†2 Φ2
)+λ4

(Φ†1 Φ2
)(Φ†2 Φ1

)+
(
λ5
(Φ†1 Φ2

)2 +H.c.
)

+Φ†1 Φ1
(λ6

(Φ†1 Φ2
)+H.c.)+Φ†2 Φ2

(λ7
(Φ†1 Φ2

)+H.c.)

Φ1 ≡
( −ih+

1
h0

1+ia1+v√
2

)
and Φ2 ≡

(
h+

2
h0

2+ia2√
2

)

(
h0

1
h0

2

)
=
(

cosθ sinθ
−sinθ cosθ

)(
h
H

)

where h is identified as the observed, SM-like Higgs boson
with mh ≈ 125 GeV and H is heavier with mH >mh
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GM Model

Φ =
( φ0∗ φ+
−φ+∗ φ0

)
, X =


 χ0∗ ξ+ χ++
−χ+∗ ξ0 χ+
χ++∗ −ξ+∗ χ0




V (Φ,X ) = µ2
2

2 Tr(Φ†Φ)+ µ2
3

2 Tr(X†X )+λ1[Tr(Φ†Φ)]2 +λ2Tr(Φ†Φ)Tr(X†X )
+λ3Tr(X†XX†X )+λ4[Tr(X†X )]2−λ5Tr(Φ†τaΦτb)Tr(X† taXtb)
−M1Tr(Φ†τaΦτb)(UXU† )ab−M2Tr(X† taXtb)(UXU† )ab

Custodial Limit
〈χ0〉= 〈ξ0〉 ≡ vX

(√2GF )−1 = v2φ+8v2
X
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