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Flavor and precision
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✦ Flavor processes: rare decays & tiny effects 
 

➡ need billions of events, usually probed by means of 
high-intensity experiments


✦ Muon-collider: very large number of (clean) EW particles, 
but overall event rate not comparable to flavor factories

BR(Bs → μμ) ∼ 10−9, BR(τ → 3μ) ≲ 10−8, Δaμ ≈ 10−9
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High-energy probes
✦ New Physics effects are more important at high energies


✦ As simple as this:


✦ taken to the extreme at a µ-collider with 10’s of TeV


✦ even more powerful for flavor processes: gain can be as large as (E/mµ)2 �3

Δσ(E)
σSM(E)

∝
E2

Λ2
BSM

≈
10−9, E ∼ 1 GeV
10−5, E ∼ 100 GeV
10 % , E ∼ 10 TeV
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μ+μ- → ��νν� � = �� ���

𝒜NP ∼ cNPE2/Λ2

Energy [TeV]

ℒ = ℒSM +
1

Λ2 ∑ Ci𝒪i

𝒜SM
EFT description 
breaks down here

direct searches
Precision 
SM measurements High energy (indirect) probes

☛  NP is heavy compared to the flavor scale: EFT description



Flavor: muons vs. electrons

✦ EW interactions are flavor-universal: an accidental property of the 
gauge lagrangian, not a fundamental symmetry of nature!


‣ Example: Yukawa couplings, the only non-gauge interactions in the 
SM, violate flavor universality maximally!


✦ New Physics (especially if related to the Higgs sector) could distinguish 
the different families of fermions.

Collisions between 2nd generation particles

?

μ

μ

q, ℓ

q′�, ℓ′�
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mu ⇠
� �

md ⇠
� �

m` ⇠
� �

➡ muon collider can have access to flavor processes 
than cannot be efficiently probed elsewhere



Lepton flavor violation
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✦ Charged lepton flavor violating processes: 𝜏 → 𝓁𝛾, 𝜇 → e𝛾, 𝜇 → 3e 

some of the strongest bounds on (generic) BSM interactions


✦ 3rd generation less severely constrained: 
𝜏 → 3𝜇 constrains NP scale Λ > 15 TeV [Belle] 

σ(μμ̄ → τμ̄) ∼
E2

Λ4

?

μ

μ

τ

μ

BR(τ → 3μ) ∼
m4

W

Λ4

already at 3 TeV the same sensitivity as Belle II, 
Λ > 40 TeV

cτ3μ

Λ2
(τ̄L,RγρμL,R)(μ̄L,RγρμL,R)

Four-fermion interactions: muon current 
coupled to flavor-violating bilinear

14 TeV
6 TeV
3 TeV

125 GeV

Belle 2

Belle

“Muon smasher guide”  2103.14043

Homiller, Lu, Reece 2203.08825
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Four-fermion interactions: muon current 
coupled to flavor-violating bilinear

14 TeV
6 TeV
3 TeV

125 GeV

Belle 2

Belle

Correlation with � : 
assumes flavor structure

μ → 3e

~ quark sector: 
competes with Mu3e

~ neutrino sector

“Muon smasher guide”  2103.14043

Homiller, Lu, Reece 2203.08825



Quark flavor violation
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✦ Contributes to (semi-)leptonic rare B decays b → s𝜇𝜇: branching ratios 

& angular observables of various hadronic processes


✦ Theory uncertainties: cannot improve 
indefinitely with rare decays

σ(μμ̄ → jj) ∼
E2

Λ4BR(B → Kμμ) ∼
m4

W

Λ4
,
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μ+ μ
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?

μ

μ

b

s
cbs

Λ2
(b̄L,RγρsL,R)(μ̄L,RγρμL,R)

Four-fermion interactions: muon current 
coupled to flavor-violating bilinear

Bs → μμ, B → K(*)μμ, Bs → ϕμμ, Λb → Λμμ

Azatov, Garosi, Greljo, Marzocca, 
Salko, Trifinopoulos 2205.13552

 300 fb-1Bs → μμ

 300 fb-1Bs → μμ



The muon g-2
✦ Longstanding discrepancy between 

experimental results and SM prediction


✦ Also tension between lattice and 
dispersive computation of SM


‣ If you trust lattice: 4σ tension in 
e+e- → hadrons cross-section


‣ If you trust e+e-: 4σ tension in muon g-2


✦ Theoretical/systematic errors need to be controlled at the level of ∆aµ ~ 10-9

Δaμ = a(exp)
μ − a(th)

μ = 251(59) × 10−11

➡ Independent test of ∆aµ is desirable (ideally with different sys. & th. errors)
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A muon collider can give a model-independent, high-energy test of ∆aµ



Muon g-2 @ muon collider
✦ If new physics is light enough (i.e. weakly coupled), a Muon Collider can 

directly produce the new particles        ☛  direct searches: model-dependent


✦ If new physics is heavy: EFT!  
One dim. 6 operator contributes at tree-level:
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Capdevilla et al. 2006.16277

Δaμ =
4mμv

Λ2
Ceγ ≈ 3 × 10−9 × ( 140 TeV

Λ )
2
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At high energy

σμ+μ−→hγ =
s

48π

|Ceγ |2

Λ4
≈ 0.7 ab( s

30 TeV )
2

(
Δaμ

3 × 10−9 )
2

Nhγ = σ ⋅ ℒ ≈ ( s
10 TeV )

4

(
Δaμ

3 × 10−9 )
2

need E > 10 TeV

Dipole operator generates both ∆aµ and µµ → h𝛾 B, Paradisi 2012.02769

ℒg−2 =
Ceγ

Λ2
H (ℓ̄LσμνeR) eFμν + h.c.



Muon g-2 @ muon collider

✦ Other operators enter g-2 at 1 loop:


✦ Full set of operators with Λ ≳ 100 TeV 
can be probed at a high-energy 
muon collider
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Exp. value of ∆aµ can 
be tested at 95% CL 
at a 30 TeV collider!
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This result is completely 
model-independent!

ℒ =
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Collider

Δaμ ≈ ( 250 TeV
Λ2 )

2
(Ceγ−0.2CTt−0.001CTc−0.05CeZ)

B, Paradisi 2012.02769

Δaμ ≈ ( 250 TeV
Λ2 )

2

(Ceγ −
CTt

5
−

CTc

1000
−

CeZ

20 )

(with reasonable assumptions 
on detector performance)



Muon EDM @ muon collider
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Exp. value of ∆aµ can 
be tested at 95% CL 
at a 30 TeV collider!
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This result is completely 
model-independent!

ℒ =
CeB

Λ2
(ℓ̄LσμνeR) H Bμν +

CeW

Λ2
(ℓ̄LσμνeR)τI H WI

μν +
CqT

Λ2
(ℓ̄LσμνeR) ϵ (q̄LσμνuR)

Δaμ ≈ ( 250 TeV
Λ2 )

2
(Ceγ−0.2CTt−0.001CTc−0.05CeZ)

B, Paradisi 2012.02769

Collider constrains  |Ceγ |2

3 o.o.m. stronger than present bound!

Muon EDM for free!

dμ =
2v Im(Ceγ)

Λ2
=

Δaμ

2mμ
tan ϕμ e

Δaμ =
4vmμRe(Ceγ)

Λ2

⇒ dμ ≲ 10−22 e ⋅ cm

E989 prospects



Lepton g-2 from rare Higgs decays

✦ Dipole operator contributes also to h → 𝓁𝓁𝛾 decaysCℓ
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(tree-level is suppressed by lepton Yukawa)
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⇒ Δaτ ≲ few × 10−5

BR(NP)
h→τ+τ−γ ≈ 0.2 × Δaτ

BR(SM)
h→μ+μ−γ ≈ 10−4‣ Muon g-2: rate is too small  ☹ (mainly one-loop)

BR(NP)
h→μ+μ−γ ≈ 5 × 10−10(

Δaμ

3 × 10−9 )
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Han, Wang 
1704.00790
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Lepton g-2 from rare Higgs decays

✦ Dipole operator contributes also to h → 𝓁𝓁𝛾 decays
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Lepton g-2 from rare Higgs decays

✦ Dipole operator contributes also to h → 𝓁𝓁𝛾 decays
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3 × 10−9 ) ☛  What about the tau?
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Lepton g-2 from rare Higgs decays
✦ Tau magnetic dipole moment: enhanced due to the larger mass


✦ Contribution to h → 𝜏𝜏𝛾 decays:
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could be measured at few % level by Higgs factory
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Present bound: Δaτ ≲ 10−2

from LEP �e+e− → e+e−τ+τ−

hep-ex/0406010

Can be improved to few 10-3 
at HL-LHC           1908.05180



Lepton g-2 from rare Higgs decays
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✦ MuC:  107 Higgs bosons @ 10 TeV      5k  events, 2% precision on SM, 


✦ e+e- factory:  ~ 400  events   5% precision on SM, 


✦ LHC:  large number of Higgs bosons, but large backgrounds 
Rescaling �  searches ~ 350 reconstructed �  events at HL-LHC, 
but 10x more background   �   20% precision on SM,  �

⇒ H → ττγ

H → ττγ ⇒ Δaτ ≲ few × 10−4

H → ττ H → ττγ
⇒ Δaτ ≲ 5 × 10−4

BR(NP)
h→τ+τ−γ ≈ 0.2 × ΔaτBR(SM)

h→τ+τ−γ ≈ 5 × 10−4

FCC-hh:

few x 1010

Low energy 
e+e- factories

(FCC-ee, CEPC, 
ILC, CLIC380)

TeV-scale 
e+e- factories

(CLIC, ILC1000)

Muon colliders: 106 – 108

LHC: few x 107

HL-LHC: few x 108

106 107 108 109 1010

# of Higgses

(signal only)Δaτ ≲ 3 × 10−5 3 o.o.m. improvement of current limit!
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Tau g-2 from high-energy probes
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Further possibilities to measure ∆a𝜏 precisely from high-energy probes


✦ Pair production


‣ equivalently, �  
 
EFT description breaks down 
above few TeV!
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4πα2

3s

σNP =
4πα2

3
|Cℓ

eγ |2 v2

Λ4
∼

πα2Δa2
ℓ

6m2
ℓ

Could probe ∆a𝜏 ~ few 10-5

w/ Levati, Maltoni, Paradisi, Wang

Λ ≳ few × TeV Cℓ
eγ

Limit on g-2: �Δaℓ ≲
const .

ℒ
∼ E−1
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Tau g-2 from high-energy probes
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Further possibilities to measure ∆a𝜏 precisely from high-energy probes


✦ �  associated production
Hττ
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Could probe ∆a𝜏 ~ 10-5 @ 10 TeV

‣ Main background from µµ → Z𝛾 

(where Z is mistaken for H)

work in progress with Levati, 
Paradisi, Maltoni, Wang
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also a bound on tau EDM!
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Could probe ∆a𝜏 ~ 10-5 @ 10 TeV

‣ Main background from µµ → Z𝛾 

(where Z is mistaken for H)

work in progress with Levati, 
Paradisi, Maltoni, Wang
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Tau g-2 from high-intensity probes
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A high-energy lepton collider has a huge VBF rate!


✦ ∆a𝜏 from vector boson scatterings ℓ+ℓ− → ℓ+ℓ−τ+τ−, νν̄τ+τ−

Still, could probe ∆a𝜏 ~ few 10-5

charged and neutral channel can 
separately constrain CeB and CeW

Δaτ × 104  from ℓ+ℓ− → τ+τ−νν̄
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preliminary
‣ Caveat: VBF is a “soft” process, 

EFT mainly affects high-mass region

∼ (
Ceγ

Λ2 )
2

+ 𝒪 (m2
τ /Λ2)

work in progress with Levati, 
Paradisi, Maltoni, Wang

(same as LEP bound)



Radiation & high-energy neutrinos
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plot by F. Jaffredo

�  
w/ radiation

μ+μ− → e+e−

μ+μ− → e+e−

μ+ν → e+ν

Garosi, Marzocca, Trifinopoulos 2303.16964 ✦ Radiation effects are important.


✦ Hard neutrinos from �  have a  
large PDF  �   can access neutrino 
initial state at high energy!

μ± → W±ν
⟹

✦ Directly probe neutrino interactions at high 
energy: usual E2 gain


✦ can put strong constraints on BSM 
neutrino physics


✦ complementary to �  scattering, can 
remove flat directions and probe operators 
with different flavor structure

μ+μ−

☛  talks by David, Alfredo, David
see also Chen, Glioti, Rattazzi, 
Ricci, Wulzer 2202.10509

☛  talk by Zahra this afternoon



Summary

✦ High energy muon collider offers new ways to test flavor:


‣ gain from high energy probes


‣ access to second generation processes


✦ Bounds on lepton- and quark-flavor violating interactions can 
surpass low-energy precision measurements!


✦ Can improve lepton g-2 and EDM bound by orders of magnitude


✦ Rare Higgs decays + Higgs production


✦ Radiative corrections: access to neutrino interactions



Backup



Muon g-2 @ muon collider: direct searches
✦ If new physics is light enough (i.e. weakly coupled, m★ ~ Λ∙g★/4π), 

a Muon Collider can directly produce the new particles        
 ☛  direct searches: model-dependent


Classify New Physics that can enter the loop, 
under reasonable assumptions:


‣ electroweak charges


‣ flavor structure


‣ naturalness


‣ number of particles


✦ A 20–30 TeV muon collider 
can test the most motivated, 
weakly coupled models

Cℓ
eγ

ℓL

ℓ̄R

γ

v

ℓL

ℓ̄R

γZ

Cℓ
eZ

v ℓL

ℓ̄R

γCℓq
T

q = t, c

v

ℓL

ℓ̄R

γ

h

Cℓ
eγ

ℓL

ℓ̄R

Z

h

Cℓ
eZ

ℓL

ℓ̄R

q

q̄

Cℓq
T

?

Capdevilla et al. 2006.16277, 2101.10334
�20



Muon g-2 @ muon collider

✦ SM irreducible background is small:


tree-level is suppressed by muon mass; loop contribution dominant


✦ Main background from µµ → Z𝛾 (where Z is mistaken for H) 

(large due to transverse Z polarizations)  
 
 
 
 
 

�21

σ(SM)
μ+μ−→hγ ≈ 10−2 ab ( 30 TeV

s )
2

At 30 TeV, 90 ab−1,  for Δaμ = 3 × 10−9 :

NS = 22, NB = 886 × pZ→h

∆aµ can be tested at 95% CL at a 30 TeV 
collider if Z￫h mistag probability < 10-15%

ϵb ≈ 80 % |cos θcut | < 0.6 BRh→bb̄ = 58 %
Search in h → bb channel:

1911.02523



Beyond tree-level
✦ Other operators contribute to g-2 at one loop:

�22

ℒ =
CeB

Λ2
(ℓ̄LσμνeR) H Bμν +

CeW

Λ2
(ℓ̄LσμνeR)τI H WI

μν +
CqT

Λ2
(ℓ̄LσμνeR) ϵ (q̄LσμνuR)

(+ other effects suppressed by yµ)

Δaμ ≃
4mμv

eΛ2 (Ceγ(mμ) −
3α
2π

c2
W − s2

W

sWcW
CeZ log

Λ
mZ

) − ∑
q=c,t

4mμmq

π2

CTq

Λ2
log

Λ
mq

≈ (250 TeV
Λ2 )

2
(Ceγ − 0.2CTt − 0.001CTc − 0.05CeZ)

Including 1-loop running:
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ColliderFull set of operators 
can be probed 
at high energy

μ+μ− → hγ
μ+μ− → hZ
μ+μ− → qq̄

B, Paradisi 2012.02769

|H |2 Wa
μνWμν,a |H |2 BμνBμν

(H†σaH)Wa
μνBμν



Muon g-2 @ muon collider

✦ Full set of operators with Λ ≳ 100 TeV can be probed 
at a high energy muon collider
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Muon g-2 @ muon collider

✦ SM irreducible background is small:


tree-level is suppressed by muon mass; loop contribution dominant


✦ Main background from µµ → Z𝛾 (where Z is mistaken for H) 
(large due to transverse Z polarizations) 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σ(SM)
μ+μ−→hγ ≈ 10−2 ab ( 30 TeV

s )
2

3

FIG. 2. 95% C.L. reach on the muon anomalous magnetic
moment �aµ, as well as on the muon EDM dµ, as a function
of the collider center-of-mass energy

p
s, from the processes

µ+µ� ! h� (black), µ+µ� ! hZ (blue), µ+µ� ! tt̄ (red),
and µ+µ� ! cc̄ (orange).

III. High-energy probes of the muon g-2. The main
contribution to �aµ comes from the dipole operator
Oe� =

�
¯̀
L�µ⌫eR

�
HFµ⌫ when after electroweak symme-

try breaking H ! v. The same operator also induces
a contribution to the process µ+µ�

! h� that grows
with energy (see figure 1), and thus can become dom-
inant over the SM cross-section at a very high-energy
collider. Assuming that mh ⌧

p
s, which is an excellent

approximation at a MC, we find the following di↵erential
cross-section

d�µµ!h�

d cos ✓
=

|Cµ
e�(⇤)|

2

⇤4

s

64⇡
(1� cos2 ✓) (5)

where cos ✓ is the photon scattering angle. Notice that
there is an identical contribution also to the process
µ+µ�

!Z� since H contains the longitudinal polariza-
tions of the Z. The total µ+µ�

! h� cross-section is

�µµ!h� =
s

48⇡

|Cµ
e�(⇤)|

2

⇤4

⇡ 0.7 ab

✓ p
s

30TeV

◆2✓
�aµ

3⇥ 10�9

◆2

, (6)

where in the last equation we assumed no contribution to
�aµ other than the one from Cµ

e� . Moreover, we included
running e↵ects for Cµ

e� , see eq. (4), from a scale ⇤ ⇡

100 TeV. Given the scaling with energy of the reference
integrated luminosity [7]
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one gets about 60 total h� events at
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and can be neglected for
p
s � TeV. The main source of

background comes from Z� events, where the Z boson is
incorrectly reconstructed as a Higgs. This cross-section
is large, due to the contribution from transverse polar-
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There are two ways to isolate the h� signal from the back-
ground: by means of the di↵erent angular distributions
of the two processes – the SM Z� peaks in the forward
region, while the signal is central – and by accurately dis-
tinguishing h and Z bosons from their decay products,
e.g. by precisely reconstructing their invariant mass.

To estimate the reach on �aµ we consider a cut-and-
count experiment in the bb̄ final state, which has the high-
est signal yield (with branching ratios B(h ! bb̄) = 0.58,
B(Z ! bb̄) = 0.15). The significance of the signal – de-
fined as NS/
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Requiring at least one jet to be tagged as a b, and as-
suming a b-tagging e�ciency ✏b = 80%, we find that a
value �aµ = 3⇥10�9 can be tested at 95% C.L. at a
30 TeV collider if the probability of reconstructing a Z
boson as a Higgs is less than 10%. The resulting num-
ber of signal events is NS = 22, and NS/NB = 0.25.
In figure 2 we show as a black line the 95% C.L. reach
from µ+µ�

! h� on the anomalous magnetic moment
as a function of the collider energy. Note that since the
number of signal events scales as the fourth power of the
center-of-mass energy, only a collider with

p
s & 30 TeV

will have the sensitivity to test the g-2 anomaly.
The analysis above assumed a tree-level contribution

from the operator Oe� alone. We will now show that the
other relevant contributions can be constrained indepen-
dently at a MC already at lower center-of-mass energies.
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HZµ⌫ con-

tributes to �aµ at one loop, and generates also the pro-
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section of eq. (5) with � $ Z, so that
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As before, we assume that only OeZ contributes to the
�aµ anomaly: it should be stressed that here this cor-
responds to a very unnatural scenario, where the coe�-
cients CeB and CeW conspire to cancel out the tree-level
contribution from Oe� . It is nevertheless meaningful to
derive the constraint from high-energy scattering on the
Z-dipole contribution to the g-2. The cross-section in
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FIG. 2. 95% C.L. reach on the muon anomalous magnetic
moment �aµ, as well as on the muon EDM dµ, as a function
of the collider center-of-mass energy

p
s, from the processes

µ+µ� ! h� (black), µ+µ� ! hZ (blue), µ+µ� ! tt̄ (red),
and µ+µ� ! cc̄ (orange).
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