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Introduction:

MuC results complementary to the other projects such
HL-LHC, FCC-ee, CLIC ...

At MuC with:
√
s = 3–30 TeV, L ≈ (

√
s

10TeV )2 × 104 fb−1

A total of 1/2million Higgs bosons will be produced at the
3 TeV MuC: It’s a Higgs factory
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HL-LHC HL-LHC+10 TeV HL-LHC+10 TeV+ee

κW 1.7 0.1 0.1

κZ 1.5 0.4 0.1

κg 2.3 0.7 0.6

κγ 1.9 0.8 0.8

κZγ 10 7.2 7.1

κc - 2.3 1.1

κb 3.6 0.4 0.4

κµ 4.6 3.4 3.2

κτ 1.9 0.6 0.4

κt 3.3 3.1 3.1

1σ sensitivities (in %) from a 10-parameter fit in the κ-framework
at a 10 TeV MuC with 10 ab−1, compared with HL-LHC.
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2HDM:G. Branco et al Phys rep’2012

Φ1 =

(
ϕ+1

1√
2
(v1 + ϕ01 + ia1)

)
; Φ2 =

(
ϕ+2

1√
2
(v2 + ϕ02 + ia2)

)
.

The most general potential for 2HDM:

V (Φ1,Φ2) = m2
1Φ

†
1Φ1 +m2

2Φ
†
2Φ2 + (m2

12Φ
†
1Φ2 + h.c)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2)

+ +λ4(Φ
†
1Φ2)(Φ

†
2Φ1) +

1

2
[λ5(Φ

†
1Φ2)

2 + h.c.],

Spectrum: 2 CP-even h and H: mh < mH , CP-odd A and a pair of
charged Higgs H±
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Decoupling limit of the 2HDM

From the 2 minimization conditions:

m2
12v2 −m2

1v1 −
1

2
λ1v

3
1 − 1

2
λ345v1v

2
2 = 0

m2
12v1 −m2

2v2 −
1

2
λ2v

3
2 − 1

2
λ345v

2
1 v2 = 0

m2
1 and m2

2 can be eliminated in terms of λi , v1 and v2.
CP-odd and charged Higgs sector:

m2
H± =

m2
12

sinβ cosβ
− 1

2
(λ4 + λ5)v

2,

m2
A =

m2
12

sinβ cosβ
− λ5v

2,
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CP-even Higgses:

M2
11 = (λ1 cos

4 β + λ2 sin
4 β +

1

2
λ345 sin

2 2β)v2,

M2
12 = (−λ1 cos2 β + λ2 sin

2 β + λ345 cos 2β) cosβ sinβv
2,

M2
22 =

m2
12

sinβ cosβ
+

1

4
(λ1 + λ2 − 2λ345) sin

2 2βv2,

The mixing angle α− β :

tan 2(α− β) =
2M2

12

M2
11 −M2

22

→ 0 for m2
12 → ∞ ,

and

m2
H = cos2(α− β)M2

11 + sin 2(α− β)M2
12 + sin2(α− β)M2

22,

m2
h = sin2(α− β)M2

11 − sin 2(α− β)M2
12 + cos2(α− β)M2

22 < m2
H

Abdesslam Arhrib Charged Higgs at a muon collider



2HDM at LHC

0.3 0.2 0.1 0.0 0.1 0.2 0.3
cos( )

10 1

100

101

ta
n

 Obs. 95% CL
 Exp. 95% CL

SM-like coupling

ATLAS
s  = 13 TeV, 36.1 - 139 fb 1

mh = 125.09 GeV

2HDM Type-II

Abdesslam Arhrib Charged Higgs at a muon collider



Yukawa textures

The Yukawa Lagrangian:

−LYuk =
∑

ψ=u,d ,l

(mψ

v
κhψψ̄ψh

0 +
mψ

v
κHψ ψ̄ψH

0 − i
mψ

v
κAψψ̄γ5ψA

0
)
+

(
Vud√
2v

ū(muκ
A
uPL +mdκ

A
dPR)dH

+ +
mlκ

A
l√

2v
ν̄LlRH

+ + H.c .

)

κHu κHd κHl κAu κAd κAl
Type-I sα/sβ sα/sβ sα/sβ cotβ −cotβ −cotβ

Type-II sα/sβ cα/cβ cα/cβ cotβ tanβ tanβ

Type-III sα/sβ sα/sβ cα/cβ cotβ − cotβ tanβ

Type-IV sα/sβ cα/cβ sα/sβ cotβ tanβ −cotβ
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κHu κHd κHl κAu κAd κAl
Type-I sα/sβ sα/sβ sα/sβ cotβ −cotβ −cotβ

Type-II sα/sβ cα/cβ cα/cβ cotβ tanβ tanβ

Type-III sα/sβ sα/sβ cα/cβ cotβ − cotβ tanβ

Type-IV sα/sβ cα/cβ sα/sβ cotβ tanβ −cotβ

mH,A,H± = 2 TeV, cos(β − α) = 0
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T. Han et al PRD 104 (2021)
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Constraints

Stability of the 2HDM potential requires that it should be
bounded from below, i.e. that there is no direction in field
space along which the potential becomes negatif.
Deshpande and E. Ma, PRD18’1978

λ1 > 0 , λ2 > 0

λ3 > −
√
λ1λ2

λ3 +min(0, λ4− | λ5 |) > −
√
λ1λ2

The vacuum of the model is global one if and only if:

m2
12(m

2
11 − k2m2

22)(tanβ − k) > 0 ; k = 4

√
λ1
λ2

A. Barroso et al JHEP06 (2013)

Perturbative unitarity: V+
L V−

L → V+
L V−

L , hi hj → hi hj ...
S. Kanemura et al PLB313 (1993) , A.A et al PLB490 (2000)
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Constraints

2HDM spectrum and constraints: 2HDM-Calculator
[O. Stal et al CPC181 (2010)]

HiggsBounds and HiggsSignal
[P. Bechtle et al CPC181 (2010)] [P. Bechtle et al Eur.Phys.J.C 74 ]
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Charged Higgs production

Various direct production modes:

DY: µ+µ− → H±H∓
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(a)
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√
s = 3TeV, 2HDM type X
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Charged Higgs production

µ+µ− → W±H∓ offers the possibility of searching for mH±
up to

√
s −mW in contrast to the pair production which

probe up to
√
s/2.

At e+e−, e+e− → W±H∓ is loop mediated (rather small)
At MuC: µ+µ− → W±H∓

√
s = 3TeV, 2HDM type X
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Charged Higgs production: µ+µ− → W±H∓S
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Charged Higgs production

Production in association with fermions: µ+µ− → H+τν and
µ+µ− → H+tb
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Charged Higgs production

VBF: µ+µ− → W ∗W ∗ → ννH±H∓
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Heavy Higgs Resonance effects on SM processes

The parton-level cross section for resonant H/A production is:

σ(µ+µ− → H/A) =
4πΓ2H/ABr(H/A → µ+µ−)

(ŝ −m2
H/A)

2 + Γ2H/Am
2
H/A

Having
√
s near H/A resonance, would allow to measure

properties of H/A.
If sufficient precision on beam energy is achieved, one might
be able to separate H and A resonances.
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µ+µ− → hh in SM

hhh = hhhSM κh , hµ+µ− = (hµ+µ−)SM κµ
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µ+µ− → hh

λ2HDM
h0h0h0 =

−1

4v

[
(c3α−β + 3cα+β)

s2β
m2

h − 4c2β−α
cβ+α
s2β

m̃2
12

]
, m̃2

12 =
m2

12

sβcβ

=
−m2

h

2v
+

1

4v
(4m̃2

12 − 3m2
h)δ

2 , β − α = π/2 + δ

λ2HDM
H0h0h0 =

−cβ−α
2v

[
(2m2

h0 +m2
H0)

s2α
s2β

− (3
s2α
s2β

− 1)m̃2
12

]
=

δ

2v
(3m̃2

12 − 2m2
h + 4(m̃2

12 −m2
h) cot(2β)δ + ...)
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µ+µ− → Z ∗,A∗ → Zh

ZZh ∝ sβ−α , AZh ∝ cβ−α
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µ+µ− → V ∗, S∗ → tt̄ , V = Z , γ, S = h,H ,A
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µ+µ− → A∗,H∗ → W±H∓ , µ+µ− → A∗ → ZH
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Conclusions

MuC offer new opportunities for direct production of heavy
particles (extra Higgses, SUSY particles, new heavy fermions
...)

Charged Higgs can be copiously produced at the MuC

Heavy Higgs resonance effects on SM processes:
µ+µ− → Zh, tt̄,W+W−, hh...

At MuC its possible to discriminate between Yukawa textures
of the 2HDM
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