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Great 𝝁C Community
US Muon Collider Collaboration

Documents & Contributions to ESPPU: 
Interim Report for IMCC: https://arxiv.org/pdf/2407.12450
MuCol Milestone Report #5: https://arxiv.org/abs/2411.02966
The muon collider: https://arxiv.org/abs/2504.21417
USMCC White paper: https://arxiv.org/abs/2503.23695

https://www.muoncollider.us/
https://arxiv.org/pdf/2407.12450
https://arxiv.org/abs/2411.02966
https://arxiv.org/abs/2504.21417
https://arxiv.org/abs/2503.23695
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Last Year’s Publications (ti muon & collider)

Physics / Phenomenology:
BSM @ Energy Frontier (~8)
SM / top / Higgs (~6)
Dark Sector/Neutrinos (~2)
Neutrino Osc. / 𝝂Storm (~2)

EIC / 𝝁IC (~3)
Cosmo/GW (~2)
ML / QI (~4) … …  

→ Will show some selected results (apologies for the incompleteness!)
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VBF / EW partons
(dashes)

𝞵+𝞵-

Annihilations
(dotted)

1. Reflection of Main Futures:
𝞵+𝞵- Annihilation +VBF  at Once

Typical SM processes: 

J.M. Chen, TH & B. Tweedie, arXiv:1611.00788;  TH, Ma, Xie, arXiv:2203.11129.

𝞵+𝞵- annihilation opens new energy threshold.
EW partonic processes provides a variety of channels.
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Kinematically Separable:

VBF

VBF
𝞵+𝞵-anni

𝞵+𝞵-anni
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• Power corrections suppressed: 
• Log corrections (RGE) large:

EW Physics @ Very High Energies

EW “partons” dynamically generated 

EW shower/jets:

Splitting: the dominant phenomena
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P. Andreetto et al., arXiv:2405.19314

Recent updates:
detector simulation plus BIB

2. Most Wanted: Precision Higgs physics

TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204,
Interim Report for IMCC, arXiv:2407.12450v2

HH
1000

3.5x104

1x105

6x106

≈ sub % → M > 2 TeV

H3 self-coupling → EW phase transition & early universe cosmology!

M. Forslund, P. Meade, arXiv:2308.02633
w/o SM assumption
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TH, Wolfgang Kilian, Nils Kreher, Yang Ma, Juergen Reuter, Tobias Striegl and 
Keping Xie:  arXiv:2108.05362; E. Celada et al., arXiv:2312.13082

3. Most direct probe: 𝝁 Yukawa coupling:
Y𝛍 = 𝛋𝛍Y𝛍

SM
    plus 

  

New physics modification of SM leads to notable deviation. 
Multiple gauge boson/Higgs production can be highly 
enhanced, and eventually saturate perturbative unitarity. 
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4. Heavy Higgs Boson Production 
TH, S. Li, S. Su, W. Su, Y. Wu, arXiv:2102.08386.
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Figure 3. Cross sect ions of µ+ µ− ! H + H − (red), and HA (green) through µ+ µ− annihilat ion (left

panel), and in addit ion and H ± H/ H ± A (blue), HH/AA (purple), through VBF (right panel) in the

alignment limit cos(β − ↵) = 0 at di↵erent c.m. energy
p
s. We use solid, dashed and dot ted line for

degenerate heavy Higgs masses mΦ = 1 TeV, 2 TeV and 5 TeV, respect ively. The second y-axis on

the right shows the corresponding event yields for a 10 ab− 1 integrated luminosity.

F igure 4. The Parton Luminosity at Q = 5TeV (Left ) and Q =
p
ŝ/ 2 with ŝ = ⌧s (Right ).

Higgs masses mΦ(= mH = mA = mH ± ) = 1 TeV (solid curves), 2 TeV (dashed curves) and

5 TeV (dot ted curves). Red and green curves are used for H + H − and HA product ions.

The second y-axis on the right shows the corresponding event yields for a 10 ab− 1 integrated

luminosity. We see the threshold behavior for a scalar pair product ion in a P-wave as σ ⇠β3,

with β =
q
1− 4m2H / s. Well above the threshold, the cross sect ions asymptot ically approach

σ ⇠↵2/ s, which is insensit ive to the heavy Higgsmass. The excess of theH + H − product ion

cross sect ion over that of HA is at t ributed to the γ⇤-mediated process. The cross sect ions are

calculated using MadGraph5 V2.6.7 [23] with Init ial State Radiat ion (ISR) accounted [24].

– 8 –

annihilation
VBF

Reach the kinematic limit M ~ Ecm/2.

J. Braathen, M. Gabelmann, 
T. Robens, P. Stylianon, 
arXiv:2411.13729.

“Inert Higgs Doublet”
(no SM fermion couplings)
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TH, M. Low, T. A. Wu, 
K. Xie: arXiv:2502.20443;
Belyaev et al, 2306.00197;
J.Z.Han et al., 2501.01026.

Most wanted: Top-quark partners 
5. “Colorful” Particle Production 

annih.

fusion

The reach:
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Lepto-quark & lepto-gluon

The reach:Lq cross section:

N. Ghosh et al., 2309.07583; 
TH, M. Low, T. A. Wu, 
K. Xie: arXiv:2502.20443

Lg production
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TH, S. Li, S. Su, W. Su, Y. 
Wu, arXiv:2102.08386.

5 Radiat ive ret urn

Whilethecrosssect ionsfor heavy Higgspair product ion areunsuppressed under thealignment

limit , the cross sect ion has a threshold cut of at mH ⇠
p
s/ 2. The resonant product ion for a

single heavy Higgs boson may further extend the coverage to about mH ⇠
p
s, as long as the

coupling strength to µ+ µ− is big enough. The drawback for the resonant product ion is that

the collider energy would have to be tuned close to themass of the heavy Higgs, which is less

feasible at future muon colliders. A promising mechanism is to take advantage of the init ial

state radiat ion (ISR), so that the colliding energy is reduced to a lower value for a resonant

product ion, thus dubbed the “ radiat ive return” , as shown in Fig. 16.

Figure 16. Feynman diagram for resonant product ion of heavy Higgs with ISR.

This mechanism can be characterized by the process

µ+ µ− ! γH, (5.1)

where γ can be a mono-photon observed in the detector, or unobserved along the beam

as the collinear radiat ion. We first calculate the cross sect ion of the mono-photon process

for mH = 1, 5, 15 TeV at tanβ = 1. 10◦ < ✓< 170◦ is imposed for the photon detect ion

acceptance. For a singlephoton product ion, itsenergy ismono-chromat icEγ = (s−m
2
H )/ 2

p
s.

The results are given in the left panel of Fig. 17 by the dashed curves.

As a comparison, we calculate the µ+ µ− ! H process with ISR spectrum

f ` / ` (x) =
↵

2⇡

1+ x2

1− x
log

s

m2µ
(5.2)

applied to the muon beam. The partonic cross sect ion is

σ̂(µ+ µ− ! H ) =
⇡Y 2µ
4

δ(ŝ − m2H ) =
⇡Y 2µ
4s

δ(⌧−
m2H
s
). (5.3)

To compare with process in Eq. (5.1), we calculate the cross sect ion to the first order of

↵ by convolut ing the ISR spectrum to one muon beam,

σ = 2

Z

dx1f ` / ` (x1)σ̂(⌧= x1) =
↵Y2µ
4s

s + m4H / s

s − m2H
log

s

m2µ
. (5.4)

The results are given in the left panel of Fig. 17 by the solid curves. As we see, the cross

sect ion is increasing with heavy HiggsmassmH , which benefits from the richnessof thephase

space.

– 25 –

Reach M ~ Ecm!

2
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(a) H / A “ Radiat ive Return”

l−

l+ Z

H
Z⇤

(b) ZH associated product ion

l−

l+

H
Z⇤

A

(c) H A pair product ion

FIG. 1: Main product ion mechanisms of heavy Higgs boson H / A at lepton colliders.

Coupling ⌘ g/ gSM Type-I I & lepton-specific Type-I & fl ipped

gH µ + µ − µ sin ↵ / cosβ cos↵ / sin β

gA µ + µ − µ tan β − cot β

gH Z Z Z cos(β − ↵) cos(β − ↵)

gH A Z 1 − 2
Z sin(β − ↵) sin(β − ↵)

TABLE I: Paramet rizat ion and their 2HDM models correspondence.

In Sec. I I A, we first present the radiat ive return product ion of heavy Higgs boson in µ+ µ− collision in detail. We
also consider the product ion l+ l− ! ZH and l+ l− ! AH (l = e, µ) in Sec. I I B. To make the illust rat ion more
concrete, we compare these product ion modes in Sec. I I C in the framework of 2HDM. Because of the rather clean
experimental environment and the model-independent reconstruct ion of the Higgs signal events at lepton colliders,
we also study the sensit ivity of the invisible decay from the radiat ive return process in Sec. I I I. Finally, we summarize
our results and conclude in Sec. IV.

I I . PRODUCT ION M ECH A N ISM S

Perhaps the most useful feature of a muon collider is the potent ial to have s-channel resonant product ion of the
Higgs boson [6–8, 10, 22]. As has been already ment ioned in the previous sect ion, such a machine undoubtedly has its
merits in analyzing in detail the already discovered Higgs boson near 125 GeV. When it comes to ident ifying a heavier
addit ional (pseudo)scalar, however, we do not have any a priori knowledge about themass, rendering the new part icle
search rather difficult . I f one envisions a rather wide-ranged scanning, it would require to devote a large port ion of
the design integrated luminosity [9, 10]. In this sect ion, we discuss the three di↵erent product ion mechanisms for the
associated product ion of the heavy Higgs boson. Besides the “ radiat ive return” as in Eq. (1), we also consider

µ+ µ− ! Z⇤ ! ZH and HA. (2)

The relevant Feynman diagrams are all shown in Fig. 1.
We first parametrize the relevant heavy Higgs boson couplings as

L i n t = − µ

mµ

v
H µ̄µ + i µ

mµ

v
Aµ̄γ5µ + Z

m2
Z

v
H Z µZµ +

g

2cos✓W

q

(1 − 2
Z )(H@

µA − A@µH )Zµ . (3)

The two parameters µ and Z characterize the coupling strength with respect to the SM Higgs boson couplings to
µ+ µ− and ZZ . The coupling µ controls the heavy Higgs resonant product ion and the radiat ive return cross sect ions,
while Z controls the cross sect ions for ZH associated product ion and heavy Higgs pair HA product ion. We have
used µ as the common scale parameter for Yukawa couplings of both the CP-even H and the CP-odd A , although in
principle they could be di↵erent . For theHAZ coupling we have used the generic 2HDM relat ion: Z is proport ional
to cos(β − ↵) and theHAZ coupling is proport ional to sin(β − ↵).1 In the heavy Higgs decoupling limit of 2HDM at
largemA , Z ⌘ cos(β − ↵) ⇠ m2

Z / m
2
A is highly suppressed and µ ⇡ tanβ (− cot β) in Type-I I [24, 25] and lepton-

specific [26–29] (Type-I [23, 24] and flipped [26–29]) 2HDM. Note that many SUSY models, including MSSM and

1 Customarily, tan β is the rat io of the two vev’s, and ↵ is the mixing angle of the two scalar states.

General Physics Reach

The Muon Collider (IMCC), 
arXiv:2504.21417.

Radiative return to extend the reach

M ~ Ecm/2
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K. Korshynska, M. Loschner, M. Marinichnko, K. Mekala, J. Reuter, arXiv:2402.18460.

6. Discrimination Power on Z’ Couplings
A common BSM extension
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7. Connection to Cosmology / GW
Spontaneous symmetry breaking → cosmo phase transition
Strong 1st order phase transition → Rich physics + GWs
Complementary signals: Colliders → GWs

A. Dasgupta, B. Dev, TH, R. Padhan, S. Wang, K. Xie, arXiv:2308.12804

at muC

A leptophilic Z’ example:
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8. Forward Muon Detection

P. Li, Z. Liu, K. Lyu, arXiv:2401.08756; M. Ruhdorfer, E. Salvioni, A. 
Wulzer, arXiv:1910.04170; arXiv:2411.00096.

Forward muon detection: 2.44 < 𝜼 < 6
• Single out HZZ coupling
• Invisible H decay
• Reconstruct missing mass
• …  

(CP-even)

(CP-odd)
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• EW @ high energies; EW corrections

• Connection to neutrino physics

• Connection to flavor physics / CPv
• Connection to cosmology / astro-particle
• Phenomenology of 𝝁IC;  𝝁+𝝁+ collider … 

9. Continuing / Future Efforts:

D. Acosta, et al., arXiv:2203.06258; H. Davoudiasl, H. Liu, 
R. Marcarelli, Y. Soreq, S. Trifinopoulos, arXiv:2412.13289;R. 
Kitano et al. 

P. Jurj, nuStorm, ICHEP2024 (2025) 825; MuCol-𝜈 ; 
J. Adhikary, K. Kelly, F. Kling, S. Trojanowski, arXiv:2412.10315.

Y. Ma, D. Pagani, M. Zaro., arXiv:2409.09129 … … 

Exciting exploration in the coming years! 
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Back ups
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• EW Minimal Dark Matter:
Generic EW (degenerate) multiplets

M. Cirelli, N. Fornengo, A. Strumia, 
hep-ph/0512090; 0903.3381.

TH, Z. Liu, L.-T. Wang, X. Wang, arXiv:2009.11287.
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• Heavy Neutral Lepton @ muC

P. Li, Z. Liu, K. Lyu, arXiv:2301.07117

(more work needed!)
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Color-octet scalar/vector (𝞹TC, 𝞺TC)

∼[Color-octet fermion gluino (𝙜) not show ]

Scalar: Vector:

Cross 
section:

Reach:

TH, M. Low, T. A. Wu, K. Xie:  
arXiv:2502.20443;
D. Liu, L. Wang, 2312.09117


	Slide 1: Physics Overview: 1-Year Progress
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7: 2. Most Wanted: Precision Higgs physics
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20

