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Community Summer Study: Snowmass 2021
July 17 – 26, 2022 @ UW – Seattle
http://seattlesnowmass2021.net

• Snowmass 2021: A decadal study
Community Planning Exercise

US APS DPF-led effort



https://www.slac.stanford.edu/econf/C210711/
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Collider needs

The Energy Frontier Vision
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• A Higgs factory is a must !
ANY elementary particle needs a factory to scrutinize: 
• Pion/Kaon (𝝁,𝝂) factories: CERN, TRIUMF, FNAL, JLab …

• tau/charm factories: CESR, BEPC … 

• B-factories: Belle, BaBar, LHCb …

• Z/W± factories: SLC, LEP-I, LEP-II, Tevatron, LHC … 

• Top-quark factories: Tevatron, LHC.

The Higgs boson is NO exception !
LHC Run 3 / HL-LHC will lead the way: 50M/ab !

We need O(105 - 106) “clean” Higgs bosons:
• well-constrained kinematics in e+e- collisions
• model-independent, absolute measurements
• sub-percentage accuracy
• challenging decay processes
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EF benchmark parameters for future colliders
arXiv:2211.11084 

Snowmass 2021, EF report

This talk: muon colliders
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• A Muon Collider
Why muons?

Once accelerated: 
E𝛍 ~ 1 TeV→ 𝛾 ~ 104

→ d = c𝛾𝜏 = 6,600 km
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• Advantages of a muon collider
• Much less synchrotron radiation energy loss than e’s:

which would allow a smaller 
and a circular machine, thus
likely cost-effective:

• Smaller beam-energy spread: 
𝚫E/E ~ 0.1% 

potentially 𝚫E/E(mH) ~ 0.01% - 0.001%

• Luminosity scales with 
c.m. energy/power, ideally

L  ~ E2
CM
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• Advantages of a muon collider

• Unlike the proton as a composite particle, 
ECM efficient in 𝛍+𝛍- annihilation, to reach
higher new physics threshold ECM ~ 2 Mnew

• Yet, high-energy collisions result in all sort 
of partons from Initial States Radiation
𝛔𝛍 𝛍 ~ (1/MW)2 ln2(ECM/MW)

• Lower (hadronic) background: 
𝛔pp(total)~100 mb;   𝛔𝛍 𝛍 (total)~100 nb

“Buy one, get one free!”



29

• Disadvantages of a muon collider

• Very short lifetime: in micro-second, 
Muons cooling in (x,p) 6-dimensions

→ Difficult to make quality beams and a high luminosity  

• Beam Induced Backgrounds (BIB)
from the decays in the ring at the interacting point 

• Production: Protons on target → pions→muons:
Require sophisticated scheme for 𝛍 capture & transport 

• Neutrino beam dump (environmental hazard)
𝛔𝛎 ~ GF

2 E2  
→ Shielding? 
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• Concepts mentioned in the 60’s
• Early collider design/physics studies in the 90’s [*]
• 2011~2016: Muon Accelerator Program formed 

(MAP): to address key feasibility issues for 𝞵C 
with the proton driver technology

• MAP terminated in 2016, results published in
https://iopscience.iop.org/journal/1748-0221/page/extraproc46

[*] Some early work:
• Proceedings of the 1st Workshop on the physics potential and Development of the 𝛍𝛍

Coiliders, Napa, California, 1992, Nucl. Inst. Methods. Phys. Res., Sect. A 350, 24 
(1994).

• S-channel Higgs boson production at a muon collider, Barger et al., PRL75 (1995).
• 𝛍+ 𝛍- Collider: Feasibility study, Muon collider collaboration (July, 1996).
• Higgs boson physics in the s-channel muon collider, Barger et al., Phys Rep. 186 

(1997).
• Status of muon collider research, Muon collider collaboration (Aug., 1999).
• Recent progress on neutrino factory and muon collider research, 

Muon collider collaboration (July, 2003).

Historically 

https://iopscience.iop.org/journal/1748-0221/page/extraproc46
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New results on µ cooling by MICE collaboration

Nature 508(2020)53
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Muon Accelerator Project (MAP)

https://arxiv.org/abs/1907.08562, J.P. Delahauge et al.,  arXiv:1901.06150/

• Protons → pions→muons
• Transverse ionization cooling 

achieved by MICE
• Muon emittance exchange 

demonstrated at FNAL/RAL
• 6D cooling of 5-6 orders needed 

Noticeable reduction of 9% emittance

Renewed interests

https://arxiv.org/abs/1907.08562
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e+e- (at rest) → 𝛍+𝛍- (at threshold)LEMMA:

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

45 GeV e+

𝛍±

e- at rest

Cooling is not a problem; 
but high luminosity is challenging:
large e+ flux of O(1017/s)!
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Target Energy and Luminosity
arXiv:1901.06150 

Energy: 
For a striking Direct Exploration program, after HL-LHC*, energy should be 

close or above 10 TeV 

At few TeV energy one can still exploit high partonic energy for a striking 

Indirect Exploration program, by High-Energy Precision 

We can borrow CLIC physics case (see below)

*see arXiv:1910.11775 for HL-LHC and F.C. projections summary

Luminosity: 

Set by asking for 100K SM “hard” SM pair-production events. 

Compatible with other projects (e.g. CLIC =   ) 

If much less, we could only bet on Direct Discoveries ! 

Could be reduced by running longer than 5yrs and > 1 I.P.

(3TeV/10TeV)2 6 1035

L
5years

time

s

10TeV

2

2 1035cm−2s−1

8

1 ab-1 /yr

hh

&

p
s = 3, 6, 10, 14, 30 and 100 TeV, L = 1, 4, 10, 20, 90, and 1000 ab− 1.

s

−

Lumi-scaling scheme: 𝛔 L ~ const.

The aggressive choices:

European Strategy, arXiv:1910.11775; arXiv:1901.06150; arXiv:2007.15684.

Collider benchmark points: 

• Multi-TeV colliders:

• The Higgs factory:

Ecm =mH

L ~ 1 fb-1/yr
𝜟Ecm ~ 5 MeV

Current Snowmass 2021 point: 4 fb-1 / yr
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Higgs factory:
Resonant Production:

About O(70k) events produced per fb-1

71

Physics potential



SM Higgs is (very) narrow:At mh=125 GeV,  Γh = 4.2 MeV

“Muon Collider Quartet”:
Barger-Berger-Gunion-Han
PRL & Phys. Report (1995)

TH, Liu: 1210.7803;
Greco, TH, Liu: 1607.03210

36



Ideal, conceivable case: 
(Δ = 5 MeV,    Γh ≈ 4.2 MeV) 

An optimal fitting could reach 𝛿Γh ~ 0.15 MeV, or 3.5%

37

TH, Liu: 1210.7803; Greco, TH, Liu: 1607.03210
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TH, Yang Ma, Keping Xie, 
arXiv:2007.14300

• HE muon colliders: EW PDFs
“partons” dynamically generated

: the valance. : LO sea.
• High-energy neutrino collider! 
• Hadron collider! Quarks: NLO; gluons: NNLO.
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• Photon-induced QED cross sections
large rates

(10o)

Quarks/gluons come into the picture via SM DGLAP:

mjj
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• Jet production dominates at low energies
• EW processes take over at high scales!

Di-jet production,
like hadron colliders

TH, Yang Ma, Keping Xie, arXiv:2103.09844.

Event rate 
~ a few Hz



41

Di-jet kinematical features:
High pT physics strikes back! 

To effectively separate the QCD backgrounds: 
pT > 60 GeV



42

Just like in hadronic collisions:
𝞵+𝞵-

→ exclusive particles + remnants

VBF

𝞵+𝞵-

annihilations

• “Semi-inclusive” processes
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• separable sub-processes:

Partonic contributions

VBF

VBF

𝞵+𝞵-anni

𝞵+𝞵-anni

𝞵+𝞵- Collider:
“Buy one, get one free” 

Annihilation +VBF
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WWH / ZZH couplings

HHH / WWHH  couplings:

500k HH

10M H

TH, D. Liu, I. Low, 
X. Wang, arXiv:2008.12204

• Precision Higgs Physics

Δ𝛌hhh ~ 2%,  
ΔkWWhh ~ 0.2%
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Sensitivity reach for Higgs couplings
for Higgs factories and multi-TeV colliders

Most wanted in order to 
understand EWSB!

Energy Frontier report: arXiv:2211.11084 



Pushing the “Naturalness” limit

→ Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2

Thus, mstop > 8 TeV→ 10-4 fine-tune!

46

gauginos

The searches for top quark partners 
(most wanted in “naturalness”); 

& gluinos, gauginos … 

E=30
14
10 TeV

Muon Collider Forum Report: https://arxiv.org/abs/2209.01318

https://arxiv.org/abs/2209.01318


47

0 2 4 6
Eγ [TeV]

10− 2

10− 1

100

101

102

103

d
σ

/
d
E
γ

[f
b
/
0.

2
T

eV
]

(1, 7, )

background

mχ = 1 TeV

mχ = 3 TeV

− 1.0 − 0.5 0.0 0.5 1.0
cosθγ

10− 2

10− 1

100

101

102

d
σ

/
co

s
θ γ

[f
b
/
0.

1]

mχ = 1 TeV

background

(1, 7, )

(1, 2, 1/ 2)

0.0 2.5 5.0 7.5 10.0 12.5
mmissing [TeV]

10− 2

10− 1

100

101

102

103

1/
σ
·
d
σ

/
d
m

m
is

s
[1

/
0.

4
T

eV
] (1, 7, )

background

mχ = 1 TeV

mχ = 3 TeV

p
s = 14

(1, 7,✏) mχ = 1

(1, 2, 1/ 2) (1, 7,✏) mχ = 1

− 1

S/ B < 10− 2

107

10− 3

E𝛾 <

Key feature different from LHC: the “missing mass”

m2
missing ⌘(pµ+ + pµ− −

X

i

pobs
i )2,

pµ+ , pµ− pobs
i

i th

mmissing

10◦ − 170◦

s γ Z

a cone angle cut: 10o < θ < 170o

1 2 3 4 5 6
mχ [TeV]

10− 8

10− 6

10− 4

10− 2

100

102

σ
[f
b
]

p
s = 14 TeV

µ+µ− ! γχχ

γγ ! γχχ

γ µ± ! γ νχχ

µ+µ− ! γννχχ

(1, 2, 1/ 2)

(1, 3, )

(1, 5, )

(1, 7, )

SM

1 2 3 4 5 6
mχ [TeV]

10− 2

10− 1

100

101

102

103

N
S
D

p
s = 14 TeV

L = 20 ab− 1

0% syst

0.1% syst

(1, 2, 1/ 2)

(1, 3, )

(1, 5, )

(1, 7, )

p
s = 14

Q =
p
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Covering the thermal target

WIMP Dark Matter @ Colliders
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• Cross/close the threshold: Heavy Higgs Bosons 

TH, S. Li, S. Su, W. Su, Y. Wu, arXiv:2102.08386.
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Figur e 3. Cross sect ions of µ+ µ− ! H + H − (red), and H A (green) through µ+ µ− annihilat ion (left

panel), and in addit ion and H ± H/ H ± A (blue), H H/ 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 igur e 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 H A 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− 4m2
H / s. Well above the threshold, the cross sect ions asymptot ically approach

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

cross sect ion over that of H A 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

Radiative returns:
2

γ

H/ A

µ−

µ+

µ−

µ+
γ

H/ A

(a) H / A “ Radiat ive Return”

l−

l+ Z

H
Z⇤

(b) Z H 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 & flipped

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− ! Z H 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 . PR OD U CT I ON M ECH A N I SM 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 the mass, 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⇤ ! Z H and H A. (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 Z Z . 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 Z H associated product ion and heavy Higgs pair H A 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 the H AZ coupling we have used the generic 2HDM relat ion: Z is proport ional
to cos(β − ↵) and the H AZ coupling is proport ional to sin(β − ↵).1 In the heavy Higgs decoupling limit of 2HDM at
large mA , Z ⌘cos(β − ↵) ⇠m2

Z / m2
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.

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 the mass 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 ic Eγ = (s−m2
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

m2
µ

(5.2)

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

σ̂(µ+ µ− ! H ) =
⇡Y 2

µ

4
δ(ŝ − m2

H ) =
⇡Y 2

µ

4s
δ(⌧−

m2
H

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) =
↵Y2

µ

4s

s + m4
H / s

s − m2
H

log
s

m2
µ

. (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 Higgs mass mH , which benefits from the richness of the phase

space.
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Reach M ~ Ecm!
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Global activities

arXiv:1901.06150, 
CERN-2022-001: arXiv:2201.07895; 
http://muoncollider.web.cern.ch

Under CERN Council, 
the Laboratory Directors Group developed 

European Strategy activities:

Input to European Strategy of Particle Physics:
High-priority future initiatives:

https://arxiv.org/abs/1901.06150
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International Muon Collider Collaboration
(IMCC, 2022)

European Commission grant: HORIZON INFRA-DEV

Cordination Committee
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Snowmass 2021:

New mailing list: MuCUS@listserv.fnal.gov

You can subscribe to the mailing a message to listserv@fnal.gov
Leave the subject line blank, and “SUBSCRIBE MUCUS FIRSTNAME LASTNAME”.

In 2020, AF+EF+TF created Muon Collider Forum
https://snowmass21.org/energy/muon_forum

Muon Collider Forum Report delivered 
https://arxiv.org/abs/2209.01318

https://indico.fnal.gov/event/53010/ 

mailto:MuCUS@listserv.fnal.gov
mailto:listserv@fnal.gov
https://snowmass21.org/energy/muon_forum
https://arxiv.org/abs/2209.01318
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Fermilab on site:

https://muoncollider.web.cern.ch

https://muoncollider.web.cern.ch/
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• HEP is in an exciting time:
The SM is complete, and is potentially valid to a very high 

energy scale. Yet, there are strong indications for the 
existence of new physics not far above the EW scale.

• The Higgs factory ~250 GeV is the clear target:
→ New physics under the Higgs lamp-post. 

• Multi-TeV lepton colliders will lead the way: 
𝛍 - Col.  = Cool ! 
→ Promise great opportunities for discoveries for 

BSM physics.  

Summary

Exciting journey ahead !
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Snowmass frontiers:

and

With this year-long study, 
the Snowmass output will

provide inputs for the prioritization of 
the research directions of the field 

in the decade to come: the “P5” 
process

(Particle Physics Project Prioritization Panel). 

https://snowmass21.org

The P5 chair:
Prof. Hitoshi 
Murayama
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Snowmass 2021, AF report
Implementation Task Force recommendations:

arXiv:2209.14136 
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Those aren’t what you would first see
when you turned on the machine!

A Multi-TeV Muon Collider
Naïve expectation: leading-order 𝛍+𝛍- annihilation:

P
h

y
si

c
s

a
t

M
u

o
n

C
o

ll
id

e
rs
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Total cross section @ high energies: 
𝛄𝛄 and 𝛍+𝛍-

→ hadrons

TH, Yang Ma, Keping Xie, arXiv:2103.09844.
T. Barklow, D. Dannheim, M.O. Sahin & D. Schulte, LCD-Note-2011-020.

Event rate @10,000 Hz!

Events populated at pT
hadrons< a few GeV

Note: 𝛔pp(total) ~ 100 mb;   𝛔𝛍 𝛍 (total)~ 50 nb

The energies of the photon pairs are generated within GUINEA-PIG according to this lu-

minosity spectrum and then passed to the subsequent simulation of the hard interaction. Two

independent MonteCarlo generators areused to simulate thishard interaction:

• Pythia: The cross section for the γγ → hadron events is modelled within Pythia [7] ac-

cording to theSchuler and Sjörstrand parametrisation [8]:

σγγ(E
2
cm) = 211 nb(E2

cmGeV− 2)0.0808 + 215 nb(E2
cmGeV− 2)− 0.4525

Figure2 showsthisparametrisation of thecrosssection. A cut of Ecm > 2 GeV isapplied.

The hadronization following the hard interaction is performed within Pythia, using the

default settings. On average, 3.2 hadronic events are produced per bunch crossing. For a

harder cut of Ecm > 5 GeV, 2.8 hadronic eventsper bunch crossing remain.

• SLAC generator: In the SLAC generator for γγ → hadrons production the implemented

cross section corresponds to a fit to measured data [9]. The cut on the centre-of-mass

energy is set to the two-pion production threshold. For 0.3 < Ecm < 1.5 GeV, a constant

cross section of 490 nb is used and 2, 3 or 4 pions are produced isotropically, depending

on theavailable energy. For Ecm > 1.5 GeV, thecrosssection isparametrised as:

σγγ(E
2
cm) = 200 nb(1+ 0.0063[ln(E2

cmGeV− 2)]2.1 + 1.96(E2
cmGeV− 2)− 0.37)

The parametrisation of the cross section is shown in Figure 2. The produced events are

passed to Pythia for hadronisation with the default settings. On average, 4.1 hadronic

events are produced per bunch crossing. For a cut of Ecm > 2 GeV (Ecm > 5 GeV),

2.8 (2.25) hadronic eventsper bunch crossing remain.

SLAC
PYTHIA

Figure 2: Parametrisations of the cross section for γγ → hadrons production as function of the

centre-of-mass energy of thecolliding photons, Ecm.

3
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Figure 8: Summary of the expected accuracies at 95% C.L. for the Higgs couplings at a

variety of muon collider collider energies and luminosit ies. The upper horizontal axis marks

the accessible scale⇤, assuming c6,H ⇠O(1).

TeV at a collider of (10 − 30) TeV, we would be probing new physics at very high scales or

deeply into quantum effects.

p
s (lumi.) 3 TeV (1 ab− 1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

WWH (∆ W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]

⇤/
p

ci (TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

Z Z H (∆ Z ) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]

⇤/
p

ci (TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWH H (∆ W2 ) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]

⇤/
p

ci (TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

H H H (∆ 3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]

⇤/
p

ci (TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7: Summary table of the expected accuracies at 95% C.L. for the Higgs couplings at a

variety of muon collider collider energies and luminosit ies.

In our analyses, we only focused on the leading decay channel H ! b̄b. A more com-

– 15 –

(a) (b)

Figure 5: (a) pH
T dist ribut ion of the Higgs boson in 1µ channel (b) Separat ion of the b jets

from H ! b̄b.

background is µ+ µ− ! ZZ ! µ+ µ− Z with Z ! b̄b. There is no WW fusion analogue for

this channel. We adopt the same basic cuts as in Eqs. (3.3), (3.4) and (3.6). The background

is highly suppressed. In addit ion, we require the presence of at least one muon to be in

10◦ < ✓µ± < 170◦ . (3.8)

This turns out to be very cost ly to the signal, since the majority of the muons have✓µ < 10◦ ,

as already seen in Fig. 3. As such, the signal reconstruct ion efficiencies for this channel are

very low and are shown in Table 2, together with the predicted cross sect ions in the middle

rows. With the high luminosity expected, the 95% C.L. on the coupling measurements is

shown also in Table 3 for the exclusive 1µ channel. Although the result at a 3 TeV collider

is comparable to that from the inclusive channel, at higher energies the est imated precision

is worse than the inclusive channel despite the higher energies and more luminosit ies. This is

mainly due to the significant ly reduced number of events from the tagging requirement for a

forward-backward muon.

It is important to note another significant consequence of requiring one muon in the range

of 10◦ < ✓µ± < 170◦ . For highly energet ic muons, this large scattering angle leads to a high

transverse momentum p
µ
T > 0.17Eµ and, consequent ly, induces a strong recoil in the Higgs

boson produced in the final state. In Fig. 5 we show the pT dist ribut ion of the Higgs boson

in (a) for the 1µ channel as well as Rbb in (b), the separat ion of the b-jets from H ! b̄b. In

part icular, at
p

s = 30 TeV, the Higgs boson tend to have a large pT , in the order of 2.5 TeV,

and theresult ing decay isboosted with Rbb⇠0.2. Careneeds to be taken when reconstruct ing

such boosted events.

– 9 –

Achievable accuracies

Leading channel H → bb:

TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204


