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Community Summer Study: Snowmass 2021
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http://seattlesnowmass2021.net

ÅSnowmass 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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ÅA Higgs factory is a must !
ANY elementary particle needs a factory to scrutinize: 
ÅPion/Kaon (Ⱨ,ⱨ) factories: CERN, TRIUMF, FNAL, JLabΧ

Å tau/charm factories: /9{wΣ .9t/ Χ 
ÅB-factories: Belle, BaBar, LHCbΧ

ÅZ/W± factories: SLC, LEP-I, LEP-II, TevatronΣ [I/ Χ 

ÅTop-quarkfactories: Tevatron, LHC.

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

We need O(105 - 106) άŎƭŜŀƴέ IƛƎƎǎ ōƻǎƻƴǎΥ
Åwell-constrained kinematics in e+e- collisions
Åmodel-independent, absolute measurements
Å sub-percentage accuracy
Å 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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ÅA Muon Collider
Why muons?

Once accelerated: 
E ~ 1 TeVĄ‎~ 104

Ą d = c‎†= 6,600 km
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ÅAdvantages of a muon collider
ÅaǳŎƘ ƭŜǎǎ ǎȅƴŎƘǊƻǘǊƻƴ ǊŀŘƛŀǘƛƻƴ ŜƴŜǊƎȅ ƭƻǎǎ ǘƘŀƴ ŜΩǎΥ

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

ÅSmaller beam-energy spread: 
E/E ~ 0.1% 

potentially E/E(mH) ~ 0.01% - 0.001%

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

L  ~ E2CM
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ÅAdvantages of a muon collider

ÅUnlike the proton as a composite particle, 
ECMefficient in + - annihilation, to reach
higher new physics threshold ECM~ 2 Mnew

ÅYet, high-energy collisions result in all sort 
of partonsfrom Initial States Radiation

~ (1/MW)2 ln2(ECM/M W)

Å Lower (hadronic) background: 

pp(total)~100 mb;   (total)~100 nb

ά.ǳȅ ƻƴŜΣ ƎŜǘ ƻƴŜ ŦǊŜŜΗέ



29

ÅDisadvantages of a muon collider

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

ĄDifficult to make quality beams and a high luminosity  

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

ÅProduction: Protons on target Ą pionsĄmuons:
Require sophisticated scheme for capture & transport 

ÅNeutrino beam dump (environmental hazard)
~ GF

2 E2  
Ą Shielding? 
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Å/ƻƴŎŜǇǘǎ ƳŜƴǘƛƻƴŜŘ ƛƴ ǘƘŜ слΩǎ
Å9ŀǊƭȅ ŎƻƭƭƛŘŜǊ ŘŜǎƛƎƴκǇƘȅǎƛŎǎ ǎǘǳŘƛŜǎ ƛƴ ǘƘŜ флΩǎ ώϝϐ
Å2011~2016: Muon Accelerator Program formed 

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

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

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

Coiliders, Napa, California, 1992, Nucl. Inst. Methods. Phys. Res., Sect. A 350, 24 
(1994).
Å S-channel Higgs boson production at a muon collider, Barger et al., PRL75 (1995).
Å + - Collider: Feasibility study, Muon collider collaboration (July, 1996).
Å Higgs boson physics in the s-channel muon collider, Barger et al., Phys Rep. 186 

(1997).
Å Status of muon collider research, Muon collider collaboration (Aug., 1999).
Å 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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e+e interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
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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 EM ittance Muon Accelerator

web.infn.it/LEMMA

New results on Õcooling by MICE collaboration

Nature 508(2020)53

6 / 38

Muon Accelerator Project (MAP)

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

Å Protons Ą pionsĄmuons
Å Transverse ionization cooling 

achieved by MICE
Å Muon emittance exchange 

demonstrated at FNAL/RAL
Å 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) Ą + - (at threshold)LEMMA:

J.P. Delahaugeet al.,  arXiv:1901.06150

45 GeV e+
±

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 ñhardò 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 2̮s 1̮

8

1 ab-1 /yr

hh

&

p
s = 3, 6, 10, 14, 30 and 100 TeV, L = 1, 4, 10, 20, 90, and 1000 abī1.

s

ī

Lumi-scaling scheme: L~ const.

The aggressive choices:

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

Collider benchmark points: 

ÅMulti-TeVcolliders:

ÅThe Higgs factory:

Ecm =mH

L~ 1 fb-1/yr
◕Ecm ~ 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,  ɱh = 4.2 MeV

άaǳƻƴ /ƻƭƭƛŘŜǊ vǳŀǊǘŜǘέΥ
Barger-Berger-Gunion-Han
PRL & Phys. Report (1995)

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

36



Ideal, conceivable case: 
(ɲ= 5 MeV,    ɱhҒ пΦн aŜ±ύ 

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

37

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

Å HE muon colliders: EW PDFs
άpartonsέ ŘȅƴŀƳƛŎŀƭƭȅ ƎŜƴŜǊŀǘŜŘ

: the valance. : LO sea.
ÅHigh-energy neutrino collider! 
ÅHadron collider! Quarks: NLO; gluons: NNLO.
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ÅPhoton-induced QED cross sections
large rates

(10o)

Quarks/gluons come into the picture via SM DGLAP:

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

Di-jet production,
like hadron colliders

TH, Yang Ma, KepingXie, arXiv:2103.09844.

Event rate 
~ a few Hz
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Di-jet kinematical features:
High pT physics strikes back! 

To effectively separate the QCD backgrounds: 
pT > 60 GeV
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Just like in hadronic collisions:
+ -
Ą exclusive particles + remnants

VBF

+ -

annihilations

Åά{ŜƳƛ-ƛƴŎƭǳǎƛǾŜέ ǇǊƻŎŜǎǎŜǎ
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Åseparable sub-processes:

Partonic contributions

VBF

VBF

+ -anni

+ -anni

+ - Collider:
ά.ǳȅ ƻƴŜΣ ƎŜǘ ƻƴŜ ŦǊŜŜέ 

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

ÅPrecision Higgs Physics

ɲ hhh ~ 2%,  
ɲƪWWhh~ 0.2%
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Sensitivity reach for Higgs couplings
for Higgs factories and multi-TeVcolliders

Most wanted in order to 
understand EWSB!

Energy Frontier report: arXiv:2211.11084 



tǳǎƘƛƴƎ ǘƘŜ άbŀǘǳǊŀƭƴŜǎǎέ ƭƛƳƛǘ

ĄHiggs mass fine-tune: ɻ ƳH/mH ~ 1% (1 TeV/ɽ)2

Thus,mstop > 8 TeVĄ 10-4 fine-tune!

46

gauginos

The searches for top quark partners 
όƳƻǎǘ ǿŀƴǘŜŘ ƛƴ άƴŀǘǳǊŀƭƴŜǎǎέύΤ 

& gluinos, gauginosΧ 

E=30
14
10 TeV

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

https://arxiv.org/abs/2209.01318
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Covering the thermal target

WIMP Dark Matter @ Colliders
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Å 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 Õ+Õī ! H + Hī (red), and H A (green) through Õ+Õī annihilat ion (left

panel), and in addit ion and HÑH/ HÑA (blue), H H/ AA (purple), through VBF (right panel) in the

alignment limit cos(ɓī )δ = 0 at di eδrent c.m. energy
p

s. We use solid, dashed and dot ted line for

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

the right shows the corresponding event yields for a 10 abī1 integrated luminosity.

F igur e 4. The Parton Luminosity at Q = 5TeV (Left ) and Q =
p
Ĕs/ 2 with Ĕs = s (Right ).

Higgs masses mū(= mH = mA = mH Ñ) = 1 TeV (solid curves), 2 TeV (dashed curves) and

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

The second y-axis on the right shows the corresponding event yields for a 10 abī1 integrated

luminosity. We see the threshold behavior for a scalar pair product ion in a P-wave asůᶊɓ3,

withɓ=
q

1ī4m2
H / s. Well above the threshold, the cross sect ions asymptot ically approach

ůᶊᵟ2/ s, which is insensit ive to the heavy Higgs mass. The excess of the H + Hī product ion

cross sect ion over that of H A is at t ributed to theɔᶎ-mediated process. The cross sect ions are

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

ï 8ï

annihilation VBF

Radiative returns:
2

ɔ

H/ A

Õī

Õ+

Õī

Õ+
ɔ

H/ A

(a) H / A ñRadiative Returnò

lī

l+ Z

H
Zᶎ

(b) Z H associated product ion

lī

l+

H
Zᶎ

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-speciýc Type-I & þipped

gH Õ+ Õī Õ sin /δ cosɓ cos /δ sinɓ

gAÕ+ Õī Õ tanɓ īcot ɓ

gH Z Z Z cos(ɓī )δ cos(ɓī )δ

gH A Z 1ī 2
Z sin(ɓī )δ sin(ɓī )δ

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

In Sec. I I A, we ýrst present the radiat ive return product ion of heavy Higgs boson in Õ+Õī collision in detail. We
also consider the product ion l+ lī ! Z H and l+ lī ! AH (l = e,Õ) 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 [6ï8,10, 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 eδrent product ion mechanisms for the
associated product ion of the heavy Higgs boson. Besides theñradiat ive returnòas in Eq. (1), we also consider

Õ+Õī ! Zᶎ! Z H and H A. (2)

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

L i n t = ī Õ

mÕ

v
HľÕÕ+ i Õ

mÕ

v
AľÕɔ5Õ+ Z

m2
Z

v
H ZÕZÕ+

g

2cosṉW

q

(1ī 2
Z )(H @ÕA īA@ÕH )ZÕ. (3)

The two parameters Õand Z characterize the coupling strength with respect to the SM Higgs boson couplings to
Õ+Õī and Z Z . The coupling Õcontrols 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 Õas 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 eδrent . For the H AZ coupling we have used the generic 2HDM relat ion: Z is proport ional
to cos(ɓī )δ and the H AZ coupling is proport ional to sin(ɓī )δ.1 In the heavy Higgs decoupling limit of 2HDM at
large mA , Z cos(ɓī )δ m2

Z / m2
A is highly suppressed and Õ tanɓ(īcotɓ) in Type-I I [24, 25] and lepton-

speciýc [26ï29](Type-I [23, 24] and þipped [26ï29]) 2HDM. Note that many SUSY models, including MSSM and

1 Customarily, tanɓis the rat io of the two vevôs,and ᵟis 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 ᶊ
p

s/ 2. The resonant product ion for a

single heavy Higgs boson may further extend the coverage to about mH ᶊ
p

s, as long as the

coupling strength toÕ+Õī 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 theñradiat ive returnò,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

Õ+Õī ! ɔH, (5.1)

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

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

for mH = 1, 5, 15 TeV at tanɓ= 1. 10Ǔ< ṉ< 170Ǔ is imposed for the photon detect ion

acceptance. For a singlephoton product ion, itsenergy ismono-chromat ic Eɔ= (sīm2
H )/ 2

p
s.

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

As a comparison, we calculate theÕ+Õī ! H process with ISR spectrum

f `/ ` (x) =
ᵟ

2ᶋ

1 + x2

1īx
log

s

m2
Õ

(5.2)

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

Ĕů(Õ+Õī ! H ) =
ᶋY 2
Õ

4
ŭ(Ĕsīm2

H ) =
ᶋY 2
Õ

4s
ŭ( ī

m2
H

s
). (5.3)

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

ᵟby convolut ing the ISR spectrum to one muon beam,

ů= 2

Z

dx1f ` / ` (x1)Ĕů( = x1) =
Yδ2
Õ

4s

s + m4
H / s

sīm2
H

log
s

m2
Õ

. (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 beneýts from the richness of the phase

space.

ï25 ï
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