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SUSY/Exotic Particle Production 
@ High-Energy Muon Colliders
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AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µ pairs/sec from 

e+e− interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
– hence, lower backgrounds in a 

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 EMittance Muon Accelerator
web.infn.it/LEMMA

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 à pions à 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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U.S. P5 (Particle Physics Project Prioritization Panel) 
The path to 10 TeV pCM (partonic c.m. energy):



4

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.

(3 TeV/10 TeV)2 6 ⋅ 1035

L ≳ 5 years
time

sμ

10 TeV

2

2 ⋅ 1035cm−2s−1

8

1 ab-1 /yr
Lumi-scaling scheme: ! L ~ const.

The conceivable choices:
Ecm = 3 TeV - 14 TeV

European Strategy: arXiv:1910.11775; arXiv:1901.06150; arXiv:2007.15684;
Muon Collider Forum Report: https://arxiv.org/abs/2209.01318

Collider benchmark points: 

• Multi-TeV colliders:

• The Higgs factory:

7

Table 1: Main parameters of the proton driver muon facilities

Parameter Units Higgs Multi-TeV

CoM Energy TeV 0.126 1.5 3.0 6.0

Avg. Luminosity 10
34
cm

�2
s
�1

0.008 1.25 4.4 12

Beam Energy Spread % 0.004 0.1 0.1 0.1

Higgs Production/107 sec 13’500 37’500 200’000 820’000
Circumference km 0.3 2.5 4.5 6

No. of IP’s 1 2 2 2

Repetition Rate Hz 15 15 12 6

�
⇤
x,y cm 1.7 1 0.5 0.25

No. muons/bunch 10
12

4 2 2 2

Norm. Trans. Emittance, "TN µm-rad 200 25 25 25

Norm. Long. Emittance, "LN µm-rad 1.5 70 70 70

Bunch Length, �S cm 6.3 1 0.5 0.2
Proton Driver Power MW 4 4 4 1.6

Wall Plug Power MW 200 216 230 270

A schematic layout of a proton driven muon collider facility is sketched in Figure 2. The main
parameters of the enabled facilities are summarized in Table 1.

The functional elements of the muon beam generation and acceleration systems are:

– a proton driver producing a high-power multi-GeV, multi-MW bunched H
�
beam,

– a buncher made of an accumulator and a compressor that forms intense and short proton bunches,
– a pion production target in a heavily shielded enclosure able to withstand the high proton beam

power, which is inserted in a high field solenoid to capture the pions and guide them into a decay
channel,

– a front-end made of a solenoid decay channel equipped with RF cavities that captures the muons
longitudinally into a bunch train, and then applies a time-dependent acceleration that increases the
energy of the slower (low-energy) bunches and decreases the energy of the faster (high-energy)
bunches,

– an “initial” cooling channel that uses a moderate amount of ionization cooling to reduce the 6D
phase space occupied by the beam by a factor of 50 (5 in each transverse plane and 2 in the
longitudinal plane), so that it fits within the acceptance of the first acceleration stage. For high
luminosity collider applications, further ionization cooling stages are necessary to reduce the 6D
phase space occupied by the beam by up to five orders of magnitude,

– the beam is then accelerated by a series of fast acceleration stages such as Recirculating Linacs
Accelerators (RLA) or Fixed Field Alternating Gradient (FFAG) and Rapid Cycling Synchrotron
(RCS) to take the muon beams to the relevant energy before injection in the muon collider Ring.

3.2.2 R&D
The MAP R&D program (2011-2018) addressed many issues toward technical and design feasibility of
a muon based neutrino factory or collider [19] . Significant R&D progress, also summarized in [1], was
achieved.
Operation of RF Cavities in High Magnetic Fields Accelerating gradients in excess of 50 MV/m in a
3 T magnetic field have been demonstrated in the FNAL MuCool Test Area (MTA).
Initial and 6D Ionization Cooling Designs and pioneering demonstration Concepts were developed for
Initial Cooling, and 6D Cooling with RF cavities operating in vacuum (VCC), including a variant on this
design where the cavities were filled with gas used as discrete absorber (hybrid scheme), and a Helical

6

Ecm =mH 
L ~ 1 fb-1/yr 
!Ecm ~ 5 MeV

https://arxiv.org/abs/2209.01318
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TH, Yang Ma, Keping Xie, arXiv:2007.14300

Collinear splitting phenomena dominate!
EW “partons” dynamically generated 
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Those processes take over the annihilation channels at
higher energies

p
s ⇡ 2.5, 4.5, 11 TeV for W+

W
�
, tt̄ and

tt̄H production, respectively, as shown in Fig. 1 by the
rising solid curves labelled by EPA. At

p
s ⇡ 30 TeV, the

production rate for �� ! tt̄ is higher by two orders of
magnitude than that for µ+

µ
�
! tt̄ annihilation.

However, this description becomes inadequate at some
high scales. First, at high energies E � m`, the collinear
logarithm (↵/2⇡) ln (E2

/m
2
`) may be sizeable and needs

to be resummed for reliable predictions. This leads to
the QED analogue of the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [9–11], the concept
of QED parton distribution functions (PDFs) for the pho-
ton and charged fermions [12–14]. To estimate the re-
summation e↵ects, we plot the cross sections with the
leading-order �-PDF with a scale Q =

p
ŝ/2, where

p
ŝ

is the �� c.m. energy. As shown in Fig. 1 by the dashed
rising curves below those of EPA, we see that the rates
are lowered as expected, and could be smaller by about
a factor of two at 30 TeV.

More importantly, as pointed out in Refs. [15–17] and
explored in details [18], at scales Q

2
� M

2
Z , the SM

gauge symmetry SU(2)L⌦U(1)Y is e↵ectively restored.
Consequently, the four EW gauge bosons (W±,3

, B) in
the SM must be taken into account all together coher-
ently with B-W 3 mixing and interference. The fermion
interactions are chiral and the couplings and states evolve
according to the SM unbroken gauge symmetry. One
needs to invoke the picture of electroweak parton distri-
bution functions (EW PDFs) [19–21] dynamically gener-
ated by the electroweak and Yukawa interactions. The
longitudinally polarized gauge bosons capture the rem-
nants of the EW symmetry breaking. The e↵ects are gov-
erned by power corrections of the order M2

Z/Q
2 [22, 23],

a measure of the Goldstone-Boson Equivalence violation
[15, 24], analogous to higher-twist e↵ects in QCD.

II. Electroweak Parton Distribution Functions
Below the EW scale Q < MZ , the e↵ects of the SU(2)L
gauge bosons are suppressed by g

2
/M

2
Z . The gauge bo-

son radiation o↵ a charged lepton beam (`± = e
±
, µ

±)
is essentially purely electromagnetic. At the EW scale
and above, all electroweak states in the unbroken SM are
dynamically activated. The massless states involved at
the leading order are

`R, `L, ⌫L and B,W
±,3

. (4)

We will not include the Higgs sector in the initial state
partons since the Yukawa couplings to e, µ are not rele-
vant for the current consideration. However, we must in-
clude the e↵ects of longitudinally polarized gauge bosons
characterized by power corrections of the order M2

Z/Q
2.

Denote an EW PDF as fi(x,Q2) with i labelling a par-
ticle with an energy fraction x at a factorization scale Q.
The EW PDFs evolve according to the full EW DGLAP
equations [16, 25]

dfi
d lnQ2

=
X

I

↵I

2⇡

X

j

P
I
i,j ⌦ fj , (5)

Q µ �, Z, �Z W
±

⌫ `sea q g

MZ 97.9 2.06 0 0 0.028 0.035 0.0062
3 TeV 91.5 3.61 1.10 3.59 0.069 0.13 0.019
5 TeV 89.9 3.82 1.24 4.82 0.077 0.16 0.022

TABLE I. Momentum fractions (%) carried by various parton
species. The sea leptons include `sea = µ̄+

P
i 6=µ(`i +

¯̀
i) and

⌫ =
P

i(⌫i + ⌫̄i). The quark components include all the 6
flavors.

where I specifies the gauge group, and the P
I
ij are the

splitting functions for j ! i. The complete list of the
EW splitting functions for the SM chiral states are avail-
able in Refs. [15, 16, 20]. The initial condition for a
lepton beam is f`(x,m2

`) ⇡ �(1 � x) + O(↵) and it
evolves as ln

�
Q

2
/m

2
`

�
. At the electroweak scale, the

matching conditions are f�(x,M2
Z) 6= 0, fZ(x,M2

Z) =
0, f�Z(x,M2

Z) = 0, with a general relation
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where sW = sin ✓W is the weak mixing angle. The mixed
PDF f�Z (or fBW 3) represents a mix state and is impor-
tant to account for the interference between the diagrams
involving �/Z (or B/W

3) [15, 16, 19]. Chiral couplings
and their RGE running are fully taken into account in-
cluding the correlation between the polarized PDFs and
the corresponding polarized scattering amplitudes. With
one-loop virtual corrections, our results are accurate at
the leading-log (LL) order. In Fig. 2(a), we present EW
PDFs for the states in Eq. (4) for ` = µ with a scale
Q =3 TeV and 5 TeV. For completeness, we have also in-
cluded the quarks q =

Pt
i=d(qi+ q̄i) and gluons from the

higher-order splittings. We give the averaged momen-
tum fractions hxfii =

R
xfi(x)dx carried by various par-

ton species in Table I. The two scale choices lead to less
than 20% di↵erence for the EW PDFs. As expected, the
fermionic states sharply peak at x ⇡ 1, while the bosonic
states peak at x ⇡ 0, reflecting the infrared behavior. It
is noted that there is an enhanced rate at small x for
the fermions, deviating from the leading order behavior
⇠ 1/(1�x). This is from the soft �⇤

/Z
⇤
/W

⇤ splitting at
higher orders. Owing to the large flux of photons at low
scales, the neutral EW PDFs are largest. Unlike all the
other EW PDFs that scale logarithmically with Q, the
longitudinal gauge bosons (WL, ZL) do not scale with Q

at the leading order [15, 16, 26] � an explicit example
for Bjorken-scaling restoration.

III. Cross sections for Semi-inclusive Processes in
µ
+
µ
� Collisions

We write the production cross section of an exclusive
final state F and the unspecified remnants X in terms
of the parton luminosity dLij/d⌧ and the corresponding

the valance. : LO sea.
Quarks: NLO;  gluons: NNLO.

A "+"- Collider at High Energies
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µ±, ⌫µ :
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A "+"- Collider: “Buy one, get one free” 
Annihilation +VBF  simultaneously

SM processes: 
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� ⇠ �2`+1/S
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New Production Mechanisms at a "+"- Collider

EW charged: Color charged:

Some examples 
for exotic states:

Rpv squark
or Lepto-quark:

/Z

(W,Z)

Sq 

TH, Matt Low, Arthur Wu, Keping Xie, arXiv:24xx.xxxx
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SUSY:
Squark 

production:

annih.

fusion

annih.

fusion
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SUSY:
Squark 

production:

Sq-gluino 
production:

annih.

fusion

annih.

fusion

fusion
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SUSY:
Squark 

production:

Gluino  
production:

Sq-gluino 
production:

annih.

fusion

annih.

fusion

fusion

fusion
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EW Minimal Dark Matter:
Generic EW (degenerate) multiplets

�� µ+µ� �� �W WW

W Z ! ⌫⌫̄

µ+µ�
! ��� via annihilation µ+µ�

! ��,

�� ! ��� via �� ! ��,

�µ±
! �⌫�� via �W ! ��,

µ+µ�
! �⌫⌫�� via WW ! �� and µ+µ�

! ��Z.

� n ��

�

�

µ+µ� �⇤, Z⇤
! ��

pp ! �⇤/Z⇤
! `+`�

�� �W

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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ŝ

WW ��Z Z ! ⌫⌫̄

10� < ✓� < 170�.

2m�

E� > 50 GeV, m2
missing ⌘ (pµ+ + pµ� � p�)

2 > 4m2
�.

E� <

(s � 4m2
�)/2

p
s

p
s

µ+µ�
! �⌫⌫̄,

t W

a cone angle cut: 10o < θ < 170o



13

Heavy Higgs Boson Production 

TH, S. Li, S. Su, W. Su, Y. Wu, arXiv:2102.08386.
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Figure 3. Cross sections of µ+µ� ! H+H� (red), and HA (green) through µ+µ� annihilation (left
panel), and in addition and H±H/H±A (blue), HH/AA (purple), through VBF (right panel) in the
alignment limit cos(� � ↵) = 0 at di↵erent c.m. energy

p
s. We use solid, dashed and dotted line for

degenerate heavy Higgs masses m� = 1 TeV, 2 TeV and 5 TeV, respectively. The second y-axis on
the right shows the corresponding event yields for a 10 ab�1 integrated luminosity.

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

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

5 TeV (dotted curves). Red and green curves are used for H+H� and HA productions.

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 production in a P-wave as � ⇠ �3,

with � =
q

1 � 4m2
H
/s. Well above the threshold, the cross sections asymptotically approach

� ⇠ ↵2/s, which is insensitive to the heavy Higgs mass. The excess of the H+H� production

cross section over that of HA is attributed to the �⇤-mediated process. The cross sections are

calculated using MadGraph5 V2.6.7 [23] with Initial State Radiation (ISR) accounted [24].

– 8 –

annihilation VBF
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Heavy Higgs Boson Production 

TH, S. Li, S. Su, W. Su, Y. Wu, arXiv:2102.08386.
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Figure 17. Left panel shows the cross section of single heavy Higgs production through radiative
return for mH = 1, 2 and 15 TeV at tan� = 1. Solid curves are the convoluted cross section with ISR
spectrum, while the dashed curves are for µ+µ� ! H�. Right panel shows the tan� dependence of
the cross section for

p
s = 14 TeV and mH = 12 TeV.

The right panel of Fig. 17 shows the tan� dependence of the cross section for
p
s = 14

TeV and mH = 12 TeV. While the cross section at tan� = 1 is much smaller than the other

production channels we considered earlier, the cross section scales like tan2 � in Type-II/L,

which could be sizable at large tan�. It could even be the dominant production for heavy

Higgs in the large tan� region of Type-L, when pair production is kinematically forbidden

and quark associated productions are suppressed.

6 Summary

High energy muon colliders o↵ers new opportunity for the direct production of heavy particles.

In this paper, we study the discovery potential of the heavy Higgs bosons in Two-Higgs-

Doublet Models (2HDM) at a high-energy muon collider. Both pair production of non-

SM Higgses, and single non-SM Higgs production in association with pair of fermions are

analyzed, as well as radiative return production of single non-SM Higgs. We found that pair

productions are dominant below the
p
s/2 production threshold, while single non-SM Higgs

productions could be important for heavier masses, and in regions of tan� with Yukawa

coupling enhancement. Radiative return single production, in particular, could be important

in the large tan� region Type-L. We also compared the annihilation production versus the

VBF production, and found that VBF processes could be dominating at large center of mass

energy and low scalar masses. With appropriate cuts on the invariant mass, momentum, and

angle, the dominant SM backgrounds could be suppressed to a negligible level. SS: Check

this statement about the background.

We also access the discrimination power of muon colliders on di↵erent types of 2HDMs.

With the combination of both the productions and decays, we found that while it is challenge

– 26 –

Radiative returns for single H production: 2
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µ
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l
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(b) ZH associated production
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l
+

H

Z
⇤

A

(c) HA pair production

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

Coupling  ⌘ g/gSM Type-II & lepton-specific Type-I & flipped

gHµ+µ� µ sin↵/ cos� cos↵/ sin�

gAµ+µ� µ tan� � cot�

gHZZ Z cos(� � ↵) cos(� � ↵)

gHAZ 1� 
2
Z sin(� � ↵) sin(� � ↵)

TABLE I: Parametrization and their 2HDM models correspondence.

In Sec. II A, we first present the radiative return production of heavy Higgs boson in µ
+
µ
� collision in detail. We

also consider the production l
+
l
� ! ZH and l

+
l
� ! AH (l = e, µ) in Sec. II B. To make the illustration more

concrete, we compare these production modes in Sec. II C in the framework of 2HDM. Because of the rather clean
experimental environment and the model-independent reconstruction of the Higgs signal events at lepton colliders,
we also study the sensitivity of the invisible decay from the radiative return process in Sec. III. Finally, we summarize
our results and conclude in Sec. IV.

II. PRODUCTION MECHANISMS

Perhaps the most useful feature of a muon collider is the potential to have s-channel resonant production of the
Higgs boson [6–8, 10, 22]. As has been already mentioned in the previous section, such a machine undoubtedly has its
merits in analyzing in detail the already discovered Higgs boson near 125 GeV. When it comes to identifying a heavier
additional (pseudo)scalar, however, we do not have any a priori knowledge about the mass, rendering the new particle
search rather di�cult. If one envisions a rather wide-ranged scanning, it would require to devote a large portion of
the design integrated luminosity [9, 10]. In this section, we discuss the three di↵erent production mechanisms for the
associated production of the heavy Higgs boson. Besides the “radiative 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

Lint = �µ

mµ

v
Hµ̄µ+ iµ

mµ

v
Aµ̄�5µ+ Z

m
2
Z

v
HZ

µ
Zµ +

g

2 cos ✓W

q
(1� 

2
Z
)(H@

µ
A�A@

µ
H)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 production and the radiative return cross sections,

while Z controls the cross sections for ZH associated production and heavy Higgs pair HA production. 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 HAZ coupling we have used the generic 2HDM relation: Z is proportional
to cos(� �↵) and the HAZ coupling is proportional to sin(� �↵).1 In the heavy Higgs decoupling limit of 2HDM at
large mA, Z ⌘ cos(� � ↵) ⇠ m

2
Z
/m

2
A

is highly suppressed and µ ⇡ tan� (� cot�) in Type-II [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� is the ratio of the two vev’s, and ↵ is the mixing angle of the two scalar states.

5 Radiative return

While the cross sections for heavy Higgs pair production are unsuppressed under the alignment

limit, the cross section has a threshold cut of at mH ⇠
p
s/2. The resonant production 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 production 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 initial

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

production, thus dubbed the “radiative return”, as shown in Fig. 16.

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

This mechanism can be characterized by the process

µ+µ� ! �H, (5.1)

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

as the collinear radiation. We first calculate the cross section of the mono-photon process

for mH = 1, 5, 15 TeV at tan� = 1. 10� < ✓ < 170� is imposed for the photon detection

acceptance. For a single photon production, its energy is mono-chromatic E� = (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 section is

�̂(µ+µ� ! H) =
⇡Y 2

µ

4
�(ŝ � m2

H) =
⇡Y 2

µ

4s
�(⌧ � m2

H

s
). (5.3)

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

↵ by convoluting the ISR spectrum to one muon beam,

� = 2

Z
dx1f`/`(x1)�̂(⌧ = x1) =

↵Y 2
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

section is increasing with heavy Higgs mass mH , which benefits from the richness of the phase

space.
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Reaching M ~ Ecm!



Summary 

• Multi-TeV colliders:
    - Bread & butter SM EW physics in the new territory
    - Unprecedented accuracies for WWH, WWHH, H3, H4

- New particle (Q,L,H,…) mass coverage: 
                              MH ~ (0.5 – 1)Ecm 
    - Decisive coverage for minimal WIMP DM M ~ 0.5 Ecm

    - Complementary to Astro/Cosmo/GW & to FCC-hh:

Exciting journey ahead! 
16

• High energy muon-collider is a new endeavor:
Challenging technology
Great physics potential at the energy frontier
Interdisciplinary/complementary to other fields
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Backup slides …
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Non SUSY heavy pair production:
Color-triplet vector-like-fermion production:

TH, Matt Low, Arthur Wu, Keping Xie, arXiv:24xx.xxxx
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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: 
                      !E/E ~ 0.1% 
     potentially !E/E(mH) ~ 0.01% - 0.001%

<latexit sha1_base64="JzqhSSBNGQDyKa+P7Ve+mTw0kEY=">AAACH3icbVDLSgMxFM34dnxVXboJFkE3ZUaKuiw+wGUV+wCnlkx6q6HJzJDcEcswH+PGX9GFiBuF/o3pY1P1QODknHuTe0+YSGHQ8wbOzOzc/MLi0rK7srq2vlHY3KqbONUcajyWsW6GzIAUEdRQoIRmooGpUEIj7J0N/cYjaCPi6Ab7CbQUu49EV3CGVmoXKgHCE47eyTR08swNzkEioxc0MELRzA9i20+v84DuZxfji2oHKs0P7spuTtuFolfyRqB/iT8hRTJBtV14CzoxTxVEyCUz5tb3EmxlTKPgEnI3SA0kjPfYPWSjuXK6Z6UO7cbangjpSJ2qY8qYvgptpWL4YH57Q/E/7zbF7kkrE1GSIkR8/FE3lRRjOgyLdoQGjrJvCeNa2Akpf2CacbSRunZ1//eif0n9sOQflcpX5WLldBLCEtkhu2Sf+OSYVMglqZIa4eSFvJMv8u08O6/Oh/M5Lp1xJj3bZArO4AdWEKGf</latexit>

�E ⇠ 1

R
(
E

mµ
)4

• 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 !+!- annihilation, to reach
     higher new physics threshold ECM ~ 2 Mnew 

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

• Lower (hadronic) background: 
     "pp(total)~100 mb;   "! ! (total)~100 nb

“Buy one, get one free!”
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• Disadvantages of a muon collider

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

à 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 à pions à muons:
Require sophisticated scheme for ! capture & transport 

• Neutrino beam dump (environmental hazard)
"! ~ GF

2 E2  à  Shielding? 
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• Photon-induced QED cross sections
          large rates �fusion ⇠ ↵2

m2
jj

log2(
Q2

m2
)

<latexit sha1_base64="Dqg6UpoAM2cC6mTSRS4jC1aXj0I="></latexit>

(10o)

Quarks/gluons come into the picture via SM DGLAP:

a more precise determination of the photon PDF of a proton in terms of the electromagnetic
structure functions was proposed as the LUXqed formulation [37, 38], which are employed
in the global PDF analysis [39–41]. The splitting functions are extended to the EW theory
to involve the EW gauge bosons and chiral states in Refs. [22, 23], which are adopted to
determine the proton EW PDFs [24, 25].

As discussed in Sec. 1, for a leptonic beam, the DGLAP evolution equations in Eq. (2.1)
run di↵erently in three regions of the physical scales. The initial condition starts from the
lepton mass, and the QED PDFs (including the photon, charged leptons, and quarks) run
in terms of the QED gauge group. Starting at µQCD, the QCD interaction begins to enter.
The QCD and QED evolutions run simultaneously until µEW, where the complete SM sector
begins to evolve according to the unbroken SM gauge group. In such a way, we need two
matchings, at µQCD and µEW, respectively.1 As the QED and QCD gauge groups conserve
the charge and parity symmetry, the PDFs below µEW can be treated with no polarization,
as long as the initial lepton beams are unpolarized. As pointed out already in Refs. [21, 25],
the polarization plays an important role in the EW PDFs above the EW scale, even for the
unpolarized initial beams. Consequently, the photon and gluon become polarized due to the
fermion chiral interactions.

2.1 PDF evolution in QED and QCD

For the sake of illustration, we take the electron beam as an example. The presentation is
similarly applicable to the muon beam by recognizing a di↵erent mass. In solving the QED
and QCD DGLAP equations, it is customary to define the fermion PDFs in a basis of gauge
singlets and non-singlets. The singlet PDFs can be defined as

fL =
X

i=e,µ,⌧

(f`i + f¯̀
i
), fU =

X

i=u,c

(fui + fūi), fD =
X

i=d,s,b

(fdi + fd̄i), (2.3)

where the subscripts refer to the fermion flavors and we have excluded the top quark below
the EW scale. The DGLAP equations in Eq. (2.1), involving the photon and gluon, can be
written as

d

d logQ2

0

BBBB@

fL
fU
fD
f�
fg

1

CCCCA
=

0

BBBB@

P`` 0 0 2N`P`� 0
0 Puu 0 2NuPu� 2NuPug

0 0 Pdd 2NdPd� 2NdPdg

P�` P�u P�d P�� 0
0 Pgu Pgd 0 Pgg

1

CCCCA
⌦

0

BBBB@

fL
fU
fD
f�
fg

1

CCCCA
, (2.4)

where the active flavors below the EW scale are

N` = 3, Nu = 2, Nd = 3. (2.5)

Our splitting functions defined here include the gauge couplings ↵ and ↵s in Eq. (2.1), which
evolve with scale as well. The initial condition for an electron beam at the leading order is

fe/e(x,m
2
e) = fL(x,m

2
e) = �(1� x), (2.6)

1
In a realistic situation, one should perform a matching whenever crossing a heavy-flavor threshold, such

as at m⌧ ,mc,mb,mt. However, as long as the observables under consideration are not heavy-flavor sensitive

and the physical scale is well above their mass thresholds, the heavy flavors just behave similarly to the light

sea flavors that are all generated dynamically. Therefore, we treat them on the equal footing classified by the

matching scales µQCD and µEW.

– 3 –

The cross sections scale as 1/s, with the characteristic kinematics of the final-state pair
invariant mass close to the collider energy mij ⇡

p
s. At high energies, the ISR e↵ects

reduce the e↵ective partonic collision energy ŝ and thus increase the cross sections ⇠ 1/ŝ. For
illustration, we compare the result without ISR for `+`� ! ⌧+⌧� by the dotted curves in the
panels. Typically, the e↵ective reduction is about a factor of 20%�80% (10%�40%) for an
electron (muon) collider. The radiative returns to the Z resonant production also enhance
the light-particle cross sections significantly. The ISR e↵ects for light-particle production
(⌧+⌧�, qq̄) are thus larger than the massive one (W+W�), because of the lower threshold,
i.e., ŝ > m2

ij versus ŝ > (2MW )2.
In considering the QED fusion processes, the initial state partons present an infrared

enhancement at low mij and the two-parton cross section scales as

� ⇠ ↵2

m2
ij

✓
↵

2⇡
log

Q2

m2
`

◆2

. (3.2)

To separate the hadronic activities with the low-momentum transfer from the hard processes of
our current interests, we impose the following basic acceptance cuts on the outgoing particles
in the transverse momentum (pjT ), the di-jet invariant mass and the pseudo-rapidity (⌘j) in
the lab frame

pjT >

✓
4 +

p
s

3 TeV

◆
GeV, mij > 20 GeV, |⌘j | < 3.13 (2.44). (3.3)

The energy-dependent cut on the final state pjT is to uniformly control the collinear logs

of the form (↵s/⇡) log
⇣
pjT /

p
s
⌘
, and the pseudo-rapidity cut corresponds to an angle with

respect to the beam in the lab frame ✓j ⇠ 5° (10°), in accordance with the detector coverage.
For an equal-footing comparison, the same acceptance cuts have been applied to the Bhabha
scattering and annihilation processes in Fig. 3 as well.

In Fig. 3, the solid lines show the Compton scattering and the fusion processes

�` ! �`; �� ! `+`�, qq̄ (u, d, c, s, b), and W+W�, (3.4)

by exploiting the EPA in Eq. (2.16). The upper panels and lower panels are with a di↵erent
rapidity (angle) cut as in Eq. (3.3). The cross section for the Compton scattering (�`) also
falls as ↵2/(s ✓2), as evidenced from the figures. The cross sections for the other fusion
processes increase with energy logarithmically and decreases with pT (or mij) as in Eq. (3.2).
The angular dependence is much weaker than 1/✓2 and becomes roughly like ⌘2 due to the
boost factor. We see that the fermion pair production can be larger than that of the WW
channel, which is known to be one of the leading channels for high-energy leptonic collisions.
For the sake of illustration, we have only included the leading contributions from �� fusion
in Fig. 3. We remind the reader that for the W+W� production at these energies, the sub-
leading channel �Z ! W+W� contributes to about 20% (40%), and ZZ,W+W� ! W+W�

about 10% (30%) with respect to the �� contribution at an e+e� (µ+µ�) collider. They are
neglected in our comparison for simplicity, which does not change the conclusion [42].

– 10 –

mjj
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• Underlying sub-processes:
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Partonic contributions

VBF

VBF

"+"-anni

"+"-anni

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

Annihilation +VBF
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Higgs pair production & triple coupling:
SM Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

h

h

h
h

h

Production cross-section small
≠ two massive final state particles
≠ destructive interference

production mode Cross-section

(14 TeV)
gluon-gluon fusion ≥ 40 fb

vector boson fusion ≥ 2 fb
Higgs-strahlung ≥ 1 fb

tt̄hh ≥ 1 fb

4/22

Higgs boson self-couplingHiggs-fermion Yukawa coupling

arXiv:1212.5581

arXiv:1610.07922

ATLAS-2022-005
à dictate EW phase transition & impact on early universe cosmology!
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Covering the thermal targetwith � / g4
e↵/M2

DM. This leads us to a limit on the dark matter mass of

MDM < 1.8 TeV

✓
g2
e↵

0.3

◆
. (18)

As has been long appreciated, it is quite remarkable that the TeV scale
emerges so naturally in this way, assuming dark matter couplings comparable
in strength to the electroweak gauge interactions. This gives a strong, direct
argument for new physics at the TeV scale, independent of any theoretical
notions of naturalness.

Compellingly, dark matter often falls out of theories of physics beyond
the SM without being put in by hand. Indeed, if the SM is augmented by
new physics, not even necessarily close to the weak scale, but far beneath
the GUT scale, the interactions with new states should respect baryon and
lepton number to a very high degree. Since all SM particles are neutral under
the discrete symmetry (�1)B+L+2S, any new particles that are odd under
this symmetry will be exactly stable. This is the reason for the ubiquitous
presence of dark matter candidates in BSM physics. It is thus quite plausible
that the dark matter is just one part of a more complete sector of TeV-
scale physics; this has long been a canonical expectation, with the dark
matter identified as e.g. the lightest neutralino in a theory with TeV-scale
supersymmetry. The dominant SUSY processes at hadron colliders are of
course the production of colored particles—the squarks and gluinos—which
then decay, often in a long cascade of processes, to SM particles and the
lightest supersymmetric particle (LSP), resulting in the well known missing
energy signals at hadron colliders. This indirect production of dark matter
dominates, by far, the direct production of dark matter particles through
electroweak processes.

However, as emphasized in our discussion of naturalness, it is also worth
preparing for the possibility of a much more sparse spectrum of new particles
at the TeV scale. Indeed, if the idea of naturalness fails even slightly, the
motivation for a very rich set of new states at the hundreds-of-GeV scale
evaporates, while the motivation for WIMP dark matter at the TeV scale
still remains. This is for instance part of the philosophy leading to models
of split SUSY: in the minimal incarnation, the scalars and the second Higgs
doublet of the MSSM are pushed to ⇠ 102

� 103 TeV, but the gauginos (and
perhaps the higgsinos) are much lighter, protected by an R-symmetry. The
scalars are not so heavy as to obviate the need for R-parity, so the LSP is
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WIMP Dark Matter

TH, Z. Liu, L.T. Wang, X. Wang: arXiv:2009.11287; arXiv:2203.07351 



Pushing the “Naturalness” limit

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

Thus, mstop > 8 TeV à 10-4 fine-tune!
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gauginos

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

& gluinos, gauginos … 

E=30
    14

            10 TeV
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Fermilab on site:

Daniel Schulte; Mark Palmer; Katsuya Yonehara talk, March 2022

https://muoncollider.web.cern.ch

https://muoncollider.web.cern.ch/
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• Jets at low energies
For !+!- annihilation:

For partonic fusion:

�ann ⇠ ↵2

s
<latexit sha1_base64="qOmqpliZCLwUYF2x0+KM88aCovo="></latexit>

�fusion ⇠ ↵2

m2
jj

log2(
Q2

m2
)

<latexit sha1_base64="Dqg6UpoAM2cC6mTSRS4jC1aXj0I="></latexit>

Di-jet production: QCD dominates

10

(muon) colliders. The ISR e↵ect for light-particle production (⌧+⌧�, qq̄) is larger than the
massive one (W+

W
�), because of the lower threshold, i.e., ŝ > m

2
jj versus ŝ > (2MW )2.

In such a way, the Z resonance enhances light-particle cross section significantly. Another
factor also makes a di↵erence due to the s-channel behavior of 1/ŝ in the ISR is much larger
for light particles.

(shall we leave out a few dotted lines? they are only for illustration of the
di↵erence, not useful to keep them all.)

Particularly important channels of our current interests are the jet production via the
fusion mechanism, which would be the dominant phenomena at low energies. The production
channels include

�� ! qq̄, �g ! qq̄, �q ! gq,

qq ! qq(gg), gq ! gq, and gg ! gg(qq̄),
(27)

where q includes d, u, s, c, b and the possible anti-quarks as well. The PDFs and the corre-
sponding luminosity are already shown in Fig. 1-2. We present the cross sections for di-jet
production versus the collider c.m. energy at an e

+
e
� collider (left panel) and a µ+

µ
� collider

(right panel) in Fig. 4.
For the quark pair through �� fusion (�� ! qq̄), we obtain the cross section about

20%(10%) less than the EPA results in Fig. 3 for electron (muon) colliders. Two factors
contribute to this di↵erence. First, in the EPA calculation, we take a the fixed QED coupling,
↵e = 1/132.5, which corresponds to the running coupling around Q = 10 GeV. However, the
photon PDF is obtained through evolving the DGLAP equation, in which the coupling runs
with scale as well. Due to the sharp peak of mjj distribution around the invariant mass cut,
the scale Q =

p
ŝ/2 for most events are around half of mjj cut, which are 15 (25) GeV. In

the DGLAP running from m` up to 15 (25) GeV, the couplings at low energies accumulates
more weight, and, therefore, the averaged one is smaller than the fixed value in the EPA
calculation. Another factor contributes is that the higher order splitting � ! `

+
`
�
, qq̄ will

take away a part of the momentum fraction from the photon.
More interestingly, we see that the QCD parton initialed subprocesses exceed the photon

fusion by 3(2) magnitudes for the electron (muon) beam. Even the �g fusion becomes
larger than the �� fusion for the electron collider. For the muon collider case, the �g

fusion process can reach the same size as the �� fusion, depending on the kinematic cuts.
This indicate the importance of quark and gluon PDFs for a high-energy leptonic collider.
When focusing on the quark and gluon initiated processes, we see gluon ones dominate and
increases drastically with the increment of collision energy. The cross over of the gg fusion
and the qg scattering happens around 4 ⇠ 6 TeV for electron collider and 10 ⇠ 15 TeV for
muon collider. When comparing di↵erent acceptance cuts, we obtain a significant impact on
the total cross sections. Generally, the total cross section goes inversely with the cuts on the
jet invariant mass and angles. In the low invariant mass region, the cross section increases
drastically when lowering down the invariant masses.

[Keping: Do we want to move it to the summary section?] We summarize some
representative cross sections in e

+
e
� (µ+

µ
�) collisions for a variety of energies in Table II.

The total cross sections include both annihilation and fusion processes. We include the H

and tt̄ production as well, with the fixed order calculation. The kinematic cuts in Eq. (26)
are employed to the Higgs boson and top quarks. The Higgs cross sections are the same for
e
+
e
� and µ

+
µ
� colliders, as the Higgs is produced through WW fusion, which is the same

for e+e� and µ
+
µ
� colliders.

One of the most striking aspects at a lepton collider is the characteristically di↵erent

TH, Yang Ma, Keping Xie, to appear soon.


