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• Brief Report on Pitt PACC Workshop
• Recent Developments in Phenomenology
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3 short days: 10:00am – 4:00pm,  ~120 participants
• Machine R&D
• Detector simulations 
• Physics motivations
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Accelerator R&D:
Day 1: 

1. Nadia Pastrone: Muon collider: Are we ready?
2. Daniel Schulte: Current status of muon collider program

International Muon Collider Collaboration
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Accelerator R&D:
Day 2: 

1. Mark Palmer: MAP feasibility studies as basis for future capabilities
2. Diktys Stratakis: Overview of ionization cooling for a muon collider
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Detector & Simulations:
Day 3: 

1. Donatella Lucchesi: 
Muon collider: detector performances from full simulation

2.    Michele Selvaggi: Simulations for muon colliders

Related topics: Simulation tools
1. Fabio Maltoni: MadGraph & VBF processes
2. Wolfgang Kilian: WHIZARD & Multiple boson production

Much work needed to handle the computation
for !+!- collisions @ ultra-high energies! 

First detector simulation performed with MAP design



6

Theoretical motivations & physics potential:
Inspirational:

Nima Akarni-Hamed: Muon colliders rock!
Raman Sundrum: Muon collider against the backdrop 

of fundamental physics
General:

Andrea Wulzer: Why building a muon collider?
Keping Xie: Standard Model physics at HE muon colliders

Higgs & EWSB:
Zhen Liu: Physics at Higgs factories
Xing Wang: SM Higgs couplings at a HE muon collider
Shufang Su: 2HDM at a HE muon collider
… … DM & Leptons:

Lian-Tao Wang: WIMP DM at HE muon colliders
Rodolfo Capdevilla: Guaranteed discovery at muon colliders
Patrick Huber: Neutrino physics at the neutrino factory
… … It’s just beginning …
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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

Muon colliders:

Each topic deserves an hour talk …
Will only talk about the HE option.
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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.

(3 TeV/10 TeV)2 6 ⋅ 1035

L ≳ 5 years
time

sμ

10 TeV

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: 
keep constant event rate for !~ 1/s

Benchmark points: (aggressive choices)

• New physics threshold à higher energies
• EW interactions à high luminosities

Exciting opportunities for new physics!
European Strategy, arXiv:1910.11775;
arXiv:1901.06150; arXiv:2007.15684.

Multi-TeV muon colliders
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The rest of the talk:
• SM physics at ultra-high energies
• Precision Higgs physics
• Discovery of new heavy states: 

Heavy Higgs bosons
WIMP (SUSY) Dark matter

TH, Yang Ma, Keping Xie, arXiv:2007.14300
TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204
TH, Z. Liu, L.T. Wang, X. Wang, arXiv:2009.11287
TH, S.L. Li, S. Su, W. Su, Y.-C. Wu, to appear
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power counting à Higher twist effects.v/E

v/E, mt/E, MW /E ! 0!

• A massless theory: 
splitting phenomena dominate

• EW symmetry restored: 
SU(2)L x U(1)Y unbroken

• Goldstone boson Equivalence 
& its violation:

15

“Scalarization” to implement the Goldstone-boson 
Equivalence Theorem (GET): 

EW Symmetry breaking & 
Goldstone-boson Equivalence Theorem (GET):

At high energies E>>MW, the longitudinally polarized gauge bosons 
behave like the corresponding Goldstone bosons. (They remember 
their origin!)

Lee, Quigg, Thacker (1977); Chanowitz & Gailard (1984)

✏(k)µ
L =

E

mW
(�W , k̂) ⇡ kµ

mW
+ O(MW/E)

J. Chen, TH, B. Tweedie, arXiv:1611.00788;
G. Cuomo, A. Wulzer, arXiv:1703.08562; 1911.12366 

• EW physics at ultra-high energies:
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Figure 1. Schematic process involving a collinear splitting A ! B + C.

the cross section can be expressed in a factorized form

d�X,BC ' d�X,A ⇥ dPA!B+C , (2.1)

where P is the splitting function for A ! B+C. A given splitting can also act as the “hard”

process for later splittings, building up jets. The factorization of collinear splittings applies

similarly for initial-state particles, leading to the picture of parton distribution functions

(PDFs) for an initial state parton B (or C)

d�AB0!CX ' dPA!B+C ⇥ d�BB0!X , (2.2)

We will discuss this situation in the next section.

Integrating out the azimuthal orientation of the B +C system, the splitting kinemat-

ics are usually parametrized with two variables: a dimensionful scale and a dimensionless

energy-sharing variable z. The parton shower or DGLAP equations are constructed by

using the dimensionful scale as an evolution variable, though the choice is not unique.

Common choices include the transverse momentum kT of B or C relative to A’s three-

momentum vector, the virtuality of the o↵-shell leg (A for final-state showering, B or C for

initial-state showering), the energy-weighted opening angle of the split, or the renormal-

ization scale within dimensional regularization. We will mainly use kT -ordering in what

follows, though we will also discuss some results with virtuality-ordering. The energy-

sharing variable z (z̄ ⌘ 1 � z) is commonly taken to be the energy fraction of A taken

up by B (C). Alternately, z is sometimes defined as the lightcone momentum fraction,

z ⌘ (EB +~pB · p̂A)/(EA + |~pA|). Here, in practice we will use the three-momentum fraction

z ⌘
|~pB|

|~pB| + |~pC |
, (2.3)

which generally spans from zero to one, even in a massive shower. In the relativistic regime,

where the collinear factorization is strictly valid, all of these definitions are equivalent.1

1There is unavoidably some frame-dependence to this setup, as there is in all parton showers that are

defined strictly using collinear approximations. A more complete treatment would exhibit manifest Lorentz-
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The splitting kinematics then become

EB ⇡ zEA, EC ⇡ z̄EA, kT ⇡ zz̄EA✓BC , (2.4)

where ✓BC is the (small) angle between B and C.

In the simplest cases, generalizing the splitting function calculations to account for

masses is straightforward:

dPA!B+C(z, k
2
T ) '

1

16⇡2

zz̄|M(split)
|
2

(k2
T
+ zm̄2 + z̄m2 � zz̄m2

A
)2

F(z, k2T ;EA) dz dk
2
T . (2.5)

Here, M
(split) is the A ! B + C splitting matrix-element, which can be computed from

the corresponding amputated 1 ! 2 Feynman diagrams with on-shell polarization vectors

(modulo gauge ambiguities, which we discuss later). This may or may not be spin-averaged,

depending on how much information is to be kept in the shower. We have also employed the

shorthandm ⌘ mB for the mass of the first daughter particle (with energy/momentum frac-

tion z), and m̄ ⌘ mC for the mass of the second daughter particle (with energy/momentum

fraction z̄). The additional function F collects phase space factors that become relevant

in the nonrelativistic limit:

COMPUTE ME! (2.6)

In some cases where interference can be important, discussed below, the final identity of

a daughter might not be immediately known. In those cases, we default to choosing the

smallest possible mass value, namely zero in the case of a mixed �/Z state, or mZ in the

case of a mixed h/Zlong state. This allows the broadest possible splitting phase space.

On dimensional grounds, |M
(split)

|
2 goes like either k2

T
or some combination of the

various m2’s. The splitting functions thus typically scale like dk2
T
/k2

T
. There are also

mass-dependent terms like m2dk2
T
/k4

T
, that leads to the so-called ultra collinear behavior.

However, the integrated splitting rate at a given z becomes asymptotically finite at high

energies, proportional to dimensionless combinations of couplings and masses, with the

vast majority of the rate concentrated near the kT cuto↵. This e↵ectively acts as a kind of

threshold correction at the end of the shower. In either case, the remaining z dependence

after integrating over kT can be either dz/z or dz⇥(regular). The former yields additional

soft logarithms (again, formally regulated by the particle masses), and appears only in

splittings where B or C is a gauge boson.

2.2 Evolution equations

The splitting functions defined in the previous section are related to the perturbative

prediction for the initial state radiation (ISR) and thus the parton distribution functions

invariance and control of the low-momentum region, at the expense of more complicated book-keeping of

the global event structure, by using superpositions of di↵erent 2 ! 3 dipole splittings. Extending our

treatment in this manner is in principle straightforward, but beyond the scope of the present work.
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Figure 1: Schematic processes involving a collinear splitting A → B + C in either the

final state (left) or initial state (right).

broken phase, where we introduce the Goldstone Equivalence Gauge. Section 5 explores

some of the consequences of electroweak showering in final-state and initial-state splitting

processes, including interleaving into QCD showers. We summarize and conclude in Sec-

tion 6. Appendices give supplementary details of Goldstone Equivalence Gauge and the

corresponding Feynman rules in practical calculations.

2 Showering Preliminaries and Novel Features with EWSB

We first summarize the general formalism for the splitting functions and evolution equations

with massive particles that forms the basis for the rest of the presentation. We then lay

out some other novel features due to EWSB.

2.1 Splitting formalism

Let us consider a generic “hard” process nominally containing a particle A in the final

state, slightly off-shell and subsequently splitting to B and C, as depicted in Fig. 1. In the

limit where the daughters B and C are both approximately collinear to the parent particle

A, the cross section can be expressed in a factorized form [2]

dσX,BC " dσX,A × dPA→B+C , (2.1)

where P is the splitting function for A→ B+C. A given splitting can also act as the “hard”

process for later splittings, building up jets. The factorization of collinear splittings applies

similarly for initial-state particles, leading to the picture of parton distribution functions

(PDFs) for an initial state parton B (or C)

dσAB′→CX " dPA→B+C × dσBB′→X . (2.2)

We will discuss this situation in the next subsection.

Integrating out the azimuthal orientation of the B+C system, the splitting kinematics

are parametrized with two variables: a dimensionful scale (usually chosen to be approxi-

mately collinear boost-invariant) and a dimensionless energy-sharing variable z. Common

choices for the dimensionful variable are the daughter transverse momentum kT relative to
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the splitting axis, the virtuality Q of the off-shell particle in the process, and variations pro-

portional to the daughters’ energy-weighted opening angle θEA. Our descriptions here will

mainly use kT , as this makes more obvious the collinear phase space effects in the presence

of masses. For our numerical results in Section 5, we switch to virtuality, which allows for

a simpler matching onto resonances. Mapping between between any of these different scale

choices is however straightforward. The energy-sharing variable z (z̄ ≡ 1− z) is commonly

taken to be the energy fraction of A taken up by B (C). The splitting kinematics takes

the form

EB ≈ zEA, EC ≈ z̄EA, kT ≈ zz̄EAθ . (2.3)

When considering splittings involving massive or highly off-shell particles, various possible

definitions of z exist which exhibit different non-relativistic limits. Besides strict energy

fraction, a common choice is the light-cone momentum fraction, z ≡ (EB +"kB · k̂A)/(EA+

|"kA|). Our specific implementation in Section 5 uses the three-momentum fraction z ≡
|"kB |/(|"kB | + |"kC |), (Tao) ("p to "k all changed, to be consistent throughout the

paper, including Appendix D, below Eq.D2...) which makes phase space suppression

in the non-relativistic limit somewhat more obvious. However, in the relativistic regime,

where the collinear factorization is strictly valid, all of these definitions are equivalent, and

we do not presently make a further distinction.1

In the simplest cases, generalizing the collinear splitting function calculations to ac-

count for masses is straightforward. Up to the non-universal and convention-dependent

factors that come into play in the non-relativistic limit, the splitting functions can be

expressed as
dPA→B+C

dz dk2T
$

1

16π2

zz̄ |M(split)|2

(k2T + z̄m2
B + zm2

C − zz̄m2
A)

2
. (2.4)

Here, M(split) is the A → B + C splitting matrix-element, which can be computed from

the corresponding amputated 1→ 2 Feynman diagrams with on-shell polarization vectors

(modulo gauge ambiguities, which we discuss later). This may or may not be spin-averaged,

depending on how much information is to be kept in the shower. Depending upon the

kinematics, the mass-dependent factors in the denominator act to either effectively cut

off collinear divergences at small kT or, in final-state showers, to possibly transition the

system into a resonance region. In cases where interference between different mass eigen-

states can be important, this basic framework must be further generalized. Resonance and

interference effects are introduced in Section 2.3.

On dimensional grounds, |M(split)|2 goes like either k2T or some combination of the

various m2’s. Conventional splitting functions typically scale like dk2T /k
2
T , which is exhib-

ited by all of the gauge and Yukawa splittings of the massless unbroken electroweak theory,

as to be shown in Section 3. There can also be mass-dependent splitting matrix elements

1There is unavoidably some frame-dependence to this setup, as there is in all parton showers that are

defined strictly using collinear approximations. A more complete treatment would exhibit manifest Lorentz-

invariance and control of the low-momentum region, at the expense of more complicated book-keeping of

the global event structure, by using superpositions of different 2 → 3 dipole splittings. Extending our

treatment in this manner is in principle straightforward, but beyond the scope of the present work.
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• On the dimensional ground: |Msplit|2 ⇠ k2T or m2

• For the factorized formalism to be valid:
infra-red safe & leading behavior: not guaranteed  

Ciafaloni et al., hep-ph/0004071; 0007096 
C. Bauer, Ferland, B. Webber et al., arXiv:1703.08562; 1808.08831.
A. Manohar et al., 1803.06347. 

EW splitting physics: 
the dominant phenomena at high energies
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VBF luminosities: !-C versus pp
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F. Maltoni, R. Ruiz et al., arXiv:2005.10289
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TH, Yang Ma, Keping Xie, arXiv:2007.14300
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• Coupled DGLAP Eqs under SU(3)cxSU(2)LxU(1)Y 
• Multiple scales: QED@ln(m! ), "QCD , EW@ln(MW)
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Semi-inclusive processes:
Just like in hadronic collisions

!+!- à exclusive particles + remnants

VBF

!+!-

annihilations
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Proper formulation still
doesn’t exist in the packages:

PYTHIA, MadGraph, WHIZARD
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• Precision Higgs physics 
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1 Introduction

The discovery of the Higgs boson at the CERN Large Hadron Collider (LHC) opens a new
avenue in particle physics. On the one hand, the existence of the Higgs boson completes the
particle spectrum in the Standard Model (SM) and provides a self-consistent mechanism in
quantum field theory for mass generation of elementary particles. On the other hand, the SM
does not address the underlying mechanism for the electroweak symmetry breaking (EWSB)
and thus fails to understand the stability of the weak scale with respect to the Planck scale. In
order to gain further insight for those fundamental questions, it is of high priority to study the
Higgs boson properties to high precision in the hope to identify hints for new physics beyond
the SM.

In the SM, the Higgs sector is constructed from a complex scalar doublet �. After
the EWSB, the neutral real component is the Higgs boson excitation H and the other three
degrees of freedom become the longitudinal components of the massive gauge bosons. As such,
studying the Higgs-gauge boson couplings would be the most direct probe to the underlying
mechanism of the electroweak symmetry breaking. After the EWSB, the Higgs sector can be
parameterized as

L �

✓
M

2
WW

+
µ W

�µ +
1

2
M

2
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µ
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V
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v
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m
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◆
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where v = 246 GeV is the vacuum expectation value of the Higgs field and i = 1 for the SM
couplings at tree-level. This “-scheme” is a convenient phenomenological parameterization
of deviations from the SM expectations, which is suitable for the exploratory nature of the
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present study. Here it is made implicit that V = W = Z . This is the prediction of the
tree-level custodial SU(2) invariance [1], which is an accidental symmetry of the SM. This has
been verified to a good accuracy by precision EW measurements [2]. Nevertheless, in our fit
we wish to be more general and will not be assuming a correlated W and Z .

A fully consistent and theoretically-sound framework would utilize effective field theories
(EFT), by augmenting the SM Lagrangian with higher dimensional operators from integrating
out the heavier states [3]. While a systematic account for the effects of the higher dimensional
operators is much more involved and beyond the scope of the current work, we would like to
consider the following two operators for the purpose of illustration [4, 5]

OH =
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where ⇤ is the cutoff scale where new physics sets in, and � is the quartic coupling parameter in
front of (H†

H)2 term in the SM Higgs potential. At the dimension-six level these are the two
operators that are most relevant for our study. An additional operator, �†�(Dµ�)†(Dµ�), can
be removed by a suitable field-redefinition [5]. The resulting shifts �i ⌘ i � 1 in Eq. (1.1)
are1
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We see that deviations in the V V H and V V HH (V = W
±
, Z) couplings are correlated and

controlled by the same operator OH . However, the precision we are expecting is high and could
potentially be sensitive to effects of dimension-8 operators, in which case the correlation may be
modified. On the other hand, the Higgs trilinear self-coupling 3 is among the most important
interactions to be tested in the Higgs sector – it governs the shape of the Higgs potential and,
consequently, the nature of the electroweak symmetry breaking. In addition, 3 controls
the strength of the electroweak phase transition, which is important for understanding the
cosmological evolution of the early universe as well as the origin of the observed matter-anti-
matter asymmetry in the current unverse [7–9]. Precise measurements of these couplings will
provide insights on how nature works at the shortest distance scale ever probed by mankind.
Needless to say, should deviations from the SM predictions be observed, it would completely
revolutionize our understanding of the physical laws of nature.

With the great success of the LHC program, we have achieved the measurement of the
V V H to O(5%) accuracy [10, 11], which will be further improved by roughly a factor of two
with the high-luminosity LHC upgrade [12]. In e

+
e
� collisions at the International Linear

Collider (ILC) [13, 14], the proposed Higgs factories [15–17] and the CLIC [18, 19], sub-
percent level accuracies for WWH of O(0.6% � 1.2%) and ZZH of O(0.2% � 0.5%) could

1
Interestingly, in most cases there is a positivity constraint on cH > 0, thereby reducing the V V H and

V V HH coupling strengths [6].
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p
s (TeV) 3 6 10 14 30

benchmark lumi (ab�1) 1 4 10 20 90
� (fb): WW ! H 490 700 830 950 1200

ZZ ! H 51 72 89 96 120
WW ! HH 0.80 1.8 3.2 4.3 6.7
ZZ ! HH 0.11 0.24 0.43 0.57 0.91
WW ! ZH 9.5 22 33 42 67
WW ! tt̄H 0.012 0.046 0.090 0.14 0.28
WW ! Z 2200 3100 3600 4200 5200
WW ! ZZ 57 130 200 260 420

Table 1: SM Higgs boson production cross sections in units of fb at a muon collider for
various energies. For comparison, the SM background processes of Z and ZZ production are
also shown.

an integrated luminosity of 10 ab�1, we may expect the production of about 107 Higgs bosons
and 3.6 ⇥ 104 Higgs pairs. For comparison, we have also included in Table 1 the SM irre-
ducible backgrounds µ

+
µ
� VBF

! Z,ZZ, which are also largely from the VBF mechanism, in
Table 1. Although the background rates are larger than the signals by a factor of 4 (55) for
the H (HH) process, they populate different kinematical regions from the signals and can be
reduced by appropriate kinematic cuts.

3 V V H Couplings

At high energy lepton colliders, the cross section for single H production via the Higgs-
strahlung µ

+
µ
�

! ZH falls as 1/s. The high statistics channels for measurements of V V H

couplings rely on the WW and ZZ fusion via the VBF topology:

µ
+
µ
�

! ⌫µ⌫̄µ H (WW fusion), (3.1)
µ
+
µ
�

! µ
+
µ
�
H (ZZ fusion). (3.2)

See Fig. 1 for a representative Feynman diagram. It would be desirable to separate these
two classes of events by tagging the outgoing muons and achieve independent measurements
on WWH and ZZH couplings. However, for the VBF topology, the outgoing muons have a
tendency to stay in the forward region due to the t-channel propagator shown in Fig. 2(a).
Although the transverse momentum of the outgoing muons is sizable and governed by the
propagator mass p

µ

T
⇠ MZ , at very high energies the muons are all extremely forward with

a polar angle typically ✓µ ⇡ MZ/Eµ. In Fig. 3(a), we show the angular distributions of the
outgoing muons at

p
s = 3, 10, 30 TeV. One can see that, for example, the scattering angle for

a muon is peaked near ✓µ ⇠ 0.02 ⇡ 1.2� at 10 TeV. These very forward muons would most
likely escape the detection in a detector at a few degrees away from colliding beams. This
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outgoing muons at
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s = 3, 10, 30 TeV. One can see that, for example, the scattering angle for

a muon is peaked near ✓µ ⇠ 0.02 ⇡ 1.2� at 10 TeV. These very forward muons would most
likely escape the detection in a detector at a few degrees away from colliding beams. This
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Figure 3: µ
+
µ
�

! µ
+
µ
�
H via ZZ fusion with

p
s = 3, 10 and 30 TeV for (a) angular

distribution ✓µ� , and (b) total cross section versus an angular cut ✓
cut
µ� .

feature makes it increasingly difficult to distinguish the processes of the neutral currents (ZZ

fusion [35]) from the charged currents (WW fusion) at higher energies. Therefore, separating
these two classes of events would require the capability of detecting very energetic muons in
the forward region of a few degrees with respect to the beam. Without this, we would have
to focus on the “inclusiveness,” a dominant behavior of the collinear splitting physics recently
emphasized in Ref. [30]. As a consequence, we will consider two classes of events for VBF
production of single H:

• Inclusive channel: events from WW fusion and from ZZ fusion without detecting muons;

• Exclusive 1µ channel: events from ZZ fusion with at least one muon detected.

The inclusive channel is populated predominantly by events from the WW fusion, but
also contains events from ZZ fusion when the outgoing muons go down the beam pipe and
escape detection. However, as seen from Table 1, ZZ-fusion cross section is roughly 10% of
the WW fusion cross section, and thus a small contamination for the WWH measurement.
The 1µ channel, on the other hand, comes from the ZZ fusion and is uniquely sensitive to
the ZZH coupling, although it suffers from poor selection efficiency after requiring a muon
identification. In Fig. 3(b), we illustrate the fiducial cross section after the angular acceptance
cut ✓

cut
µ� . At a fixed angular acceptance, the cross section falls as � ⇠ 1/E2

µ.

3.1 Inclusive channel

Processes contributing to the inclusive channel are shown in Eqs. (3.1) and (3.2). We focus
on the leading decay channel H ! bb̄. The Higgs boson signal will be bb̄ pair near the Higgs
mass mH plus large missing energy, resulting from the missing neutrinos and the undetected
muons. We impose the basic acceptance cuts on the b jets

pT (b) > 30 GeV, 10� < ✓b < 170�, (3.3)
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(a) (b)

Figure 5: (a) p
H

T
distribution of the Higgs boson in 1µ channel (b) Separation of the b jets

from H ! bb̄.

background is µ
+
µ
�

! ZZ ! µ
+
µ
�
Z with Z ! bb̄. 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 addition, we require the presence of at least one muon to be in

10� < ✓µ± < 170�. (3.8)

This turns out to be very costly to the signal, since the majority of the muons have ✓µ < 10�,
as already seen in Fig. 3. As such, the signal reconstruction efficiencies for this channel are
very low and are shown in Table 2, together with the predicted cross sections 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 estimated precision
is worse than the inclusive channel despite the higher energies and more luminosities. This is
mainly due to the significantly 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 energetic muons, this large scattering angle leads to a high
transverse momentum p

µ

T
> 0.17Eµ and, consequently, induces a strong recoil in the Higgs

boson produced in the final state. In Fig. 5 we show the pT distribution of the Higgs boson
in (a) for the 1µ channel as well as Rbb in (b), the separation of the b-jets from H ! bb̄. In
particular, at

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

and the resulting decay is boosted with Rbb ⇠ 0.2. Care needs to be taken when reconstructing
such boosted events.
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WWH / ZZH couplings:

p
s [TeV] �SM [fb] R1 R2 R3 R4 R5

3 TeV 0.91 �3.5 �0.65 3.1 14 0.49

6 TeV 2.0 �3.9 �0.50 2.8 29 0.35

10 TeV 3.6 �4.3 �0.43 2.7 54 0.29

14 TeV 4.9 �4.4 �0.38 2.6 80 0.25

30 TeV 7.6 �4.4 �0.28 2.3 210 0.19

Table 4: Predicted cross sections of the inclusive µ
+
µ
�

! HH +X, as given in Eq. (4.2) at
different muon collider energies.

where ASM, A2 ⇠ constant, and A1 ⇠ E
2 at high energies E � MW . Because of the energy

growing behavior of A1, the cross section has a strong dependence on �W2 over a large
range of phase space. As a result, we expect to be able to constrain W2 better than 3.
This argument also shows, when extracting the trilinear Higgs self-coupling it is important to
consider the impact from the quartic V V HH coupling. In this study, we have assumed the
HHV V vertex is modified only in its strength for simplicity, while in many well-motivated new
physics models the tensor structure of the quartic coupling could also be corrected [37, 38].
It will be interesting to further assess the impact of these additional modifications on the
extraction of 3 [39].

For the Higgs decays, we once again focus on the leading decay channel HH ! bb̄ bb̄,
which has a SM branching fraction BR(4b) ' 34%. We impose basic acceptance cuts

pT (b) > 30 GeV, 10� < ✓b < 170�, �Rbb > 0.4. (4.4)

As before, we further assume the jet energy resolution to be �E/E = 10%.
The Higgs candidates are reconstructed from the four most energetic jets. The four jets

are paired by minimizing
(mj1j2 � mH)2 + (mj3j4 � mH)2. (4.5)

And for each Higgs candidate, we impose

|mjj � mH | < 15 GeV (4.6)

to reject background from Z and W resonances. We also require the recoil mass

Mrecoil =
q

(pµ+ + pµ� � pH1 � pH2)
2 > 200 GeV. (4.7)

The signal selection efficiencies and the corresponding cross sections are listed in Table 2. If
we tighten the angular cut to 20�, the efficiencies would drop by a factor of 3 – 4.

We again perform a simultaneous fit to 3 and W2 using binned maximum likelihood
fit. Given the different energy dependence in the subamplitudes controlled by 3 and W2 , we
decided to bin the mHH distribution into the following intervals2

mHH = [0, 350, 450, 550, 650, 750, 950, 1350, 5000] GeV. (4.8)
2
A similar procedure for double Higgs production in hadron colliders can be found in Ref. [40].
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Table 1: SM Higgs boson production cross sections in units of fb at a muon collider for
various energies. For comparison, the SM background processes of Z and ZZ production are
also shown.

an integrated luminosity of 10 ab�1, we may expect the production of about 107 Higgs bosons
and 3.6 ⇥ 104 Higgs pairs. For comparison, we have also included in Table 1 the SM irre-
ducible backgrounds µ

+
µ
� VBF

! Z,ZZ, which are also largely from the VBF mechanism, in
Table 1. Although the background rates are larger than the signals by a factor of 4 (55) for
the H (HH) process, they populate different kinematical regions from the signals and can be
reduced by appropriate kinematic cuts.

3 V V H Couplings

At high energy lepton colliders, the cross section for single H production via the Higgs-
strahlung µ

+
µ
�

! ZH falls as 1/s. The high statistics channels for measurements of V V H

couplings rely on the WW and ZZ fusion via the VBF topology:

µ
+
µ
�

! ⌫µ⌫̄µ H (WW fusion), (3.1)
µ
+
µ
�

! µ
+
µ
�
H (ZZ fusion). (3.2)

See Fig. 1 for a representative Feynman diagram. It would be desirable to separate these
two classes of events by tagging the outgoing muons and achieve independent measurements
on WWH and ZZH couplings. However, for the VBF topology, the outgoing muons have a
tendency to stay in the forward region due to the t-channel propagator shown in Fig. 2(a).
Although the transverse momentum of the outgoing muons is sizable and governed by the
propagator mass p

µ

T
⇠ MZ , at very high energies the muons are all extremely forward with

a polar angle typically ✓µ ⇡ MZ/Eµ. In Fig. 3(a), we show the angular distributions of the
outgoing muons at

p
s = 3, 10, 30 TeV. One can see that, for example, the scattering angle for

a muon is peaked near ✓µ ⇠ 0.02 ⇡ 1.2� at 10 TeV. These very forward muons would most
likely escape the detection in a detector at a few degrees away from colliding beams. This
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(a) (b)

Figure 4: (a) Invariant mass distribution for the Higgs boson and Z boson at
p
s = 10 TeV

with an energy resolution 10%, and (b) the b-quark angular distribution ✓b in the lab frame
for

p
s = 3, 10, 30 TeV.

p
s (TeV) 3 6 10 14 30

WW ! H : ✏in (%) 54 46 42 39 32
ZZ ! H : ✏in (%) 57 49 44 41 35

Cross section �in (fb) 170 200 220 240 240
ZZ ! H : ✏1µ (%) 11 2.7 0.84 0.37 0.071

Cross section �1µ (fb) 3.1 1.1 0.43 0.20 0.050
V V ! HH : ✏hh (%) 27 18 13 11 7.2
Cross section �hh (ab) 81 140 150 170 200

Table 2: Selection efficiencies and the estimated cross sections after selection cuts for the
inclusive channel, exclusive 1µ channel, as well as the inclusive HH channel.

p
s (TeV) 3 6 10 14 30

benchmark lumi (ab�1) 1 4 10 20 90
(�

W
)in 0.26% 0.12% 0.073% 0.050% 0.023%

(�
Z
)in 2.4% 1.1% 0.65% 0.46% 0.20%

(�
Z
)1µ 1.7% 1.5% 1.5% 1.5% 1.5%

Table 3: The 95% C.L. in �W/Z in the inclusive channel by varying one coupling at a time,
as well as for �

Z
from the exclusive 1µ process.

3.2 Exclusive 1µ channel

The leading process contributing to the exclusive 1µ channel is ZZ fusion in Eq. (3.2), whose
rate is shown in Table 1. Again, with the same decay mode, the Higgs boson signal will be
bb̄ pair near the Higgs mass mH plus µ

+
µ
� in the forward-backward regions. The leading
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“adopt the inclusiveness”

Hàbb
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HHH / WWHH  couplings:
Figure 1: VBF production of a single Higgs boson at a high energy muon collider via WW

fusion. For ZZ fusion, replace the W propagator by the Z propagator and the outgoing
neutrinos by muons.

(a) (b) (c)

Figure 2: Double Higgs production at a high energy muon collider via WW fusion. The
production goes through the VBF topology, as in Fig. 1.

2 Higgs Boson Production at a High-energy Muon Collider

The Higgs boson couples predominantly to heavier particles. The production of a Higgs boson
thus involves other heavy particles in the SM. At high energies, gauge bosons will copiously
radiate off the colliding beams. Therefore, the vector boson fusion (VBF) mechanism are the
dominant source for the Higgs boson production at a high-energy muon collider [29, 30]. The
production processes involving the Higgs boson at a high-energy muon collider include

µ
+
µ
� VBF

�! H, ZH, HH and tt̄H , (2.1)

which are all dominantly from the VBF processes. We list the production cross sections in
Table 1 for those Higgs production processes with a few representative benchmark energy
choices. Cross sections are computed using the package MadGraph [34]. Recently it has been
advocated that, in high energy collisions, it may be appropriate to adopt the approach of elec-
troweak parton distribution functions (EW PDF) [30] to resum the potentially large collinear
logarithms at high scales. For the processes under consideration, the difference is insignificant
since the single Higgs production is set by a low scale mH , while the Higgs pair production HH

is dominated by the longitudinal gauge boson fusion (WLWL), that has no scale dependence
at the leading order.

We will examine the precision measurements of the Higgs boson couplings via the pro-
duction processes as depicted in Figs. 1 and 2. For instance, at a 10 TeV muon collider with
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mHH [GeV] �SM [ab] r1 r2 r3 r4 r5

[0, 350) 15 �2.7 �1.7 7.6 6.7 2.6

[350, 450) 24 �3.4 �1.2 5.2 7.8 0.95

[450, 550) 24 �4.0 �0.91 4.6 12 0.52

[550, 650) 21 �4.6 �0.70 4.7 17 0.36

[650, 750) 17 �5.3 �0.60 5.1 26 0.28

[750, 950) 24 �6.9 �0.52 6.3 46 0.23

[950, 1350) 23 �11 �0.47 8.7 120 0.19

[1350, 5000) 15 �18 �0.30 7.2 240 0.075

Table 5: Cross sections of the inclusive µ
+
µ
�

! HH + X ! bb̄ bb̄ + X in different mHH

ranges as the coefficients corresponding to the five terms in Eq. (4.9) with
p
s = 10 TeV.

.
p
s (TeV) 3 6 10 14 30

benchmark lumi (ab�1) 1 4 10 20 90
(�W2)in 5.3% 1.3% 0.62% 0.41% 0.20%
(�3)in 25% 10% 5.6% 3.9% 2.0%

Table 6: The 95% C.L. in �W2 and �3 for the inclusive channel, by varying one coupling
at a time.

The binned cross section of µ+
µ
�

! HH + X ! bb̄ bb̄ + X after the selection cuts can be
parametrized, in a similar fashion, as

� = �SM

h
1 + r1�W2 + r2�3 + r3�W2�3 + r4 (�W2)

2 + r5 (�3)
2
i
, (4.9)

where the values are given in Table 5 for
p
s = 10 TeV for illustration. It is important to note

again the increasing sensitivity on W2 at higher values of m
HH

. The resulting contours are
shown in Fig. 7. In Table 6 we also provide the 95% C.L. from the single parameter fit, by
allowing 3 and W2 to vary only one at a time.

5 Discussion and Conclusion

As we have shown in this work, a multi-TeV high energy muon collider will have a tremendous
potential to constrain the electroweak Higgs couplings with unprecedented accuracy. It will
offer a unique probe into the nature of the Higgs boson as well as the scale of possible new
physics beyond the SM. In Table 7, we present a summary of the estimated sensitivities at
different collider energies and luminosities. In the last column of the table, we compare with
the expected precision from other proposed colliders. It is clear that a multi-TeV muon collider
could improve the measurements substantially.

– 13 –

HHàbb, bb
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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 luminosities. 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
c
i
(TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (�Z) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
⇤/

p
c
i
(TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

WWHH (�W2) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
⇤/

p
c
i
(TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (�3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
⇤/

p
c
i
(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 luminosities.

In our analyses, we only focused on the leading decay channel H ! bb̄. A more com-
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• Heavy Higgs bosons in 2HDM 

TH, S.L. Li, S. Su, W. Su, Y.-C. Wu, to appear
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VBF Annih.

! ~ "3/s ! ~ ln2(s)/M4#
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Discriminating 2HDM models:
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Radiative returns:
Pushing the heavy mass reach

(for tan! = 1)
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�

(color, n, Y ) � µ µ

1.8 � 3.7

13 � 14

✏ 13 � 14

10 � 14

✏ 11 � 14

8.1 � 12

✏ 8.6 � 13

5�

2� �
p
s =

(1, n = 2T+1, ✏)

(1, n = 2T + 1, 0)

n Y = (n � 1)/2

Y 6= 0

M �m / v2/M

M ⇠ (10 1000)

n

Y n

n � 4

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

• WIMP (SUSY) DM
Consider the “minimal EW dark matter”:

The lightest neutral component in an EW multi-plet
• Interactions well defined à pure gauge
• Mass upper limit predicted à thermal relic abundance 

SU(3)cxSU(2)LxU(1)Y
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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



30

1 2 3 4 5
m� [TeV]

10�4

10�3

10�2

10�1

100

101

102

103

R
eq

ui
re

d
lu

m
in

os
ity

at
95

%
C

.L
.[

ab
�

1 ]

p
s = 14 TeV
Mono-muon

(1, 2, 1/2)

(1, 3, �)

(1, 5, �)

(1, 7, �)

2�
p
s = 14

�Z

WZ/W�

� µ±
! µ±�� via �Z ! ��,

µ+µ�
! µ±⌫�� via �W,ZW ! ��,

� n ��

� µ±

�Z

WZ/W�



31

Missing-track signal for LLP:
A single photon plus missing tracks
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Go muon collider!


