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Who Ordered That?!

In 1936, Anderson & Neddermeyer used a 
cloud chamber and found a (±) charged 
particle in the cosmic ray:   me- < M < mp+

• A surprising discovery

• Pair production from !*
• Highly ionizing: a slow-motion  M ~ 200 me- 
• Decaying to electron with a lifetime  
                                           " ~ 2 x 10-6 s 
• Highly penetrating: no strong interactions,
     thus NOT Yukawa’s “meson” to mediate 
 p+, n strong nuclear force.

“Who ordered THAT ?!”   
-- I. I. Rabi  (1944 Nobel Laureate)
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• The “usher” for particle physics:
-- there are two “mesons”!

In 1948, Lattes et al. used a photographic emulsion detector, 
observing two charged particles:  !± à "± à e± 

The discovery of !± led to another discovery of "±!
 -- both particles named by Lattes.

The "±,0 are the Yukawa mesons 
mediating the strong force!

(Yukawa, 1949)
(Powell, 1950)
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• Parity violation in muon decay

Lederman et al. & Friedman et al. 
made it with polarized muons: 

<latexit sha1_base64="6BcMTAI2f1nT7ZNCUcZEko4UUA8="></latexit>

dNe

d cos ✓
/ 1 + ~pe · ~nµ ⇠ 1� 1

3
cos ✓e

Following Prof. C.S.Wu’s experiment in !-decay:

Phys. Rev. 105, 1413 (1957)

Phys. Rev. 105, 1415 (1957);
Phys. Rev. 106, 1290 (1957)

<latexit sha1_base64="aYPBmqO2bj/UT6229hQavSYZ8jk="></latexit>

dNe

d cos ✓
/ a+ b ~J · ~pe

(Lee & Yang
1957)

Neutrons and "± decays involve the weak nuclear force:
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• Heavy Quark Onia:

“Lederman’s shoulder”:
1968-1969@BNL di-muon expt:

“Oops-leon” 
(Leon Lederman, 1976)

ushered the J/#(cc) Discovery 

(1976)

- -the #(bb)à$+ $- Discovery 
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• Two flavors of neutrinos:

• Neutrino Deeply Inelastic Scattering
      In addition to 

Phys. Rev. Lett. 9, 36 (1962)

Lederman-Schwartz-Steinberger made the #! beam!

And there “#” is NOT #e!

<latexit sha1_base64="nQSnFgzI5/9TX4supEnaz1p35fU="></latexit>

⇡± ! µ± + ⌫ ) ⌫ +N ! µ± +N 0

(1). Muon flavor identified à flavor physics, before Cabibbo !
  --- Two-neutrino mixing by S. Sakata: Prog. Theor. Phys. 28 (1962) 870.

Discovery of “weak neutral current”

<latexit sha1_base64="GXxaaJHNFkX3cyDIiyuaW31sjGE="></latexit>

e± +N !(�⇤) e± + hadrons :

F e
2 (x) = 2xF e

1 (x) = x
X

q

e2q[q(x) + q̄(x)]

Precisions:
<latexit sha1_base64="CPO8PxIkgcS5qP02gEGG/VQ9Kh8="></latexit>

s(x)� s̄(x), Vcd, Vcs, sin ✓W

(1988)

(DIS, 1990)<latexit sha1_base64="5zw7CmVJ27hDPVbqaGI39ZFMw78=">AAACInicbVDLSgMxFM3UVx1fVZdugkWoCGVGfC2L3biSCvaBnVoymbQNzWSG5I5YhvkbN/6JuBFxY8GPcfoAaeuFwOGck+Se44aCa7CsoZFZWl5ZXcuumxubW9s7ud29mg4iRVmVBiJQDZdoJrhkVeAgWCNUjPiuYHW3Xx7p9SemNA/kPQxC1vJJV/IOpwRSqp0rO8CeYfxOrJiXmLHpyKjt+BE+wbfYgQA/xoWH4wT/0bGjfNwjngqkTszEbOfyVtEaD14E9hTk0XQq7dyb4wU08pkEKojWTdsKoRUTBZwKlphOpFlIaJ90WTxeLcFHKeXhTqDSIwGP2Rkf8bUe+G7q9An09Lw2Iv/TmhF0rloxl2EETNLJR51I4DT4qC/sccUoiEEKCFU83RDTHlGEQtrqKLo9H3QR1E6L9kXx/O4sX7qelpBFB+gQFZCNLlEJ3aAKqiKKXtEH+kZD48V4Nz6Nr4k1Y0zv7KOZMX5+Acdiok8=</latexit>

⌫µ +N !(Z) ⌫µ + hadrons

(2). Neutrino beam and scattering opens a new avenue
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• Who ordered That? A Tri-peat

Consequently, that led to yet another discovery: 
DONuT experiment @ FNAL (2000) detected the #"

 

à three generations of leptons completed!
à 2022 Panofsky Prize!

(1995)

Vittorio PaoloneByron Lundberg Kimio Niwa Regina Rameika

(1975)
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• Muons as sources of atmospheric !$,e
<latexit sha1_base64="sSS+eRPYS22N8edWB67dVTIysvU="></latexit>

⇡±, K± ! µ± + ⌫µ

µ± ! ⌫µ + ⌫e + e±

(2015: 
McDonald &

Kajita)

The Super-K / SNO experiments provided 
very precise measurements of neutrino oscillations 

among 3-flavors & 2 mass differences
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• Muons for discovery @ Colliders 
Muons are the most penetrating particle, thus most “visible” 

at the LHC:  W± , Z, top …

The Higgs boson discovery:

CMS: “Compact Muon Solenoid”
(2013)



10

The muon anomalous magnetic moment
FNAL: “the muon campus”

Continuing Explorations

Current bound:
B(!àe")< 4x10-13 

~ (mN/MW)4 
  

1017 %’s data 
sample to come!

Also: COMET @ J-PARC; 
AICap @ PSI

sensitive to new physics:
(m!/me)2~42,000

<latexit sha1_base64="1IQBHPskkNuPRfnAaJ5R15NaBcA=">AAACEXicbVDJSgNBFOxxjXGLevTSGISIEGaCRC9C0IvHCGaBTAg9nZekSc9C9xsxDPMVXvwVLyJeDPgF/o2d5ZLEBw1FVfVbyouk0Gjbv9ba+sbm1nZmJ7u7t39wmDs6ruswVhxqPJShanpMgxQB1FCghGakgPmehIY3vJ/ojWdQWoTBE44iaPusH4ie4AwN1cmVXIQXnPZJFHTTpN8BektLBepc0sRlMhow6oamBS25kUgvaNrJ5e2iPS26Cpw5yJN5VTu5sdsNeexDgFwyrVuOHWE7YQoFl5Bm3VhDxPiQ9SGZbpLSc0N1aS9U5gVIp+yCj/laj3zPOH2GA72sTcj/tFaMvZt2IoIoRgj4bFAvlhRDOomHdoUCjnJkAONKmA0pHzDFOJoQs+Z0Z/nQVVAvFZ1ysfx4la/czUPIkFNyRgrEIdekQh5IldQIJ2/kg3yTsfVqvVuf1tfMumbN/5yQhbJ+/gA5uZvA</latexit>

ge = 2(1 +
↵

2⇡
)

<latexit sha1_base64="aVVBq3/OaO6+nYTp6xyljUGUm1w=">AAACAnicbVDLSgMxFM34rPVVdekmWISKUCZFqhuh6MZlBfuAtpRMJtOGZh4kd8QydOfGX3Ej4kbBD/AX/Bsz7WzaeiBwcs65ubnXiaTQYNu/1srq2vrGZm4rv72zu7dfODhs6jBWjDdYKEPVdqjmUgS8AQIkb0eKU9+RvOWMblO/9ciVFmHwAOOI93w6CIQnGAUj9QvFLvAnmL6TKO5OEnyNKyVMzrFdtm1Cqmd4YlLpJQVeJiQjRZSh3i/8dN2QxT4PgEmqdYfYEfQSqkAwySf5bqx5RNmIDngybT3Bp0ZysRcqcwLAU3UuR32tx75jkj6FoV70UvE/rxODd9VLRBDFwAM2a+TFEkOI031gVyjOQI4NoUwJ80PMhlRRBmZreTM6WRx0mTQrZVItV+8virWbbAk5dIxOUAkRdIlq6A7VUQMx9ILe0Cf6sp6tV+vd+phFV6ys5gjNwfr+A+EhlDw=</latexit>

= 2(1 + 0.00116)
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• Paul Sherrer Institute (PSI),
Laboratory for Particle Physics

• AICap: !-e conversion
• FAST: muon lifetime
• Lambshift in muonic hydrogen
• MEG: ! à e" @ 10-14 level
• !3e: flavor violating decay
• !-Mass: muonium transition
• MUSE: !-proton scattering
• PIONEER: pion decays

Of particular interest, #L=2 transition:
test neutrino Majorana nature 

muon physics leader 
in Switzerland
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• Lepton Flavor non-universality
Meson’s 2-body decays scale with ml

2 

Meson’s 3-body decays, like the $–decay, 
are flavor-universal in the SM:

à Universality in K,D,B meson decays has been a sensitive test 
to the SM, and possible new physics BSM. 

For reference on flavor anomalies, e.g., e-Print: 1704.05435

https://arxiv.org/abs/1704.05435
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• Nu-Storm @ FNAL / PIP-II
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• SBNE: Short-Baseline Neutrino Experiments 

• Pioneer the Liquid Argon TPC technology
• Resolve LSND / MiniBooNE anomalies
• Search for (light) new physics
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• LBNE: Long-Baseline Neutrino Experiments 
DUNE: Deep Underground Neutrino Experiment,

the “ultimate” neutrino experiment

DUNE will pursue major science goals: 
• Leptonic CP violation, precision measurements of #13, $m2

13
• Dark matter searches
• Proton decay
• Supernova, formation of neutron star/black holes
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• Muonic atom for precision physics 

• rB = (% m)-1: rB(!-)=rB(e-)/207=2.2x10-5 nm
• Wavefunction overlap: (m#/me)3~107 stronger 
• Lamb shift: 105 larger 

Very sensitive to probe 
the proton size/properties: PSI, CREMA

MUONS BEYOND HEP

Nature 09250: July 8, 2010

Best precision for the helium nucleus size:
PSI: Nature 589,  527(2012)
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• Muons for material science: PSI
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KEK, Japan:

• Muons for material science: KEK

Transmission Muon Microscope 
TMM @ KEK

  

Advantages of TMM 
versus an electron microscope
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• Muon Tomography: Cosmic muons

(November 2, 2017, and update Jan. 2023)

Atmospheric muon flux ~ 200/m2/s 
Muons are penetrating! 
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A Muon Collider
Who Ordered That Collider?

“Who ordered that?” (I. I. Rabi)
The “heavy electron” µ± has helped us

a great deal in understanding particle physics.

Although sharing the same EW interactions,
it isn’t another electron:

mµ ≈ 207 me
τ(µ → eν̄eνµ) ≈ 2.2 µs
cτ ≈ 660 m.

It is these features: heavy mass, short lifetime
that dictate the physics.

“Who ordered that?” (I. I. Rabi)
The “heavy electron” µ± has helped us

a great deal in understanding particle physics.

Although sharing the same EW interactions,
it isn’t another electron:

mµ ≈ 207 me
τ(µ → eν̄eνµ) ≈ 2.2 µs
cτ ≈ 660 m.

It is these features: heavy mass, short lifetime
that dictate the physics.
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• Advantages of a muon collider
• Much less synchrotron radiation energy loss than e’s:

Advantages of a Muon Collider

(1). Less radiative energy loss

∆E ∼ γ4 = (
E

mµ
)4

which allows a higher energy and much smaller machine:∗

and a better beam-energy resolution: δp/p ∼ 0.1% − 0.01%.

(2). Some natural beam-polarization via π− → µ− ν̄.

∗Palmer

which would allow a smaller and a circular machine:

Advantages of a Muon Collider

(1). Less radiative energy loss

∆E ∼ γ4 = (
E

mµ
)4

which allows a higher energy and much smaller machine:∗

and a better beam-energy resolution: δp/p ∼ 0.1% − 0.01%.

(2). Some natural beam-polarization via π− → µ− ν̄.

∗Palmer

• Unlike the proton as a composite particle, 
     ECM efficient in !+!- annihilation
• Much smaller beam-energy spread: 

%E/E ~ 0.01% - 0.001%
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• Disadvantages of a muon collider

“Never play with an unstable thing!”
• 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 

[Note: E! ~ 1 TeV à & ~ 104 à &' = 0.02 s à d=6,000 km]

[Note: (pp(total)~100 mb;  (! ! (total)~100 nb]

• Neutrino beam dump (environmental hazard)
&$ ~ GF

2 E2  à  Shielding? 
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The recent excitement: the “Muon Shot” 

µ Collider
Proton Driver Acceleration Collider Ring

Accelerators:    
Linacs, RLA or FFAG, RCS
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Positron
Ring

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

6 / 38

Muon Accelerator Project (MAP)
https://arxiv.org/abs/1907.08562, J.P. Delahauge et al.,  arXiv:1901.06150/

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

https://arxiv.org/abs/1907.08562


24

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.

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



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

An optimal fitting would reveal Γh à O(3.5% )  
25



26

Exciting energy-frontier!
A Multi-TeV Muon Collider

Photon-induced QED cross sections
          large rates �fusion ⇠ ↵2

m2
jj

log2(
Q2

m2
)

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

mjj

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 –
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TH, Yang Ma, Keping Xie,
arXiv:2007.14300

2

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]
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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 =
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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
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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

: LO sea.
Quarks: NLO; gluons: NNLO.
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• “Semi-inclusive” processes

Costantini, F. Maltoni, et al., arXiv:2005.10289;  Y. Ma et al., arXiv:2007.14300
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• Underlying sub-processes:
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Partonic contributions
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Precision Higgs physics

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

�i ⇥
gi

gSM
� 1 ⇤ O(v2/M2) ≈ sub % à M > 2 TeV

10M H, 500K HH @ 10 TeV

https://arxiv.org/abs/2209.01318
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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

àdictate EW phase transition & impact 
on early universe cosmology!

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-

– 15 –

D. Buttazzo, D. Redogolo, F. Sala, arXiv:1807.04743; 
TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204



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



32

Cirelli, Fornengo and Strumia: 
hep-ph/0512090, 0903.3381;
TH, Z. Liu, L.T. Wang, X. Wang: 
arXiv:2009.11287

• WIMP Dark Matter
(a conservative SUSY scenario)

Consider the “minimal EW dark matter”: an EW multi-plet
• The lightest neutral component as DM
• Interactions well defined à pure gauge
• Mass upper limit predicted à thermal relic abundance 

Thermal targets

Model Therm. 5σ discovery coverage (TeV)
(color, n, Y ) target mono-γ mono-µ di-µ’s disp. tracks

(1,2,1/2) Dirac 1.1 TeV — 2.8 — 1.8− 3.7

(1,3,0) Majorana 2.8 TeV — 3.7 — 13− 14

(1,3,ε) Dirac 2.0 TeV 0.9 4.6 — 13− 14

(1,5,0) Majorana 14 TeV 3.1 7.0 3.1 10− 14

(1,5,ε) Dirac 6.6 TeV 6.9 7.8 4.2 11− 14

(1,7,0) Majorana 23 TeV 11 8.6 6.1 8.1− 12

(1,7,ε) Dirac 16 TeV 13 9.2 7.4 8.6− 13

Table 1: Generic minimal dark matter considered in this paper and a brief summary of
their 5σ discovery coverage at a 30 TeV high energy muon collider with the three individual
channels. Further details of individual and combined channels, the 2σ and 5σ reaches, and
different collider parameter choices, including

√
s =3, 6, 10, 14, 30, 100 TeV are provided in

the summary plots in Figure 15, Figure 16, and in the appendix.

signals to be investigated in this paper. We will, however, adopt the notation (1, n = 2T+1, ε)

to label a Dirac multiplet, and correspondingly (1, n = 2T + 1, 0) for a Majarona multiplet.
For an even-dimensional n-plet, setting Y = (n − 1)/2 ensures the lightest eigenstate of

the EW multiplet to be neutral.1 In the minimal case, the limits from direct detection rule out
all cases with Y #= 0.2 Hence, to make the even-dimensional multiplet a viable scenario, we
could go beyond the minimality and introduce another state which mixes with the multiplet
after EW symmetry breaking and generates a small Majorana mass splitting between the
neutral Dirac fermion pair [20]. It is also possible to have such a splitting, while the EW loop
corrections still dominate the mass splitting between the neutral and the charged members
of the multiplet. For example, if a dimension-5 operator generates a mass splitting after
integrating out the new physics with a mass scale M , we have ∆m ∝ v2/M . Requiring this
to be smaller than the loop contributions and yet large enough to protect against the direct
detection bounds puts M ∼ (10–1000) TeV. Whether such additional new physics can also be
probed at a high-energy muon collider is a model-dependent question that we will not pursue
further. For the rest of our analyses, we will present the EW doublet (Higgsino) results while
implicitly making the assumptions above. It is the smallest even-dimensional multiplet and
also present in SUSY. The results for higher even-n multiplets are included in the appendix.
The main features of the collider signals in these cases are similar to those odd-dimensional
multiplets discussed in detail in this paper.

In principle, both real and complex scalar EW multiplets can contain viable dark matter
1For smaller values of Y for the even n-plet, one might need to rely on some additional splitting generating

mechanisms to change the lightest state being charged to neutral for n ≥ 4. For a more detailed discussion on
the splittings and hyper-charges, see subsection 3.4.

2The only exception is the case with tiny hyper-charge discussed above.

– 4 –
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Figure 5: Thermal relic DM abundance computed taking into account tree-level scatterings (blue

curve), adding Sommerfeld corrections (red curve), and adding bound state formation (ma-

genta). We consider DM as a fermion SU(2)L triplet (left panel) and as a fermion quintuplet

(right panel). In the first case the SU(2)L-invariant approximation is not good, but it’s enough

to show that bound states have a negligible impact. In the latter case the SU(2)L-invariant
approximation is reasonably good, and adding bound states has a sizeable e↵ect.

relevant for thermal freeze-out, the bound state can be produced by �+�� co-annihilations. In
the SU(2)L-invariant computation this di↵erence arises because we have isospin as an extra
quantum number: the bound state with ` = 0 and I = 1 can be produced from an initial state
with ` = 1, I = 3. As discussed above, the SU(2)L-invariant approximation is not accurate;
nevertheless it su�ces to estimate that the bound-state contribution is negligible.

Fig. 4a compares the approximated binding energy with the one computed numerically
from the full potential of eq. (80). In SU(2)L-invariant approximation the annihilation width
is �ann = 8↵5

2
M�, and the production cross section �� ! B1s1� is given by eq. (51) (with

CJ = CT =
p
2) times ↵em/3↵2 to take into account that only the photon can be emitted

(thermal masses do not kinematically block the process), given that the non-thermal masses
MW,Z are much bigger than the binding energy. Even with this rough (over)estimate, bound-
state formation a↵ects the DM relic density by a negligible amount, at the % level. Its e↵ect
is not visible in fig. 5 where we show the DM thermal abundance as function of the DM mass.

7.2 Minimal Dark Matter fermion quintuplet

We next consider the Minimal DM fermionic quintuplet [4]. The DM-DM states formed by two
quintuplets of SU(2)L decompose into the following isospin channels

5⌦ 5 = 1S � 3A � 5S � 7A � 9S. (87)
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Mitridate, Redi, Smirnov, Strumia, 1702.01141→ 40 TeV?

Reach up to thermal target

≈ 


complete coverage for WIMP candidate
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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 



Summary: “Who ordered That?” 
The muon is such a pleasant surprise Nature offers us!
• Leads to many discoveries
• Provides deeper understanding of Nature
• Continues to play a key role in going forward

Muon physics has taken many spot-lights
in contemporary HEP! 

Look forward to more surprises with muons! 
34

Far reaching scope:  
all involves with 
muon physics à

, Muon collider

, Higgs factory
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