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Highly successful workshop & a conference!
Congratulations to the organizers & participants! 



IAS, HKUST 
February 16, 2023

Opportunities 
in Particle Physics

Tao Han
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https://www.slac.stanford.edu/econf/C210711/

Snowmass 2021 Succinct Summary:
Lead the exploration of the fundamental nature of 
matter, energy, space and time, by using
ground-breaking theoretical, observational, and 
experimental methods; developing state-of-the-art
technology for fundamental science and for the 
benefit of society; training and employing a diverse
and world-class workforce of physicists, engineers, 
technicians, and computer scientists from
universities and laboratories across the nation; 
collaborating closely with our global partners and
with colleagues in adjacent areas of science; and 
probing the boundaries of the Standard Model
of particle physics to illuminate the exciting terrain 
beyond, and to address the deepest mysteries
in the Universe.
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The field of HEP is vibrant, dynamic & exciting!



Medium- and Small-Scale Future Experiments and Projects:
(see the full frontier reports)

Medium- and small-size experiments and projects are an important component of the 
current and proposed program. 

Because of their shorter timescale and smaller size, these experiments offer unique 
leadership and training opportunities for younger physicists and allow for greater 

diversity in the experimental particle physics ecosystem.
Such as SBND, CE𝛎NS; g-2, Mu2e, 0𝛎𝛃𝛃, AMF, Belle II; DM … 

4

Opportunities in HEP for the decade & beyond

Mostly science considerations.
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https://www.usparticlephysics.org/2023-p5-report/
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6 Recommendations:
including 30 action items of ranked priorities,

ranging from particle physics, 
astro-particle physics, 
particle-cosmology; 

balanced projects of O($M - $B) + R&D + theory

20 Area Recommendations:
including suggestions/advice to 

agencies, national labs, university programs …  

Final report:
https://www.usparticlephysics.org/2023-p5-report/
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Including:
a. HL-LHC  (energy frontier)
b. 1st Phase DUNE & PIP-II (LBN neutrino)
c. The Vera Rubin Observatory (dark energy survey)

Plus smaller scale projects:
NOvA, SBN, T2K, IceCube (neutrino physics)
DarkSide, LZ, SuperCDMS, XENONnT (DM direct searches)
DESI    (DM, inflation)
Belle-2, LHCb, Mu2e  (flavor physics at higher scales)
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a. LHC / HL-LHC:
Lead the energy frontier for the next 15 years! 

(Caterina Vernieri)

New physics reach:
M, 𝞚 ~ O(a few TeV)

(300 fb-1)

(3 ab-1)
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b. Next generation of Neutrino Experiments/SN detection

(Lianjian Wen)
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c. Vera Rubin Observatory
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a. CMB S4
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c. Off-shore Higgs Factories
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Precision 
flavor physics: 
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Toward 10 TeV partonic C.M. Energy (pCM)
fully explore the Higgs sector/mechanism & beyond

These possibilities are associated with totally di↵erent underlying dynam-
ics for electroweak symmetry breaking than the SM, requiring new physics
beyond the Higgs around the weak scale. They also have radically di↵er-
ent theoretical implications for naturalness, the hierarchy problem and the
structure of quantum field theory.

The leading di↵erence between these possibilities shows up in the cubic
Higgs self-coupling. In the SM, minimizing the potential gives v2 = 2|m|

2/�.
Expanding around this minimum h = (v + H)/

p
2 gives V (H) = 1

2m
2
H

H2 +
1
6µH3 + · · · , with m2

H
= �v2 and µSM = 3(m2

H
/v). Consider the example

with the quartic balancing against a sextic and, for the sake of simplicity to
illustrate the point, let’s take the limit where the m2 term in the potential
can be neglected. The potential is now minimized for v2 = 2|�|⇤2, and we
find m2

H
= �v2, µ = 7m2

H
/v = (7/3)µSM , giving an O(1) deviation in the

cubic Higgs coupling relative to the SM. In the case with the non-analytic
(h†h)2 log(h†h) potential, the cubic self-coupling is µ = (5/3)µSM .

Even larger departures from the standard picture are possible — we don’t
even know whether the dynamics of symmetry breaking is well-approximated
by a single light, weakly coupled scalar, as there may be a number of light
scalars, and not all of them need be weakly coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. Is the elec-
troweak transition a cross-over, or might it have been strongly first-order
instead? And how do we attack this question experimentally? This question
is another obvious next step following the Higgs discovery: having understood

17

All we know:

Precision Higgs physics:
O(1) modification from λhhh

SM à 
• Strong 1st order EWPT! 
• Possible EW baryogenesis 
• Gravitational wave signals?

Open a new energy threshold:
• Direct new heavy state production:
     Higgs H0A0 , H+H-; SUSY particles; quarks / leptons
     reaching M > Ecm/2. 
• Indirect probe of contact interaction / composite scale 

~ 100 TeV
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FCC-hh @ CERN
(see Michelangelo Mangano’s talk)

proton+proton @ 100 TeV

SppC in China
(see Jie Gao’s talk)
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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/

https://arxiv.org/abs/1907.08562


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

Thus, mstop > 8 TeV à 10-4 fine-tune!
25

gauginos

Pushing the “Naturalness” limit:
The searches for top quark partners 

& gluinos, gauginos … 

E=30, 10 TeV

Higgs coupling reach for λhhh
SM à 

Reach at 10 TeV pCM energies
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20 in total, including suggestions/advice to 
agencies, national labs, university programs …  
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Conclusion:
Pathways to Innovation & Discovery in Particle Physics 

in the next Decade & Beyond

Exciting roadmap ahead!
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Backup slides
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:  The “Muon Shot”
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• Heavy Higgs Bosons 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 –
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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:
2
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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.

– 25 –

Reach M ~ Ecm!
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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

40

WIMP Dark Matter

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



U.S. Community Summer Study: Snowmass 2021
July 17 – 26, 2022 @ UW – Seattle

http://seattlesnowmass2021.net
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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 –

TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204
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HL-LHC: 
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高能物理晴朗的天空上飘着几朵乌云
Questions that need an answer:
• Origin of neutrino masses & mixing
• Nature of dark matter
• Matter-antimatter asymmetry
• … 

Puzzles that may/may not have an answer:
• Large hierarchy, “naturalness”: mH / MPL ~ 1016!
• Fermion mass hierarchy & mixing: 
                     mt : me : m𝜈 = 1 : 0.3x10-5 : 10-11 !
• Grand Unification of all forces: 
        GF & 𝛂 à SU(2)L⊗U(1)Y. What about SU(3)c ?
• Quantum gravity & black holes ?
• Cosmic inflation & dark energy ?
• …



While there are many fundamental questions, 
no clear argument for the next physics scale for discovery!

“Prediction is hard, especially about the future.”
“When you come to a fork in the road, take it!”  
                                                       – Yogi Berra

HEP at a Cross-Road: 遇到三岔路口

47

We must explore all directions!
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In the Global Context: 国际状况

• United States  
• NAS Decadal survey on Astronomy & Astrophysics (2021)
• NAS Decadal survey on Elementary Particle Physics (2023)
• Snowmass 2021 for a decadal study

• Europe 
European Strategy Process:

2020 Update of European Strategy for Particle Physics
-- HL-LHC; Fcc-ee, Fcc-hh; R&D in accl., detec, theo.

• Asia 
• Japan: 2017 JAHEP/KEK Roadmap: 
       -- SuperKEKB; J-PARC; Hyper-K; ILC …
• China: BEPC-II; JUNO; PandaX; LHAASO; CEPC/SppC …

• Latin America 
Latin America: Strategy Forum for Research Infrastructure
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The Energy Frontier Vision:
The energy frontier believes that it is essential to complete the HL-LHC 
program, to support construction of a Higgs factory, and to ensure the 

long-term viability of the field by developing a multi-TeV energy frontier 
facility such as a Muon Collider or a hadron collider. 

(1). Energy Frontier: 高能前沿
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ß Continue on 10x lumi

Immediate future à

future energy frontier

future energy frontier
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Physics example 1: 
Sensitivity reach for Higgs couplings

for Higgs factories and multi-TeV colliders

Most wanted in order to 
understand EWSB!
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with � / 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

40

Physics example 2: 
WIMP DM Searches: Covering the thermal target  
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𝛎 Opportunities
(2). Neutrino Frontier: 中微子前沿



From Fermilab (Lia Merminga)

ORNL: COHERENT,  PROSPECT,  PROSPECT-II
55

complete operatingcoming



From Fermilab (Lia Merminga)

Gina Rameika   Sergio Bertolucci
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From KEK (Masa Yamauchi)
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From KEK (Masa Yamauchi)
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From IHEP (Yifang Wang)

59

(2024)
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Bread & butter 𝛎 physics:
JUNO (starting 2024): Hyper-K (starting 2027): 

DUNE (starting 2032): 

Complementarity!
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(3). Rare Process @ Precision
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Low energy & high energy synergy:
Sensitivity to dim-6 operators in EFT

Current/future bounds
e.g. HL-LHC

Observed
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(4). Cosmic Frontier: 宇宙学前沿
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WIMP DM direct searches

Axion search plans
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Other cosmic probes



A Grand Picture: 纵观全局

☛

Particle mass generation ✓
Underlying mechanism?

Electroweak phase transition?
Cosmic inflation?

Today’s puzzles:
DE, DM, 𝜈’s, baryogenesis…

Next scale at 
the energy frontier?

☛

The future of HEP is bright!
Exciting journey ahead!
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Backup slides



60’s 70’s

80’s

90’s 2012

From the quarks to Higgs boson, together with 
Astrophysics/cosmological observations

1930/1956 1962

Highly successful theory

68
2000

70’s

High-Energy Physics
is an exciting & dynamic field,

uninterrupted discoveries over half a century



Completion of the SM: 新的里程碑
     

First time ever, we have a self-consistent theory:
• quantum-mechanical, 
• relativistic, 
• unitary,
• renormalizable, 
• vacuum (quasi) stable, valid up to an 

exponentially high scale, possible MPl (!?)

𝛬? Dark Matter? 
Cosmic inflation?

B-asymmetry? 
CP violation? 

M𝛎 ? Scale hierarchy …
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(1). Energy Frontier
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Accelerator-based neutrino sources

Hyper-K
DUNE
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TH, Liao, Liu, Marfatia: arXiv:1910.03272; BSM 𝝂 Whitepaper:  arXiv:2203.06131

Physics example 1: Non-Standard Interactions,
first introduced by Wolfenstein in 1978: 

Complementary among a variety of  searches:
Oscillation experiments: COHERENT, T2HK, DUNE, … 

and collider searches: LHCb, ATLAS, CMS …

A UV complete Z’ model
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Physics example 2: Heavy Neutral Lepton 
(HNL, NR, sterile neutrino)

Complementary among a variety of  searches.



𝛎 Synergistic aspects:
RPF & 

IF :

AF :

EF (HL-LHC) AF (muon collider)
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WIMP DM direct searches



-

From LUX collaboration

Physics example 2: 
WIMP DM Searches  

GeV low mass:
DD difficult;
Collider complementary

100 GeV or higher mass:
DD + ID + HE Collider

76
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Physics example: DM Searches in Cosmo  



78

(5). Theory Frontier
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HEP has enjoyed the remarkable achievement 
of 50+-year uninterrupted discoveries!

60’s 70’s

80’s

90’s 2012

From quarks to the Higgs boson,
with heroic efforts in theory and experiments:  

1930/1956 1962

The field of HEP has been vibrant & exciting!

A highly successful theory

80
2000



Nima Arkani-Hamed
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IAS HKUST

Distilled from the Snowmass 2013 inputs,
The “Particle Physics Projects Prioritization Panel”

(P5) Report (May 2014)

 Report of the Particle Physics Project Prioritization Panel (P5) May 2014

Building for Discovery
Strategic Plan for U.S. Particle Physics in the Global Context Five Science Drivers: 

Report of the Particle Physics Project Prioritization Panel v

Particle physics explores the fundamental constituents of mat-
ter and energy. It reveals the profound connections underlying 
everything we see, including the smallest and the largest struc-
tures in the Universe. The field is highly successful. Investments 
have been rewarded recently with discoveries of the heaviest 
elementary particle (the top quark), the tiny masses of neutri-
nos, the accelerated expansion of the Universe, and the Higgs 
boson. Current opportunities will exploit these and other dis-
coveries to push the frontiers of science into new territory at 
the highest energies and earliest times imaginable. For all these 
reasons, research in particle physics inspires young people to 
engage with science. 

Particle physics is global. The United States and major players 
in other regions can together address the full breadth of the 
field’s most urgent scientific questions if each hosts a unique 
world-class facility at home and partners in high-priority facil-
ities hosted elsewhere. Strong foundations of international 
cooperation exist, with the Large Hadron Collider (LHC) at 
CERN serving as an example of a successful large international 
science project. Reliable partnerships are essential for the suc-
cess of international projects. Building further international 
cooperation is an important theme of this report, and this 
perspective is finding worldwide resonance in an intensely 
competitive field.

Choices are required. Ideas for excellent new projects far exceed 
what can be executed with currently available resources. The 
U.S. must invest purposefully in areas that have the biggest 
impacts and that make most efficient use of limited resources. 
Since the 2008 Particle Physics Project Prioritization Panel 
(P5) report, two major U.S. particle physics facilities have ter-
minated operations, and inflation-adjusted funding in the U.S. 
for particle physics has continued to decline. In addition, pri-
marily because of earlier strong investments, landmark dis-
coveries have been made that inform choices for future direc-
tions. A new P5 panel was therefore charged to provide “an 
updated strategic plan for the U.S. that can be executed over 
a ten-year timescale, in the context of a twenty-year global 
vision for the field.” The Charge calls for planning under two 
specific budget Scenarios, reflecting current fiscal realities, as 
well as for an additional unconstrained Scenario. 

Snowmass, the yearlong community-wide study, preceded the 
formation of our new P5. A vast number of scientific opportu-
nities were investigated, discussed, and summarized in 
Snowmass reports. We distilled those essential inputs into five 
intertwined science Drivers for the field:

• Use the Higgs boson as a new tool for discovery

• Pursue the physics associated with neutrino mass 

• Identify the new physics of dark matter

• Understand cosmic acceleration: dark energy and inflation

•  Explore the unknown: new particles, interactions,  
and physical principles.

The vision for addressing these Drivers with a prioritized set 
of projects, including their approximate timescales and how 
they fit together, was developed using a set of selection criteria. 
The Drivers, which are intertwined, are not prioritized. Instead, 
the prioritization is in the selection and timing of the specific 
projects, which are categorized as large, medium, or small based 
on the construction costs to the particle physics program.

To enable an optimal program, given recent scientific results 
and funding constraints, and using our criteria, we recommend 
some projects not be implemented, others be delayed, and 
some existing efforts be reduced or terminated. Having made 
these choices, the field can move forward immediately with a 
prioritized, time-ordered program, which is summarized in Table 1 
and includes the following features:

• The enormous physics potential of the LHC, which will be 
entering a new era with its planned high-luminosity upgrades, 
will be fully exploited. The U.S. will host a world-leading neutrino 
program that will have an optimized set of short- and long-base-
line neutrino oscillation experiments, and its long-term focus 
is a reformulated venture referred to here as the Long Baseline 
Neutrino Facility (LBNF). The Proton Improvement Plan-II (PIP-II) 
project at Fermilab will provide the needed neutrino physics 
capability. To meet budget constraints, physics needs, and read-
iness criteria, large projects are ordered by peak construction 
time: the Mu2e experiment, the high-luminosity LHC upgrades, 
and LBNF.

 Executive Summary

82



83

Exiting on-going 
projects:



Snowmass 2021 Process:
10 Frontiers 80 Topical Groups

Energy Frontier
Higgs Boson properties and couplings, Higgs Boson as a portal to new physics, Heavy flavor and top quark 
physics, EW Precision Phys. & constraining new phys., Precision QCD, Hadronic structure and forward QCD, 
Heavy Ions, Model specific explorations, More general explorations, Dark Matter at colliders

Frontiers in Neutrino Physics
Neutrino Oscillations, Sterile Neutrinos, Beyond the SM, Neutrinos from Natural Sources, Neutrino 
Properties, Neutrino Cross Sections, Nuclear Safeguards and Other Applications, Theory of Neutrino Physics, 
Artificial Neutrino Sources, Neutrino Detectors

Frontiers in Rare Processes & 
Precision Measurements

Weak Decays of b and c, Strange and Light Quarks, Fundamental Physics and Small Experiments. Baryon and 
Lepton Number Violation, Charged Lepton Flavor Violation, Dark Sector at Low Energies, Hadron spectroscopy

Cosmic Frontier
Dark Matter: Particle-like, Dark Matter: Wave-like, Dark Matter: Cosmic Probes, Dark Energy & Cosmic 
Acceleration: The Modern Universe, Dark Energy & Cosmic Acceleration: Cosmic Dawn & Before, Dark Energy & 
Cosmic Acceleration: Complementarity of Probes and New Facilities

Theory Frontier
String theory, quantum gravity, black holes, Effective field theory techniques, CFT and formal QFT, Scattering 
amplitudes, Lattice gauge theory, Theory techniques for precision physics, Collider phenomenology, BSM model 
building, Astro-particle physics and cosmology, Quantum information science, Theory of Neutrino Physics

Accelerator Frontier
Beam Physics and Accelerator Education, Accelerators for Neutrinos, Accelerators for Electroweak and Higgs 
Physics, Multi-TeV Colliders, Accelerators for Physics Beyond Colliders & Rare Processes, Advanced Accelerator 
Concepts, Accelerator Technology R&D: RF, Magnets, Targets/Sources

Instrumentation Frontier
Quantum Sensors, Photon Detectors, Solid State Detectors & Tracking, Trigger and DAQ, Micro Pattern Gas 
Detectors, Calorimetry, Electronics/ASICS, Noble Elements, Cross Cutting and System Integration, Radio 
Detection

Computational Frontier Experimental Algorithm Parallelization, Theoretical Calculations and Simulation, Machine Learning, Storage and 
processing resource access (Facility and Infrastructure R&D), End user analysis

Underground Facilities and 
Infrastructure Frontier

Underground Facilities for Neutrinos, Underground Facilities for Cosmic Frontier, Underground Detectors

Community Engagement 
Frontier

Applications & Industry, Career Pipeline & Development, Diversity & Inclusion, Physics Education, Public 
Education & Outreach, Public Policy & Government Engagement

Broad coverage/connection in science and global community!

30 Frontier conveners, ~
250 Topical Group conveners, 

>40 Inter-Frontier Liaisons, ~25 Early Career Liaisons.

Snowmass Early Career                        to represent early career members and promote their engagement in the Snowmass 2021 process; 
                                                                  to build a long-term HEP early career community
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(6). Community Engagement

Early Career Physicists:
Future of the field!

e.g. their interests
in Snowmass 2021:

Equity, Diversity & Inclusion
(EDI)   
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New results on µ cooling by MICE collaboration
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6 / 38e+e- (at rest) à 𝛍+𝛍- (at threshold)

Proton-Driver:

LEMMA:

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

Recent technological breakthroughs:

45 GeV e+

e- at rest
𝛍±
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Backup slides …
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ILC: Ecm = 250 (500) GeV,  250 (500) fb-1

• Model-independent measurement: 
     ΓH ~ 6%,    ΔmH ~ 30 MeV, ΔkW,Z < 1%
      (HL-LHC: assume SM, ΓH~ 5-8%,  ΔmH ~ 50 MeV)
• Higgs Factory: 106 Higgs: ΓH ~ 1%, ΔmH ~ 5 MeV.

Precision Higgs Physics: (v/Λ)2 < 6%

Physics Potential @ Future Colliders

• FCC-hh / SPPC:
     ΔkHHH ~ 5%
• 14 TeV muon collider: 
     ΔkHHH ~ 3%,   ΔkW,Z < 0.5%,  Y𝛍 ~ 1%

ILC: arXiv:1710.07621; TLEP Report: 1308.6176; 
FCC: Arkani-Hamed, TH, Mangano, LT Wang, 1511.06495;
muC: TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204.

Critically important to test 
the EW phase transition!
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Pushing the “Naturalness” limit

Top quark partners searches:
The Higgs mass fine-tune: δmH/mH ~ 1% (1 TeV/Λ)2

Thus, mstop > 8 TeV à 10-4 fine-tune!

24

Pushing the “Naturalness” limit

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

Thus, mstop > 8 TeV à 10-4 fine-tune!

Stop like T’ search at hadron collider

- Larger production rate than the stop. 

- Studied quite a bit back then, as a “counter 
example” of SUSY.
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Figure 2: Cross-sections at 14 TeV (left) and 100 TeV (right).
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Figure 3: Search significance as computed in [1] for fermions (left) and scalar (right).
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Figure 4: Ratio of scalar cross-section to fermion cross-section.
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Meade and Reece,  
Han, Mabhubani, Walker and LTW, etc 

Wednesday, April 23, 14

11

contours of the two di↵erent search strategies.

The searches proposed here also have good discriminating power away from the massless

neutralino limit. A 1.5 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 2 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.

FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

T.Cohen et al.: 1406.4512 
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Electroweak Resonances: Z’,W’ Colored Resonances:

New Particle Searches 

~ 6x over LHC
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M ~ 40 – 50 TeV!
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WIMP DM: 
mass bounded by the thermal relicwith � / 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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Figure 20: Left: The mass reach for the pure wino in the monojet channel with L =
3000 fb�1 for the 14 TeV LHC (blue) and at 100 TeV (red). The bands are generated by
varying the background systematics between 1�2% and the signal systematic uncertainty
is set to 10% [65]. Right: The mass reach in the pure wino scenario in the disappearing
track channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and at 100 TeV (red). The
bands are generated by varying the background normalization between 20� 500% [65].

background, which is varied between 1�2%, generating the bands in the plot.
Naively scaling by total event rates the systematics from current ATLAS
studies [66] (see Ref. [67] for the CMS study) would yield 0.5% for 3000 fb�1,
but this is clearly overly optimistic. Choosing the systematic error ⇠ 1� 2%
as we have done may also be optimistic, but it sets a reasonable benchmark,
and underscores that minimizing these systematics should be a crucial factor
taken into account in the design of the 100 TeV detectors. Given the same
integrated luminosity, the monojet search increases the reach relative to the
LHC by nearly a factor of 5, as shown in the left panel of Fig. 20 .

Due to the tiny mass splitting �m = 166 MeV between the chargino and
the neutralino, the decay lifetime can be long. The resulting disappearing
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SM 𝛎-physics on one page
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Summary table for the 
current and future neutrino 

facilities & the time lines

Snowmass NF Report:
P. Huber, K. Scholberg, 

Elizabeth Worcester: 
arXiv:2211.08241
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Many Proposed Experiments For Rare Processes
Searches for DM, axions, EDMs, CLFV experiments, muons, light mesons, beam dump experiments…
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Benchmark scenarios for Higgs factories, and multi-TeV colliders



• Already ~ O(140 fb-1) @ ATLAS/CMS
• Run 3 up-coming: 300 fb-1 
• HL-LHC: 3000 fb-1 
     à lead the energy/precision frontier!
Further searches at the LHC will be limited by
• Backgrounds
• Systematics  
• New physics threshold

LHC will continue at the energy frontier
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Muon collider on FNAL site:
It may reach ~ mh – 10 TeV

(Curtesy of Pushpa Bhat)
Snowmass Day: https://indico.fnal.gov/event/50538
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P. Huber, K. Scholberg, Elizabeth Worcester: arXiv:2211.08241
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ITF report:
(ITF = Implementation Task Force @ AF)
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CEPC (Circular e-e+) / SppC  (Super pp), China

Similar physics goals to FCC-ee, FCC-hh !
https://arxiv.org/abs/1811.10545
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FCC (future circular collider): CERN

S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV

S. Su 11

HE-LHC 
27 km, 20T

33 TeV

 FCC-hh
80 /100 km, 16/20T 

100 TeV

FCC-ee
80/100 km

90 - 400 GeV

Open new energy frontier!

1012 Z; 106 Higgs bosons;
              106 top quark pairs

https://arxiv.org/abs/1607.01831,  https://arxiv.org/abs/1606.00947; 
Arkani-Hamed, TH, Mangano, LT Wang, Phys. Rept. 1511.06495.

H

H

H ?
H

H

H

LHC 100 TeV pp

mass reach of new physics
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https://arxiv.org/abs/1606.00947


𝜈-Physics Opportunities

Short Baseline/Near Detector Long Baseline/Far Detector
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From the ITF Report Draft: Tables 1-3, 5

CME 
(TeV)

Lumi per 
IP 

(10^34)

Years, 
pre-

project 
R&D

Years to 
1st

Physics

Cost 
Range 

(2021 B$)

Electric 
Power 
(MW)

FCCee-0.24 0.24 8.5 0-2 13-18 12-18 280

ILC-0.25 0.25 2.7 0-2 <12 7-12 110

CLIC-0.38 0.38 2.3 0-2 13-18 7-12 110

HELEN-0.25 0.25 1.4 5-10 13-18 7-12 110

CCC-0.25 0.25 1.3 3-5 13-18 7-12 150

CERC(ERL) 0.24 78 5-10 19-24 12-30 90

CLIC-3 3 5.9 3-5 19-24 18-30 ~550

ILC-3 3 6.1 5-10 19-24 18-30 ~400

MC-3 3 2.3 >10 19-24 7-12 ~230

MC-FNAL 6-10 20 >10 19-24 12-18 O(300)

MC-10-IMCC 10-14 20 >10 >25 12-18 O(300)

hhhhT
Estimated

Total Project Cost
No escalation

No contingency
NB: HELEN, C3 m.b. 85% of ILC 

but in the same range category111

FCCee: 2-4 IPs 
all LCs: 1 IP  

Disclaimer: luminosity and power consumption 

values have not been reviewed by ITF

Higgs factories



From the ITF Report: Tables 1-3, 5

CME 
(TeV)

Lumi per 
IP 

(10^34)

Years, 
pre-

project 
R&D

Years to 
1st

Physics

Cost 
Range 

(2021 B$)

Electric 
Power 
(MW)

FCCee-0.24 0.24 8.5 0-2 13-18 12-18 280

ILC-0.25 0.25 2.7 0-2 <12 7-12 140

CLIC-0.38 0.38 2.3 0-2 13-18 7-12 110

HELEN-0.25 0.25 1.4 5-10 13-18 7-12 110

CCC-0.25 0.25 1.3 3-5 13-18 7-12 150

CERC(ERL) 0.24 078 5-10 19-24 12-30 90

CLIC-3 3 5.9 3-5 19-24 18-30 ~550

ILC-3 3 6.1 5-10 19-24 18-30 ~400

MC-3 3 2.3 >10 19-24 7-12 ~230

MC-FNAL 6-10 20 >10 19-24 12-18 O(300)

MC-10-IMCC 10-14 20 >10 >25 12-18 O(300)

hhhhT

Estimated
Total Project Cost

No escalation
No contingency
NB: broad ranges 

112

all LCs: 1 IP  
MC-3/14: 2 IPs
FCChh: 2-4 IPs 

Disclaimer: luminosity and power consumption 

values have not been reviewed by ITF

HE colliders



* Snowmass Energy Frontier:  https://snowmass21.org 

Future Colliders under Discussions*
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ILC (International Linear Collider) 
as a Higgs Factory & beyond

Ecm = 250 GeV / 2 ab-1 /yr: a Higgs factory
                = 500 GeV / 4 ab-1 /yr: a top-quark factory

                       = 1000 GeV / 8 ab-1 /yr: new particle threshold

Under serious consideration in Japan
https://arxiv.org/abs/1901.09829
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Fermilab on site:

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

https://muoncollider.web.cern.ch
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https://muoncollider.web.cern.ch/
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Conclusions 
• Neutrinos are (arguably) the most elusive particles 
in the SM, thus hold promise to reveal BSM physics.

• Current and near-future neutrino facilities provide 
great opportunities for discoveries of BSM physics:

SBNE: MicroBooNE, ICARUS, SBND; 
LBNE: JUNO, Hyper-K, DUNE;

CE𝜈NS: COHERENT ...
• They are complementary to collider searches.

• Three examples showed for the BSM signals:
- Non-Standard 𝜈-Interactions (SNI)
- Leptonic scalar
- tau appearance at the SBND

Exciting journey ahead!
121
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HEP: A highly dynamic field
Many fundamental questions to address

Both in theory & experimental observations:

• The underlying theory of 
Electroweak symmetry 

breaking
• The nature of EW phase 

transition
•Quark & lepton flavor mixing 
• The nature of neutrino mass
• New sources of CP violation
• Baryon-antibaryon asymmetry

• Cosmic inflation

The pursuits of the fundamental questions drive the field:
Intellectual culture, technology and society

Experimental,
observational

Conceptual,
intellectual
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Snowmass frontiers:

and

With this year-long study, 
the Snowmass output will

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

in the decade to come: the “P5” process
(Particle Physics Project Prioritization Panel). 

https://snowmass21.org

The P5 chair:
Prof. Hitoshi 
Murayama
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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: 𝛔 L ~ const.

The aggressive choices:

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

Collider benchmark points: 

• Multi-TeV colliders:

• The Higgs factory:

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 
𝜟Ecm ~ 5 MeV
Current Snowmass 2021 point: 4 fb-1 / yr
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