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Current status of particle physics

Standard Model (SM) is an but very precise theory

Very precise theory

-consistency with plenty of high-energy measurements

SM is neither an ultimate theory nor rough approximation of nature.

What is the extension? -no unified view among theorists, HOw precise is it?
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These (at least the latter) are what we should and can address using future colliders.



How to address these questions?

There are mainly two experimental approaches:
(i) Go to higher energy

Production of new particles — Direct and clear guide to BSM physics

(ii) Precision measurement

Devaitions from SM predictions provide indirect evidence of BSM

Even if no deviations, we understand how precise the SM is
and obtain constraints on BSM (= Lower bound for new physics scale)



Next generation colliders  rrosandcons

HL-LHC (pp collider) : will improve precision
not clean enough

ILC (linear e* e collider) : suitable for precision measurements
FCC-ee, CPEC (circular e*e-collider) chances of discovering new particles could be
limited by its collision energy

Muon collider (u* pcollider) : suitable for precision measurements,
compact, high energy (due to less synchrotron radiation)
(a few-kilometer ring enables TeV scale collisions)
Challenges of realizing low-emittance muon beams



Muon cooling

Muon Collider (Muon Accelerator Staging Study) ™. ¢
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Muon lonization Cooling

Under development (cf. MICE)

...Actually there is an alternative cooling technology that is already established and
applicable (only) to p* !



Technology for cooling u* exists!

Muon g-2 experiment planned at J-PARC
The key technology is cooling of u*, which is available today!

lonizing laser

./ lonized .
°: $
. . N §
A
Silica aerogel
Ultracold p*
u* produced from Muonium formation inside High-quality u* beam realized
n* decay the material by accelerating ultracold muons

(L e bound state) to 300 MeV in g-2 exp.



Slide from R. Kitano

ultra-cold muon is here.
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Slide from T. Mibe

Results: transverse emittance at 100 keV 21

rms, squared [mm?]
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The birth of low-emittance muon beam



Slide from T. Mibe

Results: time of flight
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Proposal of new collider experiments

We propose collider experiments using high-quality u* beam (not relying on W)
and accelerating it to TeV scale!

Using the 3 km ring (same ring size as TRISTAN), we can realize
- ute collider

Eu+ =1TeV, E,_ = 30 GeV (TRISTAN energy)

—+ /s = 346 GeV

UTRISTAN
o 11+ :
Wt collider 2201.06664
E,+=17TeV, E + =1TeV Y. Hamada (KEK->DESY) , R. Kitano (KEK->YITP in 2025),
— /5=2TeV R. Matsudo (KEK->YITP in 2025), HT (KEK->YITP in 2023)
(four theorists)
&

M. Yoshida (KEK) (an experimentalist)



Next generation colliders  rrosandcons

HL-LHC (pp collider) : will improve precision
not clean enough

: suitable for precision measurements
chances of discovering new particles are
limited by its collision energy

ILC (linear e* e collider)
FCC-ee, CPEC (circular e* e collider)

Muon collider (u* pcollider) : suitable for precision measurements,
compact, high energy (due to less synchrotron radiation)

(a few-kilometer ring enables TeV scale collisions)
Challenges of realizing low-emittance muon beams

UTRISTAN (pu* e and ptut colliders): suitable for precision measurements,
compact, high energy (due to less synchrotron radiation)

high luminosity expected
No p a good balance between established and challenging
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Proton acceleration (Proton LINAC & RCS)

p(3GeV)

Proton LINAC (500 MeV)

GeV x 6.6 uC x 2-bunch x 50 Hz =2 MW
Pion production ring:
100 nC/n/(AEp=75[MeV](10mm))
MPression y 5_bunch x 40-turns x 50 Hz

30 GeV muon LINAC ~ 3 km
Laser

R=1km (B =3 T max)
16 turns ~ 700us

Triple ring
30 GeV muon LINAC ~ 3 km

3 km Main ring t, = 20 ms (2000 turns)
prut : 1 TeV, 2.2 nCx 1 TeV,2.2 nC x 20bunch
ute 1 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch

(6.6C x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW)
Booster ring (up to 1 TeV)
Target 1 TeV x (7.2nC=>3.6nC)/1 x 40 bunch x 50Hz
=9 MW

Tu(l1TeV) = 20 ms

New beam injected
every 20 ms.



Proton acceleration (Proton LINAC & RCS) —— Pion production (Pion production ring)
p(3GeV) p(3GeV)+C - 7T 4+ X

Proton LINAC (500 MeV)
RCS : 3 GeV x 6.6 uC x 2-bunch x 50 Hz =2 MW
Pion production ring:
100 nC/n/(AEp=75[MeV](10mm))
MPression y 5_hunch x 40-turns x 50 Hz

(6.6C x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW)
Booster ring (up to 1 TeV)

Target 1 TeV x (7.2nC=>3.6nC)/1 x 40 bunch x 50Hz

=9 MW

30 GeV muon LINAC ~ 3 km

R=1km (B =3 T max)
16 turns ~ 700us

Tu(l1TeV) = 20 ms

30 GeV muon LINAC ~ 3 km
New beam injected

3 km Main ring t, = 20 ms (2000 turns) 20

Wt s 1TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch every 2U ms.

ute 1 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch



Proton acceleration (Proton LINAC & RCS) —— Pion production (Pion production ring)

p(3GeV)

— Ultra-cold muon production

Ultra-cold muon

\4 /<|onized by laser

Muonium (" e™) formation in silica aerogel

7r+—>u+—|—u“

Proton LINAC (500 MeV)

p(3GeV) +C T+ X

RCS : 3 GeV x 6.6 uC x 2-bunch x 50 Hz =2 MW
Pion production ring:
100 nC/n/(AEp=75[MeV](10mm))
MPression y 5_bunch x 40-turns x 50 Hz

(6.6C x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW)
Booster ring (up to 1 TeV)

Target 1 TeV x (7.2nC=>3.6nC)/1 x 40 bunch x 50Hz
=9 MW

30 GeV muon LINAC ~ 3 km

R=1km (B =3 T max)
16 turns ~ 700us

30 GeV muon LINAC ~ 3 km

3 km Main ring t, = 20 ms (2000 turns)
prut : 1 TeV, 2.2 nCx 1 TeV,2.2 nC x 20bunch
ute 1 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch

Tu(l1TeV) = 20 ms

New beam injected
every 20 ms.



Proton acceleration (Proton LINAC & RCS) —— Pion production (Pion production ring)

p(3GeV) p(3GeV)+C - 7T 4+ X

— Ultra-cold muon production = —— Muon acceleration (Booster ring)
7wt = pt +v,  Ultra-cold muon ut (1 TeV)

\4 /<|onized by laser

Muonium (" e™) formation in silica aerogel

Proton LINAC (500 MeV)
RCS : 3 GeV x 6.6 uC x 2-bunch x 50 Hz =2 MW
Pion production ring:
100 nC/n/(AEp=75[MeV](10mm))
MPression y 5_bunch x 40-turns x 50 Hz

(6.6pCx2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW)
Booster ring (up to 1 TeV)

Target 1 TeV x (7.2nC=>3.6nC)/1 x 40 bunch x 50Hz
=9 MW

30 GeV muon LINAC ~ 3 km
Laser

R=1km (B =3 T max)
16 turns ~ 700us

Triple ring
(w, u, )

30 GeV muon LINAC ~ 3 km

3 km Main ring t, = 20 ms (2000 turns)
prut : 1 TeV, 2.2 nCx 1 TeV,2.2 nC x 20bunch
ute 1 1 TeV, 2.2 nC x 30 GeV,10 nC x 40bunch

Tu(l1TeV) = 20 ms

New beam injected
every 20 ms.



Proton acceleration (Proton LINAC & RCS) —— Pion production (Pion production ring)

p(3GeV) p(3GeV)+C - 7T 4+ X
— Ultra-cold muon production — Muon acceleration (Booster ring) — Collide (Main ring)
7t — put +v, Ultra-cold muon pt(1TeV) 1T (1TeV), e™ (30 GeV)]
\ /<|onized by laser [t (1 TeV;: pt (1 TeV)]

Muonium (" e™) formation in silica aerogel

Proton LINAC (500 MeV)
RCS : 3 GeV x 6.6 uC x 2-bunch x 50 Hz =2 MW
Pion production ring:
100 nC/n/( AEp=75[MeV](10mm))
MPression y 5_bunch x 40-turns x 50 Hz

(6.6C x 2-bunch x 75 MeV x 40-turns x 50 Hz = 2 MW)
Booster ring (up to 1 TeV)
Target 1 TeV x (7.2nC=>3.6nC)/1 x 40 bunch x 50Hz
=9 MW

30 GeV muon LINAC ~ 3 km

R=1km (B =3 T max)
16 turns ~ 700us

30 GeV muon LINAC ~ 3 km

New beam injected
3 km Main ring t, = 20 ms (2000 turns)

Wt 1 1 TeV, 2.2 nC x 1 TeV,2.2 nC x 20bunch every 20 ms.




BOOSte I rl N g (Based on private communication with M. Yoshida)
Acceleration of muons up to 1 TeV is required.

Potential candidates: FFA, RCS (also considered in the standard muon colliders)

Possible challenges of FFA (in the context of 1 TeV muon acceleration):

* Is scaling range compatible with acceleration up to 1 TeV?

- Maximum magnetic field «— compactness of the facility

...under consideration



Luminosity

Assuming

* similar proton beam power to J-PARC exp.

source of muon production (efficiency to collect muons was discussed in 2201.06664.)
* similar magnet power to HL-LHC

we estimate the luminosity as .
Ten-year running w/ 70 % duty factor
33 —2_—1 _ —1
£“+e_ = 4.6 X 10°° cm™ “s — /£H+e—dt = 1.0 ab

‘Cu+u+ —57x10%%? ecm™2%s~ ! —— /£u+e—dt =130 fb~*!



Polarization

Polarization:
helps enhance various cross sections and extract physics information

We assume

Pe_ — 40.7 <+— Targeted at SuperKEKB

PM+ — 4+0.8 <+—To be studied
(Considering our production method, at least

P+ = £0.25 seems possible)



Contents

v 1. Overview —background and motivation

v 2. Collider facility

3. Higgs physics

4. SMEFT

5. Direct search for new physics

6. Summary



Higgs physics

The Higgs precision measurment is one of major targets at next generation colliders.
This is because Higgs is considered the key to new physics:

It causes EWSB, and can couple to right-handed neutrinos, SM singlet scalars, Z’,...

Roughly speaking,

—r

HL-LHC: a few per cent
ILC: sub per cent
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What is the potential of uTRISTAN? We estimate # of higgs boson productions.



e collider



Higgs production

Main Higgs production: W boson fusion (WBF)

Vs = 346 GeV (E,+ =1TeV, E,- =30 GeV)

(P,+,P._) = (0.8,—0.7)

OWBF ~ 91 fb

Z boson fusion (ZBF)

- ZBF

41b

MadGraph5 J. Alwall et al.
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Number of Higgs bosons

Assuming the integrated luminosity of 1.0 ab!
(can be achieved by ten-year running with 70 % duty factor)

(integrated luminosity)

N (Hi =9 .51 104!
(Higgs) 1.0ab!' 1

Hundred thousand Higgs bosons!



Coupling measurement

Focus on the WBF channel

Higgs mainly decays into bb
(Branching ratio 58.2 % in SM)

| SM
| — SM "H! b8
*SM T * WBF | sSwMm
' H
can be modified mn2 n?2
. | = W_b I
> ) - SM
H

time



Coupling measurement

n2 2
| = W Dby
- n 2 - SM
H
lw =1 ' T'w etc.

We obtain a constraint

H |

|| I w T b |

| }I stat I I E| 1

2 2 N(WBF) " Br" e" ciency

311 10' 31 " integrated luminosity L U25 o ciency ! 2
o | 1.0ab' ! 05

Sub per-cent measurement *Statistical error only

time




WBF Higgs
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Slide from S. Kita
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wut collider



/ boson fusion:
leading-order higgs production

ut : ut
: W
: £
i )
Z Z
pt pt
| ;g | 54fb :Unfortunately, this is about 6 times smaller production cross section

than p*u colliders (where W boson fusion is possible).

Absense of pu is spoiling??
Actually, no! We have identified a higher order process,
whose corss section grows very rapidly at high energies.



2408.01068 Hamada, Kitano, Matsudo, Okawa, Takai, HT, and Treuer

v-mediated W boson fusion

time
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47rm%v sin* Ow 8 mfb 8 Smin 3 8 Smin

The cross section grows as log”3 at higher energies!

On the other hand, the standard WBF and ZBF are linear in log:

a?(1 — 4sin? Oy + 8sin? Oyy)? log 5
64m2 sin® Oy cos® Oyy 5 m?

ozBF(s) ~

a3

s
o s) ~ log — .
wr (3) 16m‘2,V sin® Oy g m,%



2408.01068 Hamada, Kitano, Matsudo, Okawa, Takai, HT, and Treuer

Cross Section vs. Center-of-Mass Energy for Single Higgs Production via W Boson Fusion at u* u* Colliders
Comparison of Different Processes, Calculation Methods, and Polarizations P+

Uty W Boson Fusion

.Log
n, Lead T with P =0

+. W Fusio

prH

103 4 Leading-Log Approx. + Z

With P+ = +0.8

Leading-Log Approx. + Z
With P+ =0

Full Calculation
102 4 with P+ = +0.8
Full Calculation
with P,p =0

Cross Section (fb)

IWW in MadGraph + Z

10t 4o with P+ = +0.8

IWW in MadGraph + Z
with P,+ =0

_ MTu*:ZBoson Fusion
with P,: = +0.8

0
10 u*u*:ZBoson Fusion

with P = =0

Center-of-Mass Energy (TeV)

At 10 TeV, the production cross section becomes the same order of magnitude as that at pu*u colliders!
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SMEFT

How precise is the SM?

— Standard model effetive field theory (SMEFT) is
a good framework to address this generic question.

Information from new physics at higher energies is encoded in Wilson coefficients
of higher dimensional (! dim 6 ) operators in the SMEFT Lagrangian.

e /ut pt
—(;wpu)(m )
1 grzlew l . .
w/ — ' . new physics scale

Az " Mz



Elastic lepton scatterings

e M 0O(1076) events | /Z
RS & 0(1076) events Z'?

Huge number of events enables detection/constraint on new physics.

time




Dim 6 operators

Adopt basis of

2013 Alonso, Jenkins, Manohar, Trott
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S I\/l E FT Adopt basis of

2013 Alonso, Jenkins, Manohar, Trott

What we can detect

Quws = H !''"HW ;, B¥ < S parameter
Qo =(H DyH) (H DyH) «—— Tparameter

QW =(H iD  H)(BIHL)
P =(H iDL )@ L)

QHu =(H iD wH)(!HPy )
Q Il —(pp!ulr)(gs!ul)

prst

Qe =(K!ul)(es! e)

prst

pr’SEE[ = (ep! per)(es! Her)



PTEP 2023 (2023) 1, 013B07

ESU m ate d CO ﬂ St ra | ntS Hamada, Kitano, Matsudo, HT
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Can significantly improve the current constraints
Capable of detecting up to 100 TeV regarding 4-fermi interaction
Muon involved operators can be measured for the first time
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SUSY

For simplicity, we only consider the diagrams where
Wino W is exchanged.

* e collider superpartner of SU(2), gauge boson
I:l'+\\\ I/Ie- A
\\ W ,/ "
=
=
u e

- utut collider

time




PTEP 2022 (2022) 5, 053B02

S U SY Hamada, Kitano, Matsudo, HT, Yoshida

Mass region where # of events exceeds 100 per year.

2500 —

all —

| #$50408" Gy + -
| #3%098")*+, | @ p*e collider

| me= my assumed 20001

Vs=gmq. L=12fb"/yea
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#l1

0 2000 4000 6000 8000

my [GeV]

TeV scale SUSY particles are within the reach



2304.04483 Jiang et al.

(See also 2304.1402 Fridel et al.,
2309.06463 Bhupal Dev et al., 2405.02819 Santiago et al.,

| Majorana neutrino causes lepton-number violating processes 241021956 pasetal,...)

o~
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(a) (b) 10
Figure 1: Signal processes at a same sign muon collider :(a) t-channel, (b) u-channel 107
. Y ptp:10TeV, 10ab~1 ™ e s
—e— L'*:4j 10TeV 1ab’”' —e— 'l 1TeV 1ab™!
107 wutl'2j 1TeV 1ab” —e— p'ut:4j 1TeV 1ab™
| L N L u*u*:4j 10TeV 10ab™"
10 107 10° 10

M[GeV]

2407.05807 Kitano, Sato, Sugama

I Using lots of ! ¢ as decay product of pu* beam,

one can measure T violation (CP phase) through P (1! 1 ,)" P, ! 1e)

I WIMP search 2310.07162 Fukuda et al.
| Axion-like particle search 2310.11018 Chigusa et al., 2406.13234 Calibbi et al.
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summary

I Next generation colliders should address precision measurement of the SM and
ideally also direct search for new physics.

I Utlilizing muon beams is an attractive option from both viewpoints: clean environment & high energy

I We take advantage of the fact that cooling technology for u* is much ahead of that for pu-.
Why not start with p*-based colliders? —— HWTRISTAN!

I uTRISTAN, p*e collider & p* u* collider, indeed have physics potential

-Higgs factory (Absence of p is not very serious)

-Indirect search for new physics up to 100 TeV through SMEFT

-TeV scale direct search for new physics



Discussion

| Detailed studies on Higgs precision measurements are to be performed.
(Disentaglement of different Higgs couplings, Measurement of Higgs decay width,

Higgs triple coupling,...)
I Proposal of related collider experiments based on ultra-cold muon

2406.02647 Akturk, Dagli, Ketenoglu, Ozturk, Sultansoy

Proposal to collide u* beams with p or A beams using LHC/Tevatron/FCC/SppC facilities

Much higher energy can be achieved than using e beam:
suitable for exploring large-Q”2 region of PDF and enhancing higgs production cross sections

It collider is also desirable in the future to explore higher energies of particle physics

more extensively.
Muon acceleration is indispensable to realizing these attractive colliders.



