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The First Workshop on the Muon-ion Collider
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Synergy workshop between ep/eA and pp/pA/AA physics experiments
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AUGUST 28,2023 | 10 MIN READ

Particle Physicists Dream of a Muon Collider
After years spent languishing in obscurity, proposals for a muon collider are
AMERICAN ShAS
EXPERIMENT
http:/fotlas.ch

August 2023

https://www.scientificamerican.com/article/particle-physicists-dream-of-a-muon-collider/
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Explonng Pathways to Innovation
and Discovery
Quantum in Particle Physms il
Universe Exsculive Summary i i | P
, T Els N
Dempher Explore llluminate
the New the
Quantum Paradigms Hidden
Realm in Physics Universe
Elucidate the Mysteries Search for Direct Evidence Determine the Nature
Re Ort Re I eased of Neutrinos of New Particles of Dark Matter
p Reveal the Secrets of Pursue Quantum Imprints  Understand What Drives

the Higgs Boson of New Phenomena Cosmic Evolution

As part of this initiative, we recommend targeted collider R&D to establish the
feasibility of a|10 TeV pCM muon collider.lA key milestone on this path is to design
a muon collider demonstrator facility. If favorably reviewed by the collider panel, such a
facility would open the door to building facilities at Fermilab that test muon collider design
elements while producing exceptionally bright muon and neutrino beams. By taking up
this challenge, the US blazes a trail toward a new future by advancing critical R&D that

can benefit multiple science drivers and ultimately bring an unparalleled global facility to
US soil.

https://www.usparticlephysics.org/2023-p5-report/


https://www.usparticlephysics.org/2023-p5-report/

some perspective

1989 ...

SLLC & LEP
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the LEP collider
started operation in
August 1989
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Mark II discovered the first
Z event on 12 April 1989

14th International Symposium on Lepton and Photon Interactions at High Energies. 7-12 August 1989. Stanford, CA
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The First Workshop on the Muon-ion Collider
December 13-15, 2023
y | Brookhaven

National Labaratory

Building synergies between
the HEP and NP communities

Maria Chamizo-Llatas
BNL / SBU

The first international workshop on muon-ion colliders, December 13-15, 2088 ] (] [l] @&rookhavenLat



Energy Configurations and Luminosity

Parameter MulC MulC2 LHmuC LHC option
JSup (TeV) 0.33 0.74 1.0 - 2.0 6.5 « s
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-1
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Acosta et al. - Potential of a TeV Scale Muon-lon Collider hadron Fil‘lg
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X arXiv:2203.06258 The Potential of a TeV-Scale Muon-Ion Collider
Darin Acosta, Emanuela Barberis, Nicholas Hurley, Wei Li,
Osvaldo Miguel Colin, Yijie Wang, Darien Wood, Xunwu Zuo
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Timeline of Future Colliders in European Strategm

Possible scenarios of future colliders ™ Proton collider mmmm= Construction/Transformation: heights of box construction cost/year CERN/ESG/05b
Electron collider Preparation
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Complementary

Facilities

... why essential

17



Need for multiple colliders 18

We need multiple colliders (ee, eh, hh) to test

‘ E. Aschenauer
Factorization Universality

Example: Measure PDFs at HERA at Vs=0.3 TeV:

Hland ZEUS
=16

Proton

-

Proton

| 0°(5eV)

Predict pp and compare to measurements at ¥s=0.2, 1.96 & 7 TeV

O probe has complex structure h U Point-like probe gives good resolution
P-P ano simple access to parton e- U High precision & access to partonic kinematics
kinematics through scattered lepton
O Gluons can be accessed U initial and final state effects can be cleanly
directly via qg &gg disentangled

> inclusive measurements of structure functions

only sensitive to initial state
e.g. Tevatron + HERA




Can vou find the Nobel Prize
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... I can probably
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Precision Era: High Precision W Boson Mass 20

RESEARCH Py
DOI B0478B = 83 —_—
CDF 1 B80432 = 79 —_—
PARTICLE PHYSICS
DELPHI B0336 = 67 —
High-precision measurement of the s sozr0.ss —e—
" OPAL 80415 = 52 —_—
W hoson mass with the CDF |l detector ALEPH 80440 - &1 Ce
Do B0O0376 = 23 —- -
CDF Collahoratlon’fi T Aaltcmen]"2 S. Amerio3‘“ D. Amidei®, A. Anastassw AERA BRI T 1
CDF 1l B0433 = 9 -
| (VR WP S W] [N G S WY VN U SN U U N e S S Uiy Wiy [ SN UGG NN (N (U U Y G U (A VAt S

|
Table 2. Uncertainties on the combined

My result.
Source Uncertainty (MeV)
Table 1. anerta?'/ qu‘/}ass measurements, in MeV. Lepton energy scale 30
Lepton energy resoiutlon 12
CDF (e) | CDF (p) | DO(e Recoil energy scale
Energy Scale 130 60 260 Recoil energy resohztlon .
Resolution 140 120 70 Lepton efflmency
| Fring 2 | 2 | Lepton removal
A, | PDF 100 - 100 70 CSS Resummatlon\ Backgrounds . .
[ Py andund. evt. 120 145 120 P&mgdei
E Width - - 20 *
Total Sys. 250 240 307
B Statistical 150 - 200 160 Strange PDF
ot tat + Sys 290 300 346
Total (S S
PDF Precision

CDF Collaboration et al., Science 376, 170—176 (2022)
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LHeC Whitepaper

CERN-ACC-Note-2020-(002
Geneva, July 28, 2020

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

Where does the information come from?

Low Q2 NC
(y exchange)

F2 ~ Zx (g+gbar)

dF2/dInQ2 ~ agg |
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Final States:
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https://arxiv.org/abs/2007.14491
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B r Non-linear QCD | -
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Max Klein Kobe 17.4.18

A future DIS machine would be a vast

improvement on HERA in both luminosity and

kinematic reach

X15/120 extension in Q2,1/x reach vs

CC v
et W=
d,u
d,u

< | flavour composition

e+:d e u

) THigh Qz NC

Z - Parity Violation
xF3 ~ Zx (q-gbar)

valence

12



https://arxiv.org/abs/2007.14491

PDF uncertainties are a ImpaCt of |umln05Ity on PDFs 23
limiting factor for many o Bl T >
L 108 £
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T 102 5
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HIGGS
COUPLINGS

Mangano
ICEP 2023

T. Barklow
et al.,

Coupling deviations for various BSM models, likely to remain unconstrained by direct searches at HL-LEQI_

P HIGGS COUPLINGS
https://arxiv.org/pdf/1708.08912.pdf
Model bb cc gg WW 11 ZZ vy JAL
1 MSSM [40] +48 -08 -08 -0.2 404 -05 +0.1 +40.3
2 Type II 2HD [42] +10.1f -0.2 -0.2 0.0 }=+£9.8] 0.0 +0.1 [+98
3 Type X 2HD [42] =02 -0.2  -0.2 0.0 |+7.8] 0.0 0.0 |47.8
4 TypeY 2HD [42] 41011 02 -02 0.0 -02 00 0.1 -0.2
5 Composite Higgs [44] -64 -64 641 -21 |-64|-21 -21 |-64
6 Little Higgs w. T-parity [45] 0.0 0.0 25 00_ -25 -15 0.0
7 Little Higgs w. T-parity [46] | -78 | -46 =35 -15 |-7.8|-1.5 -1.0 |-7.8
8 Higgs-Radion [47] -5 -15 |+10.] 1.5 -I5 -1.5 -1.0 L5
9 Higgs Singlet [48] -3.5 -3.5 =35 -35 -35 -35 -35 -3.5
5-10% NB: when the b coupling is modified, BR deviations are
smaller than the square of the coupling deviation. Eg in
>10% model 5, the BR to b, ¢, tau, mu are practically SM-like

Table 5: Deviations from the Standard Model predictions for the Higgs boson couplings,
in %, for the set of new physics models

(sub)-% precision must be the goal to ensure 3-50 evidence of deviations,
and to cross-correlate coupling deviations across different channels




Signposts

for the future
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PRE-LHC POST-LHC

... high precision ... infer high scales



Low Q2 NC
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/U‘C Muon Collider Promises

MuCol US Snowmass Implementation Task Force: Th. Roser, R. Brinkmann, S. Cousineau, j\*\[;‘ngggﬁ;?;::
D. Denisov, S. Gessner, S. Gourlay, Ph. Lebrun, M. Narain, K. Oide, T. Raubenheimer, ~ “°''#°°r#ten

] J. Seeman, V. Shiltsev, J. Straight, M. Turner, L. Wang et al.
CME | Lumi per IP Years to Cost range | Power
[TeV] | [10%*cm2s] physics [BS] [MW]
@ 290

FCC-ee 0.24 8.5 13-18 12-18

MC 3 TeV
ILC 0.25 2.7 <12 7-12 140
@ CLIC 0.38 2.3 13-18 =Lz 110

ILC 3 6.1 19-24 18-30 400

R —y
S

CLIC —+— ' ' i

[ MuColl 3¢ CLIC 3 5.9 19-24 18-30 550
09} . f T T e e g

0.7 |
0.6 |
0.5}
0.4 | e 1

20 | e—— j FCC-hh 100 30 >25 30-50 560

0.1

P e [10*cm s /MW

Ecm [TeV] Judgement by ITF, take it cum grano salis

D.Schulte  Muon Collider, Muon-ion Workshop, Rice U., December _A



MC Key Challenges

MuCo 0) Physics case

International
\UON Collider
Collaboration

2) Beam-induced

4) Drives the beam quality

MAP put much effort in design background
optimise as much as possible
— Muon Collider Accelerator
Hmyector >10TeV CoM Ring
~10km circumference :
F ™ J
: ’0
4

4 GeV Targer JrDecay u Cooling LowEnergy
Proton & pBunching Channel  u Acceleration

o
: : <

: : -
Source Channel _ im -

1) Dense neutrino flux

3) Cost and power consumption limit energy reach mitigated by mover system
e.g. 35 km accelerator for 10 TeV, 10 km collider ring and site selection
Also impacts beam quality

D.Schulte  Muon Collider, Muon-ion Workshop, Rice U., December A




AM J[JAIS|OND{][FIMAM|J|]|AS|ONDY Shutdown/Technical stop

Protons physics

' ' Ions
‘ Run 6 ‘ Commissioning with beam

‘ | ‘ Hardware commissioning

https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm



The ep/eA@CERN Study
enabled by Energy Recovery Linacs (ERL)

ERL to enable high-power beams that would otherwise

require one or more nuclear power plants

106 _
2 ERL- . \
@ Completed Oy base d
@ Ongoing (cold) Gf“\é‘ HEP COHiders m‘ ”%:;,
103 @ Ongoing (warm ' ’792} S b ®
@ Inprogress p / 4 P CERC ® ® ERLC
@ Proposed a,’ 0/;_@ st ]
”e d % ."(JC';‘,
10 . CEBAF
;‘ (3-pass) e
S Pray,; ' o
E e I/jo u : ; oy .
g 10| | =
> & 3
¥
102 | S-DALINAC - t |
(2-pass)
Recup.
ALICE . . {4-pass) . #ﬁﬂp
10! CERL gl
P 5 25 - i,
100 oy, % b O, %, |
10—3 1[]—2 10—1 10(] 1{]1 102 103
Average current in mA
technology

\
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[
[
I
[
I
[
I

J

Future ERL-based Colliders
H, HH, ep/eA, muons, ...

R&D Roadmap

bERLinPro & PERLE

essential accelerator R&D labs with
ambitions overlapping with those of
the particle physics community

towards high power

r------

-------------J

Energy Recovery demonstrated

great achievements on all aspects
and large research infrastructures

based on Energy Recovery systems
have been operated successfully

Energy Recovery Linacs (ERL): reaching higher luminosities with less power requirements .,
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