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The Electron-lon Collider (EIC) at BNL
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What is after the EIC?

« Can we reach Vs of TeV and beyond?
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A Muon-lon Collider at BNL Acosta, Li, NIM A 1027 (2022) 166334

An “upgrade” of EIC by
replacing e by |1 beam

Bending radius of RHIC tunnel: r = 290m
Achievable muon beam energy: 0.3Br

\ Muon acceleration
(option 2)

Parameter 1 (aggressive) 2 (realistic) 3 (conservative)
Muon energy I I
1. : .
(TeV) 39 : 0.96 | 0.73
Muon bending I I
p magnets (T) 16 (FCC) I 11 (HL-LHC) I 8.4 (LHC)
Muon acieration I
(option 1) Muon bending I 290
radius (m) | I
| i
Frofon (?“) 4.275 (0.11/nucleot)
proton/ion . cncIgy ( eV) q }
Souree CoM energy
1.24(0.78) 1 1.03(0.65) | 0.9(0.57
o ©78) 1 ©65) 1 090057

Cost effective and affordable! ——————

u's do not radiate when bent Vs ~1TeV, 7-8x increase over EIC
but they do not live long ... 5



A “LHmuC"” option at CERN

Acosta et. al. 2023 JINST 18 P09025

A up collider option of Vs = 6.5 TeV,
If an initial 1.5+1.5 TeV u* collider
is sited at CERN

Vs exceeds that of the FCC-eh

Opening new energy frontiers
at small footprints



What makes MulC unique? /
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What makes MulC unique?

Inst. Luminosity (cms™)

x(Q?=5 GeV?) 5x104 5x10 5x108
1035§IIIIII| T T IIIIII| T T IIIIII| T T IIIIII|
~  Lepton-had i llid . .
- epton-hadron (ion) colliders FCCoeh Staglng optlons
sl LHeC ¢ « S0: 100 GeV muons
107 £ EIC
= « S1:960 GeV muons
C MulC LHmuC
B X
10% & Rice MulC workshop discussion:
= o * Luminosity likely overestimated by
= 10-100 after taking into account
. - beam-beam, space charge effects.
10

o doubly polarized

<

Dedicated optimization of IR needed

10 10? 10°
Center of Mass Energy Vs (GeV)

The First Workshop on the Muon-ion Collider
December 13-15, 2023



https://muic2023.rice.edu/

Why MulC? /
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Precision electroweak
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The ultimate lab for QCD and Nuclei

DIS-UPC kinematics coverage
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A TeV-scale MulC will provide unprecedented access to the saturation regime,
offering a unique window into non-linear QCD dynamics. 0



The ultimate lab for QCD and Nuclei

LHC UPC-VM (ly, , I<4, Q*<{my,/2 )
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- Gluon saturation? But all models
107 107° 107 10° 102 107! fail at the quantitative level.

A TeV-scale MulC will provide unprecedented access to the saturation regime,

offering a unique window into non-linear QCD dynamics. .



The ultimate lab for QCD and Nuclei

small x
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A TeV-scale MulC will provide addition lever arm in Q2 enabling high-resolution
studies to definitively probe saturation/non-linear QCD. -



The ultimate lab for QCD and Nuclei

y* + Au/Pb > Jly + Au/Pb' (coherent) —SMAIX

MulC oo Q%<1 GeV?

3 . iT'L:1<<:1I2<1ociv2

Non-linear regime

—
<

Assume 10% of L.

—

Q

[\b)

1 1 ||||||I
*y

Linear regime

—_
S
@

10 < Q%< 100 GeV?

eSTARLight

oy *+Au/Pb—sJhy+Au'/Pb') (mb)

UPC Data
g '-v —o—11(960) + Au(110), Lint =4/A o e CMS PbPb 5.02 TeV h
10 E = u(100) + Au(110), Lint =0.6/Afb" m ALICE PbPb 5.02 TeV 3
E | -+ ¢e(18) + Au(110), L‘m =10/A o *I STAR AulAu 200 Gelv IE
0 100 200 300 400 500 600 700 800 900

Wy (GeV)

A TeV-scale MulC will provide addition lever arm in Q2 enabling high-resolution
studies to definitively probe saturation/non-linear QCD. -



The ultimate lab for QCD and Nuclei
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The ultimate lab for QCD and Nuclei
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The ultimate lab for QCD and Nuclei

Muon-Jet (de)correlations to probe
° .
. . . . °
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Much wider kinematic lever-arms and precision at TeV DIS machine »



Physics Potentials: EWK, Higgs, BSM

Electroweak:
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BSM: Charged lepton flavor violation
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Higgs physics:
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How to build a Muon Collider

 International Muon Collider Collaboration (IMCC) led by CERNSs since 2021:
a design of 10+ TeV p*u-with 3 TeV as an initial step

* Muon Collider forum in US from Snowmass 21 and P5 (white papers)

PLE=2 3 The Path to a 10 TeV pCM

Realization of a future collider will require resources at a global scale and will be built through a world-wide
collaborative effort where decisions will be taken collectively from the outset by the partners. This differs from
current and past international projects in particle physics, where individual laboratories started projects that
were later joined by other laboratories. The proposed program aligns with the long-term ambition of hosting
a major international collider facility in the US, leading the global effort to understand the fundamental
nature of the universe.

In particular, a muon collider presents an attractive option both for technological innovation and for bringing
energy frontier colliders back to the US. The footprint of a 10 TeV pCM muon collider is almost exactly the
size of the Fermilab campus. A muon collider would rely on a powerful multi-megawatt proton driver
delivering very intense and short beam pulses to a target, resulting in the production of pions, which in turn
decay into muons. This cloud of muons needs to be captured and cooled before the bulk of the muons have
decayed. Once cooled into a beam, fast acceleration is required to further suppress decay losses.

Although we do not know if a muon collider is ultimately feasible, the road toward it leads from current MUIC COUId be a Stag'”g
Fermilab strengths and capabilities to a series of proton beam improvements and neutrinc;l:_eﬁlm/fa;iﬁﬁesz/ H
each producing world-class science while performing critical R&D towards a muon collider. ‘&t the end of the Optlon asa demonStrator

path is an unparalleled global facility on US soil. This is our Muon Shot.

« US Muon Collider Collaboration: https://www.muoncollider.us/ "


https://muoncollider.web.cern.ch/
https://indico.cern.ch/event/1130036/
https://www.muoncollider.us/

Muon “cooling”: most crucial step to reach high L

Muon production Slow Accelerate  Slow Accelerate  Slow  Accelerate  Slow
Radiofrequency 30-50T

cavity

Muon

Neutrino

D -

The goal is to turn a ...into a tight beam
‘cloud’ of muons travelling travelling in one
in all directions... direction

Nat. Phys. 17, 289-292
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Alternative Cooling Idea for y+ Only

See: https://cerncourier.com/a/muons-cooled-and-
From Katsuya Yonehara (link) accelerated-in-japan/

Alternative design:
Capture u+ with electrons in aerogel Cold muon beam from surface muon

o _ Ultra cold p*
(ultracold), and ionize with laser FERMI/MAP o scserstrogram)

proton Tt ut -
. - @ p ® 0 Normalized emittance
+  Very small emittance, 1.5um — & — _ © 25t mm mrad
- - O @"“  =>Frictional cooling

No ionization cooling needed! ———— ®

A\t re tar lonizing laser . N
I=capture target Normalized emittance

* Create ~2x10'0 y+ — 100x less than

g q q -~ ~1.5 tmm mrad
desired for MC but a starting point * . lnized
WTRISTAN .- » » &
« Achieve up to 50% polarization! Uitra'cold u” Sy s s
No ionization cooling <——0—>“ ,,,_Q__«Q_,\ g
channel is needed! " p*e-bound state
. Stopped mt* decay to (muonium) )
".Spin polarized p* (4MeV monochromatic) 4
25 Fermilab

25 12/14/23 mulC 2023, Target and Cooling, Yonehara 20


https://indico.cern.ch/event/1276216/contributions/5630559/attachments/2771580/4829384/MC_Target_Cooling_muIC23_KYonehara.pdf
https://cerncourier.com/a/muons-cooled-and-accelerated-in-japan/
https://cerncourier.com/a/muons-cooled-and-accelerated-in-japan/

Recirculating Linacs
(RLA)

MulC stage 0
(exceeding HERA)

21



Fast-ramping magnets

for TeV acceleration

Recirculating Linacs
(RLA)

RCS2
(~960 GeV)




Neutrino-induced radiation background

Damage by secondary particles induced by neutrinos

from the collider

«—— = Deep underground
BE OR

— — Surface of an island

23



Neutrino-induced radiation background

i Damage by secondary particles induced by neutrinos

from the collider

«—— = Deep underground
; — — Surface of an island

Ting

straight
seetion

wd @

the surface, in a “remote island”

Tilt the disk plane at a small angle?

High-intensity neutrino beams produced are
also of significant interest in their own right. ,



Experimental Challenges &

Detector Considerations
HERA

utu~ collider

VS.

Single muon decay
tracks

N ~2x10'2/bunch

F. Collamati et al. 2021 JINST 16 P11009
December 14, 2023 Donatella Lucchesi MulC workshop at Rice



Final-state kinematics at MulC

p/A M
> <
kinematics for scattered muons kinematics for struck quarks
. . ) . H H H
-1 : 1 10° .
10% -
-3/ 3
pr=100GeV/c
; 10GeV/c 10%|.
4 [ b 1GeVic %
10? -
10! |
-7 7 10° 10°
-8
- ol - T ] :
Scattered muons: -7<n<-1 Jets/hadrons: -4<n<2.4
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Detector challenges and R&D needs

p/A(01Tev) =~ u(TeV) Precision timing (<50 ps) and

Far-backward Silicon Tracker n-~2.4

muon system 7 ~ — 5 (w/ timing) JEEN S RPs

H N - —r el .
n € (—=7,—5)?
Far outside the Assuming one-sided nozzle
beam pipes?

(to be verified)
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IMCC simulation software

BIBs from one muon beam with IMCC ref. detector (nozzles on both sides)

Next: BIB simulation with single-side nozzle and detector optimized for MulC
28



DIS events + BIB simulation (one muon beam)

ECal Hitting energy [GeV]

HCal Hitting energy [GeV]
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(2]
§ T fZEE3 Signal: o = 50ps
3 - —— BIB: Vertex Tracker
N o P .
g 08l BIB: Inner + Outer Tracker
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Tracker hit timing

Timing detector (e.g., LGADs) for ECAL
and Tracker is crucial for suppressing BIBs
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A Roadmap (in our view)

Future QCD frontiers at muon-ion colliders — arXiv:2203.06258
origin of nucleon spin, mass; extreme parton densities

0. EIC (ep/eA): 0.14 TeV
P
Muon collider R&D, test facility, BNL(FNAL?)-MulC: 1 TeV;
nuSTORM CERN-LHmuC: 6.5 TeV

(a1
Lu 3 TeV p*u (CERN?)
I 0.25-0.5 TeV e*e- -

. .25-0. i O(10+) TeV p*u

Higgs factory || (i 0 e M (CERN?)
||]‘ HL-LHC Future high-energy frontiers
 INEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EE
2020 2030 2040 2050 2060

A possible roadmap to future muon colliders in NP and HEP
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Summary A

A TeV Muon-lon (proton) Collider:

e Unprecedented access to small-x & non-linear QCD at TeV scales

e Affordable (e.g., an “upgrade” to the EIC) by re-using the existing facility
e A staging option and demonstrator toward the ultimate 10+ TeV p*u-

e Synergy across nuclear, particle, and intensity frontiers
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Summary A

A TeV Muon-lon (proton) Collider:
e Unprecedented access to small-x & non-linear QCD at TeV scales

e Affordable (e.g., an “upgrade” to the EIC) by re-using the existing facility
e A staging option and demonstrator toward the ultimate 10+ TeV p*u-

e Synergy across nuclear, particle, and intensity frontiers

To the young generation: Think boldly, and the future is in your hands!
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Outline

Introduction and motivation of muon-ion collider

Physics opportunities

How to realize a muon-based/muon-ion collider

Detector considerations and experimental challenges

34



R&D challenges of muon colliders

Required key accelerator technologies

High power proton driver development

* 2ns, 8 GeV bunches up to 4 MW with a 15 Hz rep. rate

Target system capable of managing large instant power

« 20 T capture solenoid with large bore that can withstand radiation

Cooling system to reduce 6D emittance by 6 orders of magnitude
* Demand for high B-fields @ 30-40 T range

» Placement of NC RF cavities within multi-T B-fields

Acceleration scheme towards TeV scale energy before decay

» Fast ramping magnets to deliver ramp times of several T on a ms timescale
Collider ring

 12-16 T dipole magnets with a 150 mm aperture Diktys Stratakis

. e Snowmass Summer Meeting
* Neutrino flux mitigation system 19 July 2022
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Science potential at the MulC/LHmuC

Q.
3
\% 8000

New physics potential: uyp vs pu*u- The muon smasher’s guide
20000~ —
18000:—_uq’ 2 51 el 500 _, 2—1
16000:— S 400 = p=1
: --.Hq, 2%2 [¢)]

14000 t; 300

< - 2 200+

> 12000F- ool

S 10000{—

6000F T \MCCAC S5 [TeV]
40005__ __________ 16001
2000 M Sup ~ 1.5 /s 1400
= PN DR N B R Mp L |Mﬂ =1 H20G)
% 2000 4000 6000 8000 10000 £ 128&
For example of 2—1, ... (GeV) 5 G0,
e 3TeV uty (IMCC)~4.5TeV up~15TeV pp 2007
« 6.5TeV up (LHMuC) ~ 4.3 TeV p*y-~ 22 TeV pp 0 10 20 30 40 50 60 70 80 90 100
« 1 TeV up (MuIC) ~ 0.67 TeV u*p- ~ 3.3 TeV pp Jsu [TeV)

(without considering different bkgs levels) (reproduced in our calculations) 36



Design Parameters — MulC and LHmuC

Parameter

MuiC (BNL)

LHmuC (CERN)

/Sup (TeV) 0.33 0.74
L, (10%m?s7) | 0.07 2.1 4.7 2.8
i (-1
i, (01575 ({157 6 178 400 237
per 10 yrs
Staging|options Muon Proton Muon Proton
Beam energy >
(TeV) 0.1 0.5 0.96 0.275 1.5 7
N, (10™) 40 20 20 3 20 2.2
frgp (H2) 15 15 15 12
Cycles per u
bunch, Nig,q, 1134 1719 3300 3300
€y (um) 200 25 25 0.3 25 25
B*,y @IP (cm) 1.7 1 0.75 5 0.5 15
Trans. beam 48 76 47 7.1 3 7.1
size, 0, (Um)

Muon Collider parameters (arXiv:1901.06150)
+ BNL/EIC proton beam parameters (CDR)

Similar idea applies to LHC

arXiv:2203.06258

Higher /s than FCC-eh!
(3.5 TeV)

37


https://arxiv.org/abs/1901.06150
https://www.osti.gov/servlets/purl/1765663/

A Muon-lon Collider at CERN, “LHmuC”

JSup (TeV)

L,, (1033cm2s)

Int. Lumi. (fb1)

per 10 yrs
Muon Proton

Bea?ree\y)ergy 15 7

N, (10™) 20 2.2

ftrep (HZ) 12
e ert | o

€ xy (UM) 25 25

B*xy @IP (cm) 0.5 15

Trans. beam 3 71

size, oy, (um)

® Variation of the LHeC concept with a TeV
muon beam replacing the 50 GeV electron
« Likely beam
unrealistic@ Could accommodate a pp collider option if an
initial 1.5+1.5 TeV p*u- collider is sited at
CERN (Intl. Muon Coll. Collab. design)

® Equivalent vs would actually exceed that of a
3 TeV p*u- collider %




IMCC Timeline (technically limited)

v 20+ years till the first MC with

) Technically limited timeline .
- — sustained R&D efforts
S8 | Initial design ' T
8 10'3 Facility Conceptual
3= Desi
83 = Techmical A small-scale demonstrator
B L Design : o :

. 13| i — T ———— with strong science desired

3 Demonstator | & 5| N before going to O(10+) TeV

@ esign = S
g § Preparatory _5 _E
g E work § 2
[N =) Protoggges 5 | Demonstrator g

- —— 2 |__Construction 2

) o a |Demonstrator exploitation and upgrades
] @ .

. :

) Design and
= modelling

g [ | [Prototypes
. Pre-series

' Production
Cost and Performance Ready to Ready to ' 7 7 Ready to
Estimation Commit Construct Operate
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The ultimate lab for QCD and Nuclei

Inclusive jet cross section
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Formation of International Muon Collider

Collaboration (IMCC) by CERN

Muon Frontend:

in 2021: a design of 10+ TeV p*p-with 3 TeV as an initial step
Muon Collider forum in US from Snowmass 21 (white papers)

Fast-ramping acceleration: in a few turns

Accumulator
Buncher l
Phase Rotator

Capture Sol.

Decay Channel

Initial Cooling

—

< o
5 £ c £
a3 S ©

L 9

§83§§§
22 3= @ &
g (T

6-D cooling * Recirculating Linacs (RLA)
Production Capture (ionization) * Rapid Cycling Synchrotrons (RCS)
Proton Driver ECooling Acceleration Collider Ring

Accelerators:
Linac, RLA or FFAG, RCS
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https://muoncollider.web.cern.ch/
https://indico.cern.ch/event/1130036/

