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A Muon-lon Collider at BNL

The future QCD frontier and path to a new energy frontier of p+u- colliders


https://arxiv.org/abs/2107.02073

Who we are

Darin Acosta: “Particle Physicist” on CMS (Higgs, standard model physics
?nd Bﬁl\dﬂ sc)aarches etc.), funded by DOE-HEP; Previously on ZEUS at HERA
ep collider

Wei Li: “Nuclear Physicist” on CMS (high-energy nuclear collisions, QCD in
extreme densities), funded by DOE-NP; also on STAR (and previousl
PI_III%B?S) at RHIC (AA collider) and emerging collaborations at EIC (ep/eA
collider

Many examples of successful synergies between HEP and NP in CMS in
physics measurements, detector design, operations and upgrades

We like chatting about the future of each other’s field and looking for
opportunities to collaborate

n.b. Neither of us is an accelerator expert, not to mention muon colliders...
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Future of HEP energy frontier A

e \What would be an optimal and realistic path forward?
e Can US play a role in hosting future colliders?
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An Energy Frontier Muon Collider

A more compact and innovative facility to incorporate the advantages of a high

precision lepton collider and an energy frontier machine IMC: arXiv:1901.06150
: , so0f ' ' ' ]

An O(10) TeV muon collider has the equivalent
mass reach to an O(100) TeV proton collider e

@ 100F---=<=--—= i
But much R&D still to do... 50}/ |
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Accelerator Types: Linac,
Recirculating Linacs (RLAs),

Rapid Cycling Synchrotrons (RCS)

Muon Accelerator Program (2011-2016)
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https://arxiv.org/pdf/1901.06150.pdf

International Muon Collider Collaboration

https://muoncollider.web.cern.ch/welcome-page-muon-collider-website

Exploratory Definition ] ] ]
phase ph‘ase Potent|a| t|me||ne Technically limited

/|
I ¥ L

[I N P 0 = o) ] S 3 % Before reaching O(10+) TeV, a
demonstrator is with compelling
Collider Design . )
| Baseline design Design optimisation Project preparatio- sclence program.
Test Facility . . . .
[ Do |comier ] — | IMCC is focusing on a design
of 3 TeV p*u-as its next step
Technologies
| Design / models Prototypes / t. f. comp. Prototypes / preiseries | L HIggS faC'tOI’y?
Ready to decide Ready to commit Ready to construct

e Muon-lon Collider?

on test facility Cost known
Cost scale known

~ 15 years to fully develop the technology 5


https://muoncollider.web.cern.ch/welcome-page-muon-collider-website

Future of NP in USA /

Electron-lon Collider at BNL (2030-) — a new QCD frontier
(CD-1, funded by DOE-NP)

eeeeeeee

eeeeee

BNL-EIC pecs
(2030-)

AN ASSESSMENT OF
)S-BASED ELECTRON-ION
COLLIDER SCIENCE

etector 44y  Electron
oooooooooo

llllll

White paper
arXiv:1212.1701 Gluon NAS report (Poarized
saturation July 2018
first conceived in late 90s
ep, eA (any ion in periodic table) up to 140 GeV;
. - 7 3 . .
Time to think: What’s after EIC? Polarized e, p, ®He beams (70% polarization)
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Cost: $1.6-2.6B
(DOE-NP)

lectron
rrrrrrr
IIIIIII

~ BNL-EIC
(2030-)

BNL-RHIC
(2000-2025)

Possible
Detector

o e

Location
Possible
Detector -
Location 27 NN\ oedor
lectron
Injector

(Polarized)
lon Source %  lonSource

Re-using existing facility & infrastructure is key to the realization of EIC



» Gluon saturation

E ¢ (@20e¥) 5x10°  sx10t sact ] HERA at DESY — high energy but low
é(; T I A | luminosity, unpolarized or singly polarized (*)
C\'JE E Eicco o "° E : . . :
KSJRT0j A S )] EIC & = EIC at BNL — lowish energy but high luminosity,
> F " ¥ 3 doubly polarized, ions
8 1032E_“"""""-“C-(SMPAS_S_ --------------------------------------------- _§
g S— - 1 What's after EIC?
T e e ] e LHeC (arXiv:2007.14491)?

E doubly polarized beams unpolarized beams E

B B 17/ 11

Center of Mass Energy Vs (GeV)
(*) HERA-II did achieve longitudinally polarized
electron beams



» Gluon saturation

JPAANUNI R sact ] HERA at DESY — high energy but low
= 1034;_ _____________________________________ — _ luminosity, unpolarized or singly polarized (*)
& F Eec , ®® Mulc| 3
E/ | I _: ____________ EC ® —|.-] EIC at BNL — lowish energy but high luminosity,
> F " “1 3 doubly polarized, ions
8 1032E_"""""""_C_O_MPAS_S_ _____________________________________________ _§
g S— - 1 What's after EIC?
E O e = e LHeC (arXiv:2007.14491)?
E l ldlo:.:Ibly polarized beams unpolarized beams E o Muon-lon COIIider at BNL!

el ol !
10 100 1000 (eps. with polarized muons)
Center of Mass Energy Vs (GeV)
(*) HERA-II did achieve longitudinally polarized
electron beams



Muon-lon Collider at BNL

replace e by y beam Bending radius of RHIC tunnel: r = 290m

Achievable muon beam energy: 0.3Br

Parameter 1 (aggressive) 2 (realistic) 3 (conservative)
/ Muon ener; I
’ BNL-MuIC (TeV) &y 1.39 ;096 0.73
\ (2040-?) Moon bondl I t
ossible / Polarized uon ben ll’lg _ I
debachr ’ Mz‘c')gs magne ts (T) 16 (FCC) ! 11 (I-HJ LHC) : 8.4 (LHC)
eeeeee ' | Muon bending : 290 |
’ radius (m) ! |
_____ Proton (Au) [
energy (TeV) o.|k75 (0.11/nucleqn)
(Polarize: I
R CoM energy |
Proton-driver (TeV) 1.24 (0.78) . 1.03 (0.65) : 0.9 (0.57)

7-8X increase over top EIC energy
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Muon-lon Collider at BNL

replace e by y beam Bending radius of RHIC tunnel: r = 290m

Achievable muon beam energy: 0.3Br

Parameter 1 (aggressive) 2 (realistic) 3 (conservative)
/ Muon ener; I
’ BNL-MuIC (TeV) &y 1.39 ;096 0.73
\ (2040-?) Moon bondl I t
ossible / Polarized uon ben ll’lg _ I
debachr ’ M:‘?gs magne ts (T) 16 (FCC) ! 11 (I‘Il: LHC) : 8.4 (LHC)
eeeeee 4 | Muon bending : 290 |
’ radius (m) . |
_____ Proton (Au) [
energy (TeV) o.|&75 (0.11/nucleqn)
- CoM energy | :
Proton-driver (TeV) 1.24 (0.78) . 1.03 (0.65) : 0.9 (0.57)

7-8X increase over top EIC energy

IfE, > 0.96 TeV, s > 1.9 TeV .




Muon-lon Collider at BNL

replace e by y beam

torage

BNL-MulC
(2040-?)

eeeeee
n

Proton-driver

Bending radius of RHIC tunnel: r = 290m

Achievable muon beam energy: 0.3Br

Parameter 1 (aggressive) 2 (realistic) | 3 (conservative)
|
Muon energy |
(TeV) 1.39 L s 0.73
Muon bending I '
- !
magnets (T) 16(FCC) | 11(HL-LHC) | 84 (LHC)
Muon bending : 290 |
radius (m) | I
Proton (Au) !
energy (TeV) o.|k75 (0.11/nucleqp)
S 1.24(0.78) ' 103 (0.65) : 0.9 (0.57)
(TeV) : : 1 . 9 (0.

n.b. the straight sections would provide
collimated beams of neutrinos as well

7-8X increase over top EIC energy

IfE, 2 0.96 TeV, Vs 2 1.9 TeV
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Muon-lon Collider at BNL

Luminosity estimate: fob= frop*N, Muon beam (MAP): arXiv:1901.06150
NIJ,Np . _ . P
[: — min u, D H Table 1: Main parameters of the proton driver muon facilities
P 4 max[ok , of] max[ol, o} ] Lf&', Je1Hng Parameter Units  Higgs Multi-TeV
arXiv:1905.05564 CoM Energy TeV 0126 1.5 3.0 6.0
Avg. Luminosity 10¥em 21 0.008  1.25 4.4 12
Beam Energy Spread % 0.004 0.1 0.1 0.1
Parameter Muon Proton Higgs Production/107 sec 13'500 37°500  200°000  820°000
Circumference km 0.3 2.5 4.5 6
Energy (TeV) 0.96 0.275 No. of IP’s 1 5 o 9
Repetition Rat H: 15 15 12 6
CoM energy (TeV) 1.03 B;eze e an] 1.)7 1) 0.5 0.25
Bunch i R No. muons/bunch 10'2 4 2 2 2
unch mtensity 20 3 Norm. Trans. Emittance, 1N jum-rad 200 25 25 25
(1011) Norm. Long. Emittance, 1. pm-rad 1.5 70 70 70
X Bunch Length, og cm 6.3 | 0.5 0.2
Norm. emittance, 25 0.2 Proton Driver Power MW 4 4 4 1.6
Exy (”m) : Wall Plug Power MW 200 216 230 270
B*y @IP (cm) 1 5 ]
- YRMSb Polarized proton beam from eRHIC/EIC
rans. cam 5.2 5.8 arXiv:1409.1633
size, o, y (um)
Muon repetition 15
rate, ., (Hz) Peak possible luminosity: ~7x1033cm=s-1, but
Cycles/Collilsions : : : : :
peZmuon bunch N 3279 (~300B) staging from lower luminosity and energy is still
e Cc
L,, (10%cm?s) 7 compelling and typical for a new collider.
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Science potential at the MulC /

10° [ MuIC: i (960) + p (275) e/u+p
| ] LHeC: e (50) + p (7000)

| EIC — MulC:

10°

E HERA: e (27.6) + p (920) — _
F [_] EIC: e (18) +p (275) up to two orders of magnitude
e | extension in Q2 and x
< £ 001<y<0.95 S
%1035— 4
G E
G0t

T T 71T
Io
B
<

non-perturbative
—

—
10—1 — PmE—— 4 ddl 1 1 IIIIII| 1 1 IIIITﬁHﬂJII
1077 10°° 107° 107 107° 107 107! 1

Similar to LHeC in Vs but very different final-state kinematics

MulC: u(960)+p(275), yom=-0.63 Vs. LHeC: e(50)+p(7000), yom, = 2.47
(with beam polarization) (LHeC physics: arXiv:2007.14491) 4



Science potential at the MulC

10° [ MuIC: i (960) + p (275) e/p+p (oA
1055 || LHeC: &' (50) + p (7000) EIC — MulC:
2 HERA: e (27.6) + p (920) Highx | | 46 two orders of magnitude
10“_€l:] EIC: e (18) + p (275) P gluon pt . in Q2 and J
. = extension in Q% and x
& [ 001<y<0.95 A‘Tl(ggs
D10°E
S E
%1025— : i I
o Rich physics in
10 ===G8w(X.prpi, Non-linear QCD
; % = o NP and HEP!
17 —Nucleo e

Similar to LHeC in Vs but very different final-state kinematics

MulC: u(960)+p(275), yom=-0.63 Vs. LHeC: e(50)+p(7000), yom, = 2.47
(with beam polarization) (LHeC physics: arXiv:2007.14491) 15



PDF: Complementarity to Hadron Colliders
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Acosta, Li

LHC data also can be used to extract parton
densities from Drell-Yan, W, jet, and top production
measurements

e Butit's a bit circular when also trying to
measure those cross sections...

e Also convoluted with QCD effects and quark
flavor

DIS measurements can more cleanly decouple quark
flavor and QCD effects

The MulC also can directly probe parton densities at
the scale for Higgs production at the (HL)LHC and
for a future 100 TeV FCChh

e Less reliant on fit extrapolation — smaller
uncertainties on cross sections (<~ 1%)

e Useful input for an FCChh program

o  As HERA was for the LHC i



QCD and the Running of as

April 2016

T decays (NLO)

DIS jets (NLO)

Heavy Quarkonia (NLO)

e'e jets & shapes (res. NNLO)
e.w. precision fits (N3LO)

pp —> jets (NLO)

pp —> tt (NNLO)

a(Q*

03+

4 4 © O 0OD «

AN s -
ZonY
s, 5 g T

0.1 '
QCD 04(M;) =0.1181 £0.0011

10 100 1000
|
® Measurements can span an even broader range to measure dg(Q?) in a single experiment
o Both from QCD evolution fits to structure function data, and from DIS multijet rate measurements

o Removes some inter-experiment systematics
Acosta, Li 17




Science potential at the MulC

10°
10°
10*
(\T\

< 10°
9

O 10?

Saturation scale: ™
QZ(A) = AY3Q%(p)

] MuIC: u (960) + A (110)
[ ] EIC: e (18) + A (110)
|| LHeC: e (50) + A (2750)

0.01 <y <0.95

|T| IIIIII|T| IIIIII|T| IIIII|T|'| IIIII|T|]_

TTTm
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N
©
~N

1
: X,
GBw(

l,

I IIIII|T|

Lepton-ion mode

,"5 —y %
3 J@:@‘\jj
\\\‘ z

While the EIC approaches the saturation regime, the MulC will bring us
well into the it to fully explore the non-linear QCD, saturation phenomena

In particular, MulC can scan a wide range of ion species
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Nuclear Physics at the MulC

The nucleus: a lab for QCD many-body systems

Q2(GeV?3)

A » Collective behavior of dense gluonic matter
5 | Quarks and . . .
£ Gluons * Propagation of color charges in a nuclear medium
?: &
0 ] .
- Strongly Correlated ; y Suppression of back-to-back correlations

Quark-Gluon Dynamics & A 0,25 reore e e e
g - - 20 GeV on 100 GeV E
8 $5 02F Q’=1GeV2 y=07 -
E High-Density | = 8 o EIC ]
2 Gluon Matter E
2 % ]
g KNS of =
E %D sS 1
£ S G, %3 ]
8_ 64./. ".9/ ]
i % Pomerons ]
S ‘:s Regge trajectories A\ .
» 1/x '.

Parton Density

A¢ (rad)
Yy > ‘ MulC will unambiguously discover saturation at x ~ 10-°
%
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Nuclear Physics at the MulC

Origin of nucleon mass Nucleon spin puzzle

“Helicity sum rule”

3D Nucleon structure 1.1
~h=—AZ+AG+ Y L{ + L}

A e+p—e+p+JP 2 2

15.8 < Q2+ M3, < 25.1 GeV? w_l glton ]
quirk contribution ©rbital'angular

contribution momentum

0.12

01

0.08

2 0.06 L o e e I
o 0.04 L i
S oe2 L ?=10 GeV? 1
o 18 14 16 o 4
“— - current E
c - os[ o i
s : ER ]
5 : = L i
2 ; G - -
= ' X of 4
g a ; 4 16 3 - -
012 ""-§ [ ]
0.1 L i
008 o5k = DSSSV:-OO_
x
\(> 004 r I EiCo5 i
14 002 [ EIC 20x250 ]
0 L all uncertainties for Ay’=9 |
12 14 16 gl . 1

" PR P
0.3 0.35 0.4 0.45
1
[AS(x,Q?) dx
0.001

MulC to reach x ~ 10
Q* 20



Detector requirements and design

Kinematics for scattered muon Kinematics for struck quark (jets)
10° 106|Er
= ; dn =-1 = ;
" |:] MulC: " (960) + p (275) f o |:| MulC: " (960) + p (275)
= - nu= 2 g
104:5 ......... n =3 104é—
& E 001<y<0095 & E 001<y<095
DICE A =4 D10°E
G E G E :
- § _ N -
G 1 = G 10 |
E 2 S mmmemm pangfammmm----------- nf =-6 E 2 ;
10 ESSQW(X Proton * 10 Egs !
v et AL R L LR =n =-7 =
‘ -
e — — — —; 1
0—1 / ‘ | / ~I 1 IIIIIII| 1 IIIIIIII 1 1 IIIIIII 1 |\IIN 10*1 =
107 107° 107 107 107 1072 107 1 107 10° 107 107 107 1072 107" 1
X X

High-energy muons very backward (-7<n<-1)  Jet largely central and backward (-4<n<2)

Distinct experimental challenges from EIC:
* muon detection crucial — far-backward muon spectrometer

 muon beam induced backgrounds — high granularity, timing detectors .



Path forward (in our view)

Future QCD frontiers (BNL) -
origin of nucleon spin, mass extreme parton densities

a m EIC (ep/eA): 0.14 TeV
p
Muon collider R&D, test facility, |l MulC (pp/pA): ~1 TeV
NuSTORM
& Higgs factory Next energy frontier
< 0.25-0.5 TeV e*e" 0(10) TeV pru
L Leptons (ILC, CLIC, CepC) ll (CERN?)
Hadrons M HL-LHC >
-
 IEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE ER
2020 2030 2040 2050 2060

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

HEP —
Energy frontier

NP —
QCD frontier

Key merits of MulC concept:

e Compelling sciences with synergies across NP,
HEP energy and intensity (e.g, nuSTORM) frontiers

~ nuSTORM

HEP —
Intensity frontier

e Serves as a demonstrator or staging option to establish the muon collider technology
toward the ultimate O(10+) TeV y+u- (CERN?)

e Affordable as an “upgrade” to the EIC by re-using the existing facility, infrastructure,
accelerator expertise

e A unique muon collider sited in US with a clear design goal by join efforts of HEP and
NP communities, and even attracting worldwide interests

23



Summary and possible next steps

Next steps:

In discussion with accelerator experts in AF4 and muon collider forum and preparing
a white paper on muon-ion collider (ideas, suggestions from EF06 very welcome!).
Also bring up the idea to the next NP LRP (possiblely in 2022).

Try to engage BNL to consider MulC as a future option of the lab, to start conceiving
a possible design, revive muon collider R&Ds in US, and establish test facilities in
collaboration with US HEP, IMCC.

Engage broader theoretical and experimental communities to fully explore physics
potential and study detector design requirements/challenges (workshops,
collaboration/working groups)

24
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Detector requirements and design

Resolutions of reconstructed Q?, x and y with 3 methods

Q2 vs. x plane: | ~. Lepton only

MulC: u” (960) + p (275) Lepton-only

T 100% f

53

Simple assumptions of detector resolutions
to smear particles from PYTHIA 8

o [V’

Resolution

Hadron onl

i Detect

Farticle erector 2w or @ a(m, ) Jacquet-Blondel (In | <5)

(Forward) Muons e.g., MPGD 0.01% p 1% 0.2x10~3 ol Axix
i 2

Chargedparicles | Tracker +PD | 0.1% p ®1% (; ®02)x107

Phot EM Calorimet 10% ® 2% 0.087

otons alorimeter e —
Neutral hadrons Hadronic 50% 10% 0.087 Double Angle (in | <5) Dou b I e an g |e
(n, KP) Calorimeter VE ® 10% V12 of avy ‘

O feev]

0 107 107 1 10 10 10° 10° 107 1 10" 10 107
X X X

Future work with detailed simulations to fully demonstrate the experimental feasibility 26



A Muon-lon Collider;: Who Ordered That?

Probe a new energy scale and nucleon momentum fraction in Deep Inelastic
Scattering using a relatively compact machine

e VJVs~1TeV
e Q?upto 108 GeV? An order of magnitude beyond the
e xaslowas10° HERA ep collider

Build a science case for a TeV muon storage ring as a demonstrator for a multi-TeV
u+u- collider

e QCD and hadron/nucleon structure in new regimes
e Higgs, Top, BSM

Facilitate the collaboration of the nuclear and particle physics communities around
an innovative and forward-looking machine

Re-use existing facilities at BNL (MulC as an upgrade to the EIC)

Acosta, Li 27



CTEQ, arXiv:1912.10053
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Acosta, Li

«— Data used for global
CTEQ fits

The MulC would definitely
probe new territory
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https://arxiv.org/abs/1912.10053

Muon-lon Collider at BNL

Some specific questions/challenges to address :

e Can we preserve muon beam polarization during acceleration? Muons can be
extracted with 20-50% polarization.

e Is neutrino radiation a concern, for a single muon beam of ~ 1 TeV? RHIC/EIC is on
the surface.

e To what extent, parts of EIC can be re-used? Can MulC be fit into the EIC tunnel?
Financial implications ...
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Higgs at the MulC

e—

[HEPIY W HLthe W LHeC W HL-LHC + LHeC

March 2020 Model-Dependent k fit

|- ________ — Higgs =
"2 500 ; I . : ---- Decay particles ?;_'
G>J C 1 £l I -+ Struck Quark
w 400} | . Scattered lepton
-] |
300~ 1 |
o i
o00~ !
L |
L |
1 OO:* I
™
% 8 10
: N
- arXiv:2007.14491

LHeC outperforms HL-LHC with L;; = 1/ab
in Kw, Kz, Kp, K¢ 30



Higgs at the MulC

Uncertainties of Higgs couplings

[:Eim W HL-LHC W LHeC W HL-LHC + LHeC
March 2020 Model-Dependent k fit
1" 11
10 “J1o
S 9
""""""" 1 8F 8
\ .
— Higgs - 7 -7
I IS :
=== Decay particles 53 6 J6
: Struck Quark 5 : 5
Lo Scattered lepton .
i ‘ ‘
| 3f 3
: 2k [ =)
| : {8
1 i - 1 Ek
1 0 ot % B B o
| 1 ]
; I |
\ I |
I
| T

™90
n
arXiv:2007.14491

At MulC, kinematics for Higgs, jets more
favorable but scattered muon is very forward.

X .

oMW
LI T
[y TRy N R ——

in Kw, Kz, Kp, K¢ 39



Searches for BSM physics at the MulC

Searches for charged lepton flavor violation

u+N — 1+N Leptoquarks coupled to p

u T \\//
.
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LHeC: arXiv:2007.14491

e LHeC:50-60GeVe on7TeVp (Vs=1.2-1.3TeV)

o Two oppositely directed linacs and 3 arcs
Two design options: 50 GeV (smaller) vs. 60 GeV (larger, more expensive)

O
2 P33
. EXISTING INFRASTRUCTURES Fe2
@HL-LHC " P4 Loss compensation 2 (90m) Loss compensation 1 (140m)
LHeC 3 \ 60 GeV ERL p
e P’ > Linac 1 (1008m) N
/ V4 Injector
Linac 1 r—
Injector

Matching/splitter
Matching/combiner

Arc 1,35 Arc 2,46
50 GeV ERL Arc 24,6
Bypass (3142m)
Linac 2 \
Linac 2 (1008m)
. . VAN
Matching/combiner (31m) IPline Detector
Matching/splitter (30m)

P7
Not to scale
33

But how realistic is this option for the HL-LHC timescale?
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