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Proton: basic questions

O The origin of its mass?

O Make up nearly 90% of the normal matter in the universe
O Elementary valence quarks: 1% level contribution

O The origin of confinement?

© Quarks hadronized and form protons as the universe cooled below Hagedorn
temperature

O Distribution of strong force?
O Keep quarks confined
O Make protons stable particles
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Proton charge radius

O Back to 2010/2013, a lot of interest on the proton charge radius

© The Proton Radius Puzzle

O Test theoretical understanding of proton
O Related to the QCD

up 2013: Antognini et al.,

| Science 339, 417 (2013
up 2013 « — e+ electron avg. ( )
JLab: Zhan et al., PLB
. scdtt JLab 705, 59-64 (2011)
Mainz: Bernauer et al.,
up 2010 e *~— scatt. Mainz

PRL 105, 242001 (2010)
— e — Hspectroscopy| ;5 2010: Pohl et al.,

A A A A A A A A A A A A A A A A A A A A A A A l A A A A l A A
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9 Nature 466, 213 (2010)

Proton charge radius Rch [fm]
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Proton charge radius

Pohl 2010 (uH spect.) E = Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) . | Zhan 2011 (ep scatt.)
Beyer 2017 (H spect.) ° ¢ CODATA-2010 (H spect.)
CODATA-2018 - —— CODATA-2010
Bezginov 2019 (H spect.) ® o Fleurbaey 2018 (H spect.)
Xiong 2019 (ep scatt.) =
Mihovilovic 2021
Grinin 2020 (H spect.) |—o—| " (ep scatt.)
Brandt 2021 (H spect.) —0—
078 08 082 084 08 088 08 0982
Proton charge radius r: [fm]
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Proton charge radius

Results from electron-scattering experiments

Pohl 2010 (uH spect.) E B Bernauer 2010 (ep scatt.)
Antognini 2013 (uH spect.) . | Zhan 2011 (ep scatt.)
Beyer 2017 (H spect.) ® ¢ CODATA-2010 (H spect.)
CODATA-2018 - —— CODATA-2010
Bezginov 2019 (H spect.) ® o Fleurbaey 2018 (H spect.)
Xiong 2019 (ep scatt.) =
Mihovilovic 2021
Grinin 2020 (H spect.) |—o—| " (ep scatt.)
Brandt 2021 (H spect.) —0—
078 08 082 084 08 088 08 0982
Proton charge radius r: [fm]
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Same story for deuteron

CODATA-2018 CODATA-2014
—o— : ® |
D spectr.
uD 2019 +—e— *

uD 2018 +—e—
uD 2016 +—e—

e-d scattering (Sick et al. 1998)
@

|

| 1 | l | 1 | l | | | L 1 l | 1 1 L |

1 | 1 l 1 1 1 l | 1
2119 2.12 2125 2.13 2.135 2.14 2.145

Deuteron charge radius r, [fm]
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up scattering

PSI: MUSE experiment
CERN: Amber experiment

4/27/2026 LUNE 8



MUSE @ PSI

O Beams of e®, %, uT on liquid H, target
O Separate particles by TOF
O End of data taking: 2025

© Muon beam:
@ 115 - 210 MeV /c
O 6:20° —100°

Scattered Particle
Scintillator (SPS)

wmmmm Mainz fit uncertainty
i = = === Mainz fit, forced r, = 0.841 fm
099 - B————. .. L[] s Arrington 07

v
_g_ 1 —-—-- Alarcén 19, r, = 0.841 fm
b +—e— MUSE data uncertainty on Gg
T 0.98 #4321 memsm Projected MUSE uncertainty
@
Q
o

i
097 | MUSE p and e scattering data for |
- positive and negative beam polarity. M 1
\ -
096 i TH 1ol L =TT .
R R 2520 i 20 St i i Beam-Line \

o 0.01 0.02 0.03 ” [(()GO:V /c):)].65 0.06 0.07 0.08 Ai m to : 0. 5- 1% u nce rta i nty
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Amber @

O Compass -> Amber (NA66): Apparatus for Meson and Baryon

CERN

Experimental Research
O A fixed target experiment at M2 beam line
© Beam: muon, proton, pion, kaon from 50 GeV to 280 GeV

DC00 DCO1 DCO4 DCOS
NN N\

GMO06

GPo2 DWO01 DWwo4 DV}IOG

Aim to: 1% uncertainty

sT03 g : FI06 0203 g5
GMos FISS. | oot {PA11 06/ HO04Y1 Y2 —
l pbrRO1 [ i \ l H2 VGM10/ HM04
;[ ‘ ] \x\/ v HLo4 HMO5  HIOS
vo+ £ Fio3 A Flo8 HLOS
VIO1VO01  VI02 - - _I \ \ i 3 A\ l\ }\ \
¥ \
.|1|| T ‘|] ) ” l ] ”lm “M ' I |
51010203 '=itE———um || 7
Hol;lls Fl02 f 7 HO03' A 5@
PMO1 o};"oa : —— / 7 h | ep scattering MAMI |
F!I04 ECALL HCALL / MW21 22 up spectroscopy CREMA -
MwW1l Mwi2 ECAL2 HCAL2 All ep scattering data, no MAMI 4
T J A CODATA -
| up spectroscopy CREMA 4
1 CODATA -
Target region: program-specific Spectrometer: common for all measurements o
ep spectroscopy
CODATA -
ep scattering MAMI
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- Bernauer

etal. Al coll. [PRL 105 242001 (2010)]
Pohl et al., CREMA coll. [Nature 466 213 (2010)]
Zhan et al. [PLB 705 59 (2011)]

Mohr et al. [Rev. Mod. Phys. 84 1527 (2012)]

r Antognini et al., CREMA coll. [Science 339 417 (2013)]

Mohr et al. [Rev. Mod. Phys. 88 035009 (2016)]
Beyer et al. [Science 358 6359 (2017)]

rFleurbaey et al. [PRL.120 183001 (2018)]

CODATA (2018)
Mihovolovic et al. [arXiv:1905.11182 (2019)]

up scattering AMBER -

07 (2019)]

rProposal AMBER [SPSC-P-360 (2019)]
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HIAF: High intensity heavy-ion Accelerator Facility

QEARBFRIBBAR IR
QST R MLHFRS
@ISR R
OERBEIFFIE{LSRing

- OB F-BTFEZIEIRIEN
- DS RELRE RN

@E Rt E X EYIRLR IR
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HIAF muon source

D3 Main-Separator arXiv:2502.20915

Pre-Separator

D4

Beamline Entrance

Collimator

Production target
(a): Pz =1 Ge/c

P, 20 mm 40 mm 60 mm 80 mm 100 mm

1 GeV/c 63.1% T79.0% 82.9% 85.2% 86.8%
2 GeV/c 72.2% 85.4% 88.0% 89.9% 91.7%
3 GeV/e 76.9% 89.4% 91.5% 93.2% 94.5%
4 GeV/e 80.5% 91.9% 93.6% 94.9% 95.9%
5 GeV/e 824% 93.6% 95.0% 96.0% 96.7%
6 GeV/c 83.8% 94.8% 95.9% 96.7% 97.3%

4/27/2026 LUNE 12



up scattering

Scientific opportunities with a few-GeV muon beam at HIAF?

4/27/2026

PSI: MUSE experiment
CERN: Amber experiment
HIAF: LUNE experiment

LUNE
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LUNE Collaboration

O Low-energy mUon-Nucleon scattering Experiment

O HAZ5RAERA:

o iR E: FRIL. G, HHEE. PR, TR RBRE. fE.
ERM. M. EWF. BUEK. BWERA. FHi. BXNE. KLR.
AR 5

WARRKE:ZE., XK. XK. RS
ILARYIERT: R RS0 F|ET. RF . KEH. Z2EESE
HEBERRAKEHR. BT £F. BET. 8BS
AFRETI R FEAN KF

LR R TR, R

b KRE: Fakr

FHEEREE: AR

RYIFARKE: ZEIT

MR REE: XTRK

HMKRE: REE

M FLKE: FHER

v LR e 24X BIWE 52 19

e ©¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢
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Elastic scattering

Proton charge radius

2
d“o [Nb/GeV sr]

Elastic scattering "f
(divided by 15)
| | | | |

28 3.0 32 34 36 38 40 42 44 46
ES[G‘_\I'I

Deep inelastic scattering Resonances Quasi Elastic scattering
. | | ' — 1 : :
Proton inner structure Resonances Coulomb Distortion
DIS, SiDIS, DVCS 1.8 1.6 Non-perturbative physics

W [GeV] Phys.Lett.B 28 (1968) 148-151 '°



Physics Motivation (liquid hydrogen)

O Elastic scattering: 1800F A
@ Proton charge radius o=
© Two photon exchange: u* and u~

[nb/GeV sr]

. N
1000 F | : ch i f {
i’*ﬁ{jfhi*ﬂ*;!\'wwiwww \%WH {*l’ﬁ{ﬂ%}!ﬁ}l }} /| Elastic scattering

t
O® Proton charge form factors: (LFU)  §|z sool L
° % Elastic scattering ;’l{
. 28 30 32 34 36 38 40 42 44 46
O Large cross-section: mb E, [GeV]
O small scattering angle (1-10°) 20 18 W1[g ’ 14 12 10
e

© momentum measurement of
incoming/scattered muon

© Detector requirements:
O Dipole magnetic field: a few GeV muons
O Precision measurement of particle direction b= "

4/27/2026 LUNE 16



Physics Motivation (liquid hydr'ogen)

© Elastic scattering:
O Proton charge radius Flagship o 1|
@ Two photon exchange: u* and u~ measurement UM
O Proton charge form factors: (LFU) ‘

Elastic scattering

Elastic scattering fhnf“d
(divided by 15) A
| | | | | | | | |

28 3.0 32 34 36 38 40 42 44 46

© Advantages:

O Large cross-section: mb E, [GeV]
O small scattering angle (1-10°) 20 18 W1[g ’ 14 12 10
© momentum measurement of
incoming/scattered muon p
© Detector requirements: et
O Dipole magnetic field: a few GeV muons |
D —p— —b—p(’)

O Precision measurement of particle direction

4/27/2026 LUNE 17



Physics Motivation (liquid hydrogen)

© Elastic scattering:

) e A
= ' g !
O Proton charge radius 2 Precision 4 W% {( -
T - 0 QED test NN I
O Two photon exchange: u™ and u . {\q@w . | Eastic scattering
O Proton charge form factors: (LFU) Ngg L
- © Elastic scattering f*lﬁi
@ Advantages: (divided by 15) )\
. 02.8 30 32 34 36 38 40 42 44 46
O Large cross-section: mb E, [GeV]
O Electron-scattering experiments: 20 18 16 14 12 10
W [GeV]

% the difficulty of producing high-intensity e™ beams
O Detector requirements: ) ) .

O Dipole magnetic field: a few GeV muons
O Precision measurement of particle angle

4/27/2026 LUNE 18



Physics Motivation (liquid hydrogen)

© Elastic scattering:
O Proton charge radius
© Two photon exchange: u* and u~

O Proton charge form factors: (LFU)
© Advantages:
O Large cross-section: mb Fuiwé W |
O Resolve tension between PRad and Mainz "} | ﬁ qu
0.97F
© Detector requirements: ossf. T PRed 4 Mainz de, i1
~ —— Mainz 2010
O Dipole magnetic field: a few GeV muons 095 |\ ien “+- Mainz Jet, fit 2
O Precision measurement of particle angle 0501 008 005 004 005 006 007 008

Q? [GeV?

4/27/2026 LUNE 19



Physics Motivation (inelastic)

O Inelastic scattering (resonances):
O Resonance studies
O A clean probe of non-perturbative

QCD 3

o

O

= ° -8
O Reasonable cross-section: o[l
©
O ub °|g

© momentum measurement of
incoming/scattered muon

4/27/2026 LUNE

|
==
——

1500
E=4.879 GeV

6=10°
1000 |

’%
W ﬁﬁf fh me F L

500 F i

Elastic scattering w
(divided by 15) N

0 1 I I ] L 1 ]
28 3.0 32 34 36 38 4.0 42 4.4 46
E; [Ge*"
| . . Resanances |
2.0 1.8 1.6 Resonances 1.0

W [GeWon-perturbative physics
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Physics Motivation (DIS)

O_Deep-Inelastic scattering (DIS):

O Proton structure
O New physics

© Reasonable cross-section:

O ub-nb

© momentum measurement of

scattered muon
O Multiple final states: &

0

© Detector requirements:

O Particle-ID: PID

4/27/2026

;T[i; V;K

LUNE

1500 | Hﬁ{f
E=4.879 GeV |
= 6=10° } f !
A
£ iﬁwf.ﬁ;wwﬂw i‘ Mfﬂf&iﬁfﬁ{ L
ol - f P
Eelle b 4
©e Elastic scattering f*iﬁ*j
(divided by 15 j
02.8 3?0 3!2 3?4 3!6 3?8 410 412 414 416

Deep inelastic scattering ! ! |

el rr\-\,]

Proton inner structure

DIS, SiDIS, DVCS

1412 10
L
’Y*
EX
21



Physics Motivation (DIS)

O _Deep-Inelastic scattering (DIS): O Semi-inclusive Deep-Inelastic
© Proton structure scattering (SIDIS):
O New physics O TMD
© Reasonable cross-section: © Small cross-section:
@ ub - nb @ 100-900 nb
O momentum measurement of O Clean environment
scattered muon @ Less radiation

+
@ Multiple final states: n°, 7%, y, K
© Detector requirements:

O Particle-ID: PID Foachi
agship q

measurement

22
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Physics Motivation (DIS)

O _Deep-Inelastic scattering (DIS): O Deeply Virtual Compton Scattering
O Proton structure (DVCS):
O New physics O Proton inner structure
O Reasonable cross-section: O Gravitational form factor
@ ub-nb © Small cross-section:
© momentum measurement of O nb
scattered muon ® polarized muon beam
© Multiple final states: 7%, ¥, y, K @ motivation for upgrade of HIAF
O Detector requirements: e (I SOUECE i

O Particle-ID: PID

High impact
measurement, but with

limited statistics —_——

4/27/2026



Physics Motivation (DIS)

O_Deep-Inelastic scattering (DIS): O New physics:
O Proton structure O With Pb as target
O New physics ® uN — uN + MET
© Reasonable cross-section: © uN - uuuN
O ub-nb O uN - yyuN
© momentum measurement of O uN - uN' + MET

scattered muon

@ Multiple final states: °

;T[i; V;K

O Detector requirements:
O Particle-ID: PID

4/27/2026 LUNE
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Physics Motivation (Quasi-elastic)

O Quasi-Elastic scattering: 1500 | !
' . _ Ei4.8079 GeV *# i
O Coulomb Distortion Z 6=10 Y ;{
" ol vl
= y | WM MMHM{M m{kﬁ;ﬂl *,;#{] T
O Target: Copper/Carbon T ?f‘iﬁ\'ﬁ*&ﬂ i . .
O Study this from QE to DIS ille °or Elastic scatering Yy mj
©® Muon has less radiations Lo (divided by 15) _'/ |
28 3.0 32 34 36 38 40 42 44 46
E, [GeV
7 . . 3E oVl . Quasi Elastic scattering
Electrons scattering from nuclei can be 18 1.6 1.4 12 10 Coulomb Distortion
accelerated/decelerated in the Coulomb field of the nucleus W [GeV]

- This effect is in general NOT included in most radiative
corrections procedures

- Coulomb Corrections are perhaps more appropriately
described in terms of multi-photon exchange, but
Coulomb Corrections provide convenient shorthand

4/27/2026 LUNE 25



Physics Motivation (Other targets)

O Liquid Deuterium (LD»)
O Helium ( >He)

© Motivations:
O Neutron charge distribution
O EMC
O SRC: Short range correlation
O Form factors

4/27/2026 LUNE
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Physics @ LUNE

Analyses

Impacts

Comments

Proton charge radius

% %k Kk k

Liquid hydrogen

With low momentum muon beam

Two photon exchange Y % W % Liquid hydrogen Measured in both elastic/DIS regions

Proton Form factors * % % % Liquid hydrogen Probe LFU

Resonances Liquid hydrogen Limited statistics compared with JLab experiments
DIS Y % % % % | Liquid hydrogen | Probe proton inner structure: TMD

Semi inclusive DIS * % % % K Liquid hydrogen Probe proton inner structure: TMD, 3D

DVCS Y % % % Liquid hydrogen Need polarized beam, higher flux (HIAF upgrade)
NP (Dark matter) * % % K Pb Need find more physics channels

Neutron charge distri. Y % % % % | LD,/ 3He (gas) Polarized beam, polarized target

Short range corr./EMC * % % % % | LDz, 3He,C,Fe,Pb | Better have Neutron detector

Coulomb Distortion * % % % % C, Cu Important for precision prediction

4/27/2026

LUNE
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First version of Lune Detector

Plastic Scintillator

Solenoid Magnet // Multilayer Drift Chamber/

Plastic Scintillator

Be &= ;;Q;\ ﬂ 16m
Dipole Magnet
Muon Beam ‘
Lead Plate Lead Plate
«— 2.7m Silicon Pixel Y
4/27/2026 28



Phase-I and Phase-II

O Given the detector cost exceeds 50 M CNY level, we adopt two-Phase
approach

O Stage-l: demonstration phase (< 10 M CNY)
© Muon beam energies: 1 GeV, 1.5 GeV and 2.0 GeV
O Physics: proton (deuteron) charge radius measurement
O Detector coverage: Forward region only
O Operation: 1-2 years, with 1-2 months of running per year

O Stage-ll: full operation phase
© Muon beam energies: > 3 GeV
O Physics: Proton structure studies (DIS, SIDIS, DVCS)
O Detector upgrade: addition of barrel region
O Operation: More than 2 years The following slides will focus on the Phase-I

4/27/2026 LUNE 29



Phase-I vs. Phase-II

Beam energies 1.0, 1.5, 2.0 GeV >3 GeV

Detector Forward region + Barrel region
Target Solid (CH,, CD,) Liquid hydrogen
Physics Proton (deuteron) charge radius Proton structure etc
Costs <10 M CNY >50 M CNY

4/27/2026 LUNE 30



KBS F-1Z T LKNFEE (LUNE)

iRk Dipole Magnet

Phase-1

RIFERZFELS Particle identification system

Beam Monitor

SRS
R
/
$ORGR R R S
Target Tracking system
i I 1 I3 Z.JZm
Coer om 0.8m oM

Adopts mature and well-proven technologies developed in China

Key components are reusable
4/27/2026 LUNE 31




Beam monitor

O Three modules: 10 X 10 cm? pixel pads

O MPAS (MIC6): designed for HNS, ultra-thin
O Chip thickness: 100 um (down to 50 um)
O Position resolution: < 5 um

O No Pile-up with high muon flux
@ Maximum occupancy per pixel: < 102 /s
O PiXeI readout Speed: 10_4 S Backward Layer 1 (Z=-50.0cm, W=10.0cm) BackwardLayerVZ(Z=-25.0cm,W=10.0cm) Backward Layer 3 (Z=-5.0cm, W=10.0cm)

Hits: 1002155 s k
¢ 12

a factor of 100

4/27/2026 LUNE 32



Tracking detector

O Pixel detector: same as beam monitor, pixel MIC6
O Together with magnetic field to measure momentum

O Material budget: within 0.5% X,
O Coverage: < 5°

_ 30mm _ _ 30mm

I

IR FHRAR EHIR BHR
a= 150 um

FPC

WwsT9T

ENSEEENNNRANEEN

MAPSIE (50 um)
IEBERR (20~50 um)
IR (20 pm)

FPC

$d (18 um)
{RIPEE (20 pm)

4/27/2026 LUNE 33



EM Calorimeters

O Shashlyk (NICA/MPD):
O 8 X 8 towers
O Tower size: : 4 cm X 4 cm, 39.6 cm
O 220 layers: 1.5 mm scintillator + 0.3 mm absorb (Pb)
O Material budget: 11.8 X,
O Resolution: 5% @ 1 GeV

» 16 WLS fibers

M_’ SiPM

—Tbl 4cm X 4cem |<—

396mm 220 layers ’I
one layer: 1.5mm scintillator+0.3mm lead

4/27/2026 LUNE 34



Hadronic Calorimeters

O Shashlyk
O 16 X 16 towers
O Towersize:: 2 cm X 2 cm, 80 cm
O 8 layers: 2.0 cm scintillator + 8 cm absorb (Fe)
O Material budget : 4.1 A,
O Used for PID: muon and pion separation

4/27/2026 LUNE 35



Magnetic field and target station

O Dipole magnetic field: room-temperature magnet technology
Q05T 05mx04mx05m
@ Uniformity of the field: +5 x 1073

O Target station: (solid targets, CH,, CD,, C)
O Repeatability of positioning after switching is better than +0.1 mm

4/27/2026 LUNE 36



Upgrading of the HIRIBL beamline

O Upgrade HIRIBL beamline for muon beam
© Maximum magnetic rigidityof 15T - m

O Horizontal and vertical acceptances of 30 m mm - mrad and 37.5 T mm -
mrad

© Momentum acceptance of +2%

PF4

pF3. 2= ki Y
o M1 “, MF2
R MF3 ¥,
PF1_ 2%
2 MF
é’& 4 ég“'
r HIRIBL LUNE£i
PFOQS HFH: 6m(X)X 10m(Z)
}Target

BRing

4/27/2026 LUNE 37



Upgrading of the HIRIBL beamline

O Upgrade HIRIBL beamline for muon beam
© Maximum magnetic rigidityof 15T - m
O Horizontal and vertical acceptances of 30 m mm - mrad and 37.5 T mm -

mrad

© momentum acceptance of +2%

4/27/2026

¥
R
AR
b B2
R
B35 X 3

B 49 X 35 R 250 5 B

Hie
VU Rtk
3
1.3m
1.1~6.4T/m
140 mm
=134mmx£134mm

£1x10°

s e : TR
| g %q”f'? . EETI‘ %?1% 2= s
& : E&:l‘l‘ /?f?ﬁ
%Lid Ql -__;P{L__ Q2 L_;%_J Q3 i{ Q4 H%ﬁ e
|=2 §E§3 $ES
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DAQ system

O Triggerless readout architecture
O A PCle + NIC co-design architecture
O 200G-class PCle DMA with zero-copy transfer

O Integrated precision clock distribution and synchronization system: < 10 ps
timing alignment

DAQ Server
Switch

NIC —

High
performance
server

NIC
PCle x16

DAQ Server

NIC /
Cle X

NAS

4/27/2026 LUNE PDQ127 for STCF 39



Detector costs

Silicon pixel detector 2.45 M
Calorimeter 1.45 M
DAQ 2.33 M

Magnet and Target station 1.95M

Total 8.18 M

In Phase |, with funding below 10 million CNY, we can build a detector with strong potential

for high-impact results in the scientific community.
4/27/2026 LUNE 40




Detector performance

Momentum resolution (Crystal Ball)

0.0172 + +

0.0170 +

0.0168

0.0166

alp)/p

0.0164

0.0162 -

0.0160 -

0.0158 A

0.0156

4/27/2026

0.4

0.6

0.8

1.0 1.2
p [GeV]

1.4

1.6

18

LUNE

gl 8) [mrad]

Theta resolution (Crystal Ball)

0.51 A +

0.50
0.49 -
0.48 -
0.47 -
0.46 -

0.45 A

0.44 1

T
0.02

T
0.04

T
0.06

T
0.08

0.10
theta [rad]

T
0.12

T
0.14

T
0.16

T
0.18
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PID performance

Confusion Matrix of PID Classification

Feature Importance (Type: Gain) for PID Model

Calo_EcalE

Derived_Mass

Calo_ShowerDepth

Calo_EOP

2000 Calo_ShowerRadius
Calo_ShowerSpanZ
Calo_nECALHits
Calo_nHits

Calo_nHCALHits

kaon-
Feature Name

Calo_lsoEt_R1
ECal_over_CalE
Trk_dEdxSi

1500

nHhits_over_nHits
Calo_HcalE
HCal_over_ECal_E

nEhits_over_nHits

True Particle
mu-

Calo_ConeE_R1

T T
- 1000 0 10 20 30 40 50 60 70
Feature Importance (Gain)

pi-

O Could achieve better than 90%
pion and muon separation

proton

1 I - G
e- kaon- mu- pi- proton
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Conclusion

O The HIAF muon source offers a uniqgue opportunity to explore new
frontiers in nuclear and particle physics
O Proton charge radius: critical cross-check from muon scattering
O Proton inner structure: DIS, SIDIS, DVCS
O Neutron charge distribution
@ Nuclear effects: SRC/EMC, Coulomb Distortion
O New physics: Dark matter searches

O An unexplored research domain @ HIAF muon facility
O LUNE collaboration would like to contribute to it

O Phase-l and Phase-Il: < 10 M CNY for phase-Il detector!!!
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Conclusion

O The HIAF muon source offers a unique opportunity to explore new
frontiers in nuclear and particle physics

o CIIARAT! L .

O Neutron charge distribution
© Nuclear effects: SRC/EMC, Coulomb Distortion
O New physics: Dark matter searches

O An unexplored research domain @ HIAF muon facility

te-

CDR/TDR
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FREF i

1
(2025

) fE 4 2030)
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New detector
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Fundamental global properties of proton

O The structure of strongly interacting particles can be probed using
other fundamental forces
O Electromagnetic, weak, gravity (in principle)

em: JyJin =0 (N'|Jem|N) — Opot = 1.602176487(40) x 10~1°C
Vector oot = 2.792847356(23)uy
weak: PCAC (N'|JE . IN)  — g4 = 1.2694(28)
Axial g, = 8.06(0.55)
gravity: JyTgay =0 (N'|Tgay [N) — Mpow = 938.272013(23)MeV/c?
1
Tensor 1; = ‘%
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Track resolution and reco efficiency

0.18 -
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- —0.995
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Reconstruction/Generators

O GenfFit: for track reconstruction
O Experiment independent framework for track reconstruction
O Also used in PANDA @FAIR, Belle Il

O Rave: vertex finding and reconstruction
O A toolkit for vertex reconstruction
O Developed from CMS

O K4reco: cluster reconstruction + PID
O Marlin algorithms ported to Gaudi, included in Key4hep

© Generators:
O esepp (elastic), djangoh (DIS), epic (DVCS), HEPGen++ (DVCS)
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PRad-IT @ JlLab

O Forward acceptance, high resolution EM calorimetry and coordinate
detector for tracking

@ Data taking: 2026 | Source | PR ary m)_|_PRacir, (m)_

() La rge 7 ngu |a r acce pta nce: Stat. uncertainty 0.0075 0.0015
o o Event selection 0.0070 0.0030
O He . 05 — 7 Radiative correction 0.0069 0.0004
— — Detector efficiency 0.0042 0.0025
Q 12 1 O to 6 1 O GEV/C Beam background 0.0039 0.0014

PRad-Il Experimental Setup (Side View)
HyCal response 0.0029 0.0001
Hyg;ggen gggﬂe 1 Sm ) Acceptance 0.0026 0.0001
Beam energy 0.0022 0.0001

2H00 Cryocooler -
Harp ; Inelastic ep 0.0009 0.0001
Halo blockers bellows bellows . Helium
|].,1.| | b . Gp model 0.0006 0.0005
- PRad cylindrical ~ E|[ ! E
= — 3 e = N Total syst. 0.0115 0.0043
: Total uncertainty 0.0137 0.0046
Tagger E "‘
50m

1.7m

20m
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MAGIX @ Mainz

O Accelerator: 1 mA electron beam, energy up to 105 MeV
© Target: cryogenic supersonic gas jet

O Effectively point-like target Jet Target & quadrupole
Scattering Chamber \ﬂ Dipoles

O Expected precision: < 0.1%

GEM

Shielding

Scintillation
Detectors
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ULQ2 experiment

O Tohoku University: ELPH (Electron photon Science)
O Electron beam energy: from 20 to 60 MeV
O0Q%:3x10"*to8 x 1073 GeV/c?

: First beam Sep. 11, 2020
O Target: CH2 g
Commissioning Sep., Oct., Nov. 2020, May, June, July 2021
O Precision: 0.1% p— - N

T:Vécal plane detector
J-PARC g-2 SSD

1175 mm

______
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Two photon exchange (TPE)

O Interference between one photon and two photon diagrams: #*

O Key to resolving the proton form factor discrepancy
@ Rosenbluth vs. polarization transfer methods

O Muon-proton scattering: unique test of lepton universality

2

Rosenbluth Polarization Fits Bernauer '13
k4 Litt '70 4 Gayou '01 — Fit Rosenbluth
v Bartel '73 F4 Punj — Fit all + phen. TPE
t=f Andivahis '94 4 Jones '06
tel Walker '94 b4 Puckett '10
= Christy '04 1 Paolone '10
1.5 F tei Qattan '05 ted Puckett '12
,ui #i ,(,Et Hi
=
S
) rH
O
3
05 L P —— —_—] P —— —_—]
>
-—> JLAB
< > OLYMPUS
Proposed Hall A <€
0 | |
0 2 4 10
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Two photon exchange (TPE)

© Electron scattering:

O JLab, OLYMPUS@DESY, VEPP-3@Novosibirsk

© Compared e*p with e "p elastic scattering

O TPE at few-% level: explain part of form factor discrepancy
© Muon scattering:

@ Heavier mass: sensitivity to TPE at low Q?
O Direct test of TPE universality

© Essential correction for proton charge radius measurement

- ® OLYMPUS L
(@) W CLAS [ (b) |
1.04F A VEPP u
o ml : - -+
51 '022:‘:*""-"'3‘" g _ ot *‘} i o
+D- 1 ‘ ;_.7_"1—1’- -;--L-[""'
L Sl 1
o
0.98F
] 1 ] L L 1 | | '
0.2 0.4 0.6 0.8 e 0.5 1 1.5 2
Q’[GeV’]
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Proton form factor puzzle

© Over 1% difference for G; between the PRad data and the Mainz data
© Possible reasons: radiative correction? Unknown systematics? Fitting procedure?...

O Large discrepancy also exist for magnetic radius and G,
© 0.776(38) fm for Mainz data , 0.914 (35) fm for world data excluding Mainz (G. Lee et

1.02

1.01F |

‘ g

—— Mainz Jet, fit 1

al. PRD 92 013013)

'
fﬂﬁpﬁ{i}lﬂ

Gp =

—+— Mainz Jet, fit 2

1

QZ

(1+0716e

QQWWQ

GM / (ﬂlp Gstd.dipole )

WX and Chao Peng (& #) Universe 9 (2023) 4, 182
4/27/2026

1.1
1.08
1.06
1.04
1.02
1 AT
0.98 |lferd
0.96
0.94

0 0.2 0.4 0.6 0.8 j|
Q*[GeV”]
----- [4] no TPE s Price [67] + Borkowski [64]
--12] +e1 Berger [87] +e1 Bartel [89]
ke Christy [56]  tel Hanson [88]  k{ Murphy [92]
2 Simon [60] k4 Janssens [57] I+ Bosted [68]

J. Bernauer et al. PRC 90 (2014) 1, 015206
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Proton properties

The structure of strongly interacting particles can be probed
by means of the other fundamental forces: electromagnetic,
weak, and (in principle) gravity.

em: JyJim = (N'|Jem|N)  —  Qpot = 1.602176487(40) x 1071°C y i TS
vector Uorot = 2.792847356(23)uy e Hil)
weak: PCAC (N'|JheakIN)  —>  ga = 1.2694(28)
axial gp = 8.06(0.55)
gravity:  JdyTgray =0 (N'|Tgray [N) —> My = 938.272013(23)MeV/c? ( My(1)
Jj - 1 S ol (O
tensor ﬁ dy(t)
D = ?
‘-.._______/

extreme weakness of the

P. Schweitzer et al., arXiv:1612.0672, 2016. o ) .
graVItatlonaI interaction

The D-term is the “last unknown global property” of the nucleon
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Gravitational form factor (GFFs)

O Nucleon matrix element of Energy-Momentum Tensor (EMT) has
three scalar form factors

_ _ P,P, (P,0,, + P,0,,)A" ALA, — g, A
<P2|T:Iw|p1> = U(p2) [Mg(t)ﬂT +J1(¢) (Pucvp oM o) +di(0)—+F =M £ ] U(p1)
O M;’ (t): Mass/energy distribution inside the nucleon T
® J9(t): Angular momentum distribution ] T
O df (t): Forces and pressure distribution £
DVCS
P
GPDs €-> GFFs 4 4
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monitoring +

Solenoid Magnet Dipole Magnet

A
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Plastic
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ilicon Pixel Tracking Detector

\4
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Muon Beam
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Solenoid Magnet Dipole Magnet
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12 layers

-——————> 40c
A////'
15cm

LUNE

'\7 layers
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count/day/1° bin

Elastic scattering: event rate

Elastic event rate (1x10°u flux and 50cm LH2)

10 g
- .
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count/day/T bin

Elastic event rate (1x10°u flux and 50cm LH2)
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Projection

O Proton radius measurement needs low momentum muon beam

1.01

O Assuming 20 cm LH2 target
O 15 days @ 1.0 GeV

O 30days @ 1.5 GeV 0.993

p
GY/G,

O 60 days @ 2.0 GeV

0.98F

O Stat. uncertainty on proton radius:
@ ~ 0.0022 fm (~0.3%)

@ Compared to 1% (Amber), 0.5% (MUSE) 09
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