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Proton: basic questions

The origin of its mass? 
Make up nearly 90% of the normal matter in the universe

Elementary valence quarks: 1% level contribution

The origin of confinement?
Quarks hadronized and form protons as the universe cooled below Hagedorn 

temperature

Distribution of strong force?
Keep quarks confined

Make protons stable particles
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Fundamental global properties of proton

The structure of strongly interacting particles can be probed using 
other fundamental forces

Electromagnetic, weak, gravity (in principle)
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Vector

Axial

Tensor



Proton charge radius

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

The Proton Radius Puzzle 
Test theoretical understanding of proton

Related to the QCD
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Proton charge radius
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Proton charge radius
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Results from electron-scattering experiments



𝝁𝒑 scattering

9/19/2025 LUNE 7

PSI: MUSE experiment
CERN: Amber experiment



MUSE @ PSI

Beams of 𝑒±, 𝜋±, 𝜇± on liquid 𝐻2 target
Separate particles by TOF

Start to taking data: ~2023

Muon beam:
115 − 210 𝑀𝑒𝑉/𝑐

𝜃: 20𝑜 − 100𝑜
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Aim to: 0.5% uncertainty



Amber @ CERN

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

A fixed target experiment at M2 beam line

Beam: muon, proton, pion, kaon from 50 GeV to 280 GeV
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Aim to: 1% uncertainty
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HIAF: High intensity heavy-ion Accelerator Facility

“十二五”国家重大科技基础设施
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HIAF muon source 
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From 徐宇’s talkHIRIBL



𝝁𝒑 scattering

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

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

Quasi Elastic scatteringResonancesDeep inelastic scattering

Proton charge radius 

Coulomb DistortionResonances
Non-perturbative physics

Proton inner structure
DIS, SiDIS, DVCS



Physics Motivation (liquid hydrogen)
Elastic scattering:

Proton charge radius

Two photon exchange: 𝜇+ and 𝜇−

Proton charge form factors: (LFU)

Advantages:
Large cross-section: 𝑚𝑏

small scattering angle (1-10𝑜) 

momentum measurement of 
incoming/scattered muon 

Detector requirements:
Dipole magnetic field: a few GeV muons

Precision measurement of particle direction
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Elastic scattering
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Elastic scattering

Flagship 
measurement



Elastic scattering

Physics Motivation (liquid hydrogen)
Elastic scattering:

Proton charge radius

Two photon exchange: 𝝁+ and 𝝁−

Proton charge form factors: (LFU)

Advantages:
Large cross-section: 𝑚𝑏

Electron-scattering experiments:
the difficulty of producing high-intensity 𝑒+ beams

Detector requirements:
Dipole magnetic field: a few GeV muons

Precision measurement of particle angle
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Precision 
QED test



Physics Motivation (liquid hydrogen)
Elastic scattering:

Proton charge radius

Two photon exchange: 𝝁+ and 𝝁−

Proton charge form factors: (LFU)

Advantages:
Large cross-section: 𝑚𝑏

Resolve tension between PRad and Mainz  

Detector requirements:
Dipole magnetic field: a few GeV muons

Precision measurement of particle angle
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𝐺𝐷 =
1

(1 +
𝑄2

0.71Gev2
)2

LFU



Physics Motivation (inelastic)

Inelastic scattering (resonances):
Resonance studies

A clean probe of non-perturbative 
QCD

Reasonable cross-section:
𝜇b 

momentum measurement of 
incoming/scattered muon
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Resonances

Resonances
Non-perturbative physics



Physics Motivation (DIS)

Deep-Inelastic scattering (DIS):
PDFs related studies

Proton structure

New physics

Reasonable cross-section:
𝜇b - nb

momentum measurement of 
scattered muon

Multiple final states: 𝜋0, 𝜋±, 𝛾, 𝐾

Detector requirements:
Particle-ID: PID
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Deep inelastic scattering

Proton inner structure
DIS, SiDIS, DVCS
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Too close to the non-perturbative region, 
excluded in the PDFs global fit (also true for JLab data)
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Semi-inclusive Deep-Inelastic 
scattering (SIDIS):

TMD

Small cross-section:
100-900 𝑛𝑏

Clean environment

Less radiation 

Flagship 
measurement
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Deeply Virtual Compton Scattering 
(DVCS):

Proton inner structure

Gravitational form factor

Small cross-section:
𝑛𝑏

polarized muon beam 

motivation for upgrade of HIAF 
muon source

High impact 
measurement, but with 

limited statistics



Physics Motivation (DIS)

Deep-Inelastic scattering (DIS):
PDFs related studies

Proton structure

New physics

Reasonable cross-section:
𝜇b - nb

momentum measurement of 
scattered muon

Multiple final states: 𝜋0, 𝜋±, 𝛾, 𝐾

Detector requirements:
Particle-ID: PID
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New physics:

With Pb as target
𝜇𝑁 → 𝜇𝑁 +𝑀𝐸𝑇

𝜇𝑁 → 𝜇𝜇𝜇𝑁

𝜇𝑁 → 𝛾𝛾𝜇𝑁

𝜇𝑁 → 𝜇𝑁′ +𝑀𝐸𝑇



Physics Motivation (Quasi-elastic)

Quasi-Elastic scattering:
Coulomb Distortion

Target: Copper/Carbon 
Study this from QE to DIS

Muon has less radiations
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Quasi Elastic scattering

Coulomb Distortion



Physics Motivation (Other targets)

Liquid Deuterium (LD2)

Helium ( 3𝐻𝑒)

Motivations:
Neutron charge distribution

EMC 

SRC: Short range correlation

Form factors
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Physics @ LUNE
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Analyses Impacts Target Comments

Proton charge radius Liquid hydrogen With low momentum muon beam

Two photon exchange 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 Liquid hydrogen Probe proton inner structure: TMD

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

DVCS Liquid hydrogen Need polarized beam, higher flux (HIAF upgrade)

NP (Dark matter) Pb Need find more physics channels

Neutron charge distri. LD2 / 3He (gas) Polarized beam, polarized target

Short range corr./EMC LD2, 3He,C,Fe,Pb Better have Neutron detector

Coulomb Distortion C, Cu Important for precision prediction
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Detector requirements 

Momentum measurement for scattering particles
A few GeV charged tracks: cannot use TOF 

Magnetic fields: solenoid in center region, dipole in the forward region

Position + angle measurement for incoming/scattering muons
silicon pixel detector 

Large detector acceptance, special for small scattering muon
Proton charge radius need go down to small 𝑄2 region: small angle event

Particle identification 
Kaon, pion, proton, muon, electron, gamma identifications
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First version of Lune Detector

LUNE

Solenoid Magnet
Plastic Scintillator

Lead Plate

Silicon Pixel

Multilayer Drift Chamber

Plastic Scintillator

Lead Plate

Dipole Magnet

𝑧
Target

1.6m
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Plastic Scintillator

Lead Plate

Target

𝑧

Solenoid Magnet Dipole Magnet

0.5T × 0.5m2T × 1.5m

Dipole Magnet

0.5T × 0.5m

Muon Beam

Beam monitoring + forward tracking

Silicon Pixel Tracking Detector
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Solenoid Magnet Dipole Magnet

0.5T × 0.5m2T × 1.5m

Dipole Magnet

0.5T × 0.5m

Muon Beam

Beam monitoring + forward tracking

𝑧 (m)

10°

0 0.5

0.6 0.9 1.2 1.5
1.8 2.05 2.3

2.6

0 1.5 1.8 2.3

0.1m



Multilayer Drift Chamber
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Target

Multilayer Drift Chamber

Silicon Pixel Tracking Detector

12 layers

7 layers

Target

25cm
40cm

150cm

15cm

40cm

Front

Back



Event display: DIS
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Elastic scattering: event rate
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Projection

Proton radius measurement needs low momentum muon beam 

Assuming 20 cm LH2 target
15 days @ 1.0 GeV

30 days @ 1.5 GeV

60 days @ 2.0 GeV

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

Compared to 1% (Amber), 0.5% (MUSE)
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JLab muon facility 
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https://indico.jlab.org/event/960/



JLab muon facility 
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https://indico.jlab.org/event/960/



JLab muon facility 
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https://indico.jlab.org/event/960/



Conclusion

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

Proton charge radius: critical cross-check from muon scattering

Proton inner structure: DIS, SIDIS, DVCS

Neutron charge distribution

Nuclear effects: SRC/EMC, Coulomb Distortion

New physics: Dark matter searches

JLab is also planning a muon facility in the coming years

Outlook: an unexplored research domain @ HIAF muon facility
LUNE collaboration would like to contribute to it
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LUNE is an open collaboration: we warmly invite you to join 

and help shape the future of muon-nucleon physics!!!



Backup
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Track resolution and reco efficiency
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Reconstruction/Generators

GenFit: for track reconstruction 
Experiment independent framework for track reconstruction 

Also used in PANDA @FAIR, Belle II

Rave: vertex finding and reconstruction
A toolkit for vertex reconstruction

Developed from CMS

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

Generators:
esepp (elastic), djangoh (DIS), epic (DVCS), HEPGen++ (DVCS)
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PRad-II @ JLab

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

Data taking: 2026

Large angular acceptance:
𝜃𝑒: 0.5

𝑜 − 7𝑜

𝑄2: 2 × 10−5 to 6 × 10−2 GeV/c2
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MAGIX @ Mainz

Accelerator: 1 mA electron beam, energy up to 105 MeV

Target: cryogenic supersonic gas jet
Effectively point-like target

Expected precision: < 0.1%
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ULQ2 experiment 

Tohoku University: ELPH (Electron photon Science)

Electron beam energy: from 20 to 60 MeV

𝑄2: 3 × 10−4 to 8 × 10−3 GeV/c2

Target: CH2

Precision: 0.1% 
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Projection
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Two photon exchange (TPE)

Interference between one photon and two photon diagrams: ℓ±

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

Muon-proton scattering: unique test of lepton universality
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Two photon exchange (TPE)
Electron scattering:

JLab, OLYMPUS@DESY, VEPP-3@Novosibirsk
Compared 𝑒+𝑝 with 𝑒−𝑝 elastic scattering 
TPE at few-% level: explain part of form factor discrepancy

Muon scattering:
Heavier mass: sensitivity to TPE at low 𝑄2

Direct test of TPE universality

Essential correction for proton charge radius measurement
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Proton form factor puzzle 
Over 1% difference for GE between the PRad data and the Mainz data 

Possible reasons: radiative correction? Unknown systematics? Fitting procedure?...

Large discrepancy also exist for magnetic radius and GM

0.776(38) fm for Mainz data , 0.914 (35) fm for world data excluding Mainz (G. Lee et 
al. PRD 92 013013)
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J. Bernauer et al. PRC 90 (2014) 1, 015206WX and Chao Peng (彭潮) Universe 9 (2023) 4, 182

𝐺𝐷 =
1

(1 +
𝑄2

0.71Gev2
)2



Resonance studies
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Aspect 𝒆𝒑 𝝁𝒑 Advantage of 𝝁𝒑

Beam intensity 1011 − 1012/𝑠 106/𝑠 Limited statistics

Radiative correction Large bremsstrahlung, 
strong radiative tails that 
smear resonance peaks

Suppressed bremsstrahlung 
(mμ ≫ me): cleaner 
resonance signals

Clearer extraction of 
resonance cross sections

Q² Coverage Wide, but low-Q² 
dominated by radiative 
effects

Access to lower “effective 
Q²” region without huge 
radiative backgrounds

Complementary kinematics

Form Factor/Transition 
Studies

Extensive measurements at 
JLab & SLAC

Sparse — essentially 
unexplored

Opportunity for new data

New Physics Sensitivity Limited — well tested with 
electrons

Tests lepton universality, 
motivated by proton radius 
puzzle & g−2

Unique physics reach



Resonance studies
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Proton properties
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extreme weakness of the 
gravitational interaction



Gravitational form factor (GFFs)

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

𝑀2
𝑞
(𝑡): Mass/energy distribution inside the nucleon 

𝐽𝑞 𝑡 : Angular momentum distribution

𝑑1
𝑞
𝑡 : Forces and pressure distribution 
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𝒑𝟐 ෡𝑻𝝁𝝂
𝒒

𝒑𝟏 = ഥ𝑼(𝒑𝟐) 𝑴𝟐
𝒒
(𝒕)

𝑷𝝁𝑷𝝂

𝑴
+ 𝑱𝒒 𝒕

𝜾 𝑷𝝁𝝈𝝂𝝆 + 𝑷𝝂𝝈𝝁𝝆 𝚫𝝆

𝟐𝑴
+ 𝒅𝟏

𝒒
𝒕
𝚫𝝁𝚫𝝂 − 𝒈𝝁𝝂𝚫

𝟐

𝟓𝑴
𝑼(𝒑𝟏)

GPDs  → GFFs



GFFs: quark vs. gluon
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Quark GFFs Gluon GFFs

Partons u, d, s, … gluon

Probe DVCS, SIDIS, … Τ𝐽 𝜓 , Υ production

Status JLab, COMPASS, 
HERA

only recently probed, still 
with large uncertainties

Structure Quark “skeleton” Gluon “binding glue”, 
nucleon mass

Muon energy HIAF HIAF upgrade (photon
energy of 8.2 GeV for Τ𝐽 𝜓
production)

JLab: Nature 615, 813–816 (2023)



Short range correlation

Nuclear structure: How nucleons are arranged in nuclei at short 
distances

Tensor forces: How the nucleon–nucleon interaction works at high 
relative momentum

EMC–SRC connection: Whether nucleon structure modifications 
(parton distributions in nuclei) originate from short-range nucleon-
nucleon dynamics

Dense matter physics: How nucleons behave in environments like 
neutron stars (where nucleons are packed closer than in normal 
nuclei)
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Short range correlation
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Luminosity

Instantaneous Luminosity:
Target: 50 cm liquid hydrogen (LH) 

Muon flux: 1 × 105

2 × 1029𝑐𝑚−2𝑠−1 = 2 × 10−7 𝑝𝑏−1𝑠−1

Integrated Luminosity:
6 months: 24 hours per day 

𝟑. 𝟏 𝒑𝒃−𝟏

9/19/2025 LUNE 66


