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Mysteries inside nucleons

üNucleons: discovered ~100yearsago
ÅProtons (uud) and neutrons (udd) constitute 99% of visible mass in the universe
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Valence quarks carry ~1% of nucleon mass
The other 99% are from sea quarks and gluons

Valence quarks contribute ~30% of nucleon spin

üHow to Investigate their inner structure?

.ǊŀƎƎΩǎ ƭŀǿ

To look into such tiny structure of nucleons,
ǿŜ ƴŜŜŘ ǇƘƻǘƻƴǎ ǿƛǘƘ ƳǳŎƘ ƘƛƎƘŜǊ ŜƴŜǊƎȅΧ

Mark Thomson, Modern Particle Physics, p161
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Electron scattering and nucleon structure

üElastic scattering
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*ɹ

ÅMeasurement of nucleon form factors (FFs)
ÅSpatial charge distributions inside nucleons
ÅCƛǊǎǘ Ƙƛƴǘ ǘƘŀǘ ƴǳŎƭŜƻƴ ƘŀǾŜ ƛƴƴŜǊ ǎǘǊǳŎǘǳǊŜ όмфрлΩǎύ

üDeep inelastic scattering

ÅMeasures the parton distribution functions (PDFs)
ÅMomentum distributions inside nucleons
Å9ǾƛŘŜƴŎŜ ƻŦ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ǉǳŀǊƪǎ όмфтлΩǎύ

übƻƴŜ ƻŦ ǘƘŜƳ ǇǊƻǾƛŘŜ ŀ Ŧǳƭƭ ǇƛŎǘǳǊŜ ƛƴǎƛŘŜ ƴǳŎƭŜƻƴǎΧ
ÅLack of correlations between spatial and momentum 

distributions inside nucleons
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Generalized Parton Distributions (GPDs) and Deeply Virtual Compton Scattering

ü GPDs are iƴǘǊƻŘǳŎŜŘ ƛƴ мффлΩǎ ŀƴŘ ǇǊƻǾƛŘŜ ǊƛŎƘ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ƴǳŎƭŜƻƴ

ü GPDs are accessible via exclusive processes 
ÅDeeply Virtual Compton Scattering (DVCS)

ÅDouble DVCS (DDVCS)

ÅDeeply Virtual Meson Production (DVMP)

ü DVCS is the simplest probe to access the GPDs

ÅepƂ ŜΩǇΩɹ
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Nature, 557, 396ς399 (2018)
VCorrelation between spatial and 

momentum distributions
VAccess to radial pressure distribution
VQuark and gluon total angular momentum 
ŎƻƴǘǊƛōǳǘŜ ǘƻ ƴǳŎƭŜƻƴ ǎǇƛƴ όWƛΩǎ ǎǳƳ ǊǳƭŜύ

ǇΩ

ŜΩ

p

e ʴ

factorization

Hard process
Åperturbativelycalculable

Soft process
Åparametrized by GPDs
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üDVCS and Bethe-Heitler process cannot be separated experimentally

Separation of DVCS amplitude

Bethe-Heitler (BH) process

epƂ ŜΩǇΩɹ=

DVCS

ü ʎὩὴO Ὡὴɾ ς ὄὌς ὈὠὅὛς ὍὄὌɇὈὠὅὛ

pure QED
process

ᶿὉ
 ˒dependence

ᶿὉ
 ˒dependence

2023-2024 DVCS experiment in Hall Cat JLab
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Jefferson Lab and Continuous Electron Beam Acceleration Facility

üJLab location: Newport News, Virginia, USA
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Phys. Rev. Accel. Beams 23, 114601 (2020)

A

C
B

D

üContinuous Electron Beam Accelerator Facility (CEBAF)

ÅPolarized electrons up to 12 GeV beam energy

ÅDelivers continuous electron beam to different Halls
simultaneously
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DVCS experimental setup in Hall C at Jefferson Lab

e p

ŜΩ

ʴ

Target chamber
ÅLiquid H2 (LH2) or liquid D2 (LD2)

Front view of NPS crystal array
High Momentum Spectrometer (HMS)
Å5ŜǘŜŎǘƛƻƴ ƻŦ ǎŎŀǘǘŜǊŜŘ ŜƭŜŎǘǊƻƴ όŜΩύ

Neutral Particle Spectrometer (NPS) calorimeter
ÅDetect photon ( )ɹ with an array of 1080 PbWO4 crystals

Sweep magnet
Å0.3 T·m of magnetic field
ÅReduce the low energy background electrons

from the Continuous Electron Beam 
Accelerator Facility (CEBAF)

Run period: Sep. 2023 ς May 2024
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üProvides sufficient momentum reach for theseparation of interference and |DVCS|2 terms 
 using beam energy dependance

High Momentum Spectrometer
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Drift Chambers
ÅTrack reconstruction
ÅMomentum measurement

Heavy gas Cherenkov
ÅParticle identification

Preshower & Shower counters
ÅElectromagnetic calorimeter
Åe/  ̄separation

Hodoscopes
ÅX-Y plane scintillators
ÅTime-of-Flight measurement
ÅParticle identification

Vacuum vessel
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Neutral Particle Spectrometer

üDetect emitted photons from DVCS process with 1080 PbWO4 crystals

üExpected high energy resolution (~1.3% at 7.3 GeV) was seen after refined offline analysis
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PbWO4 crystals
Å30Ȗ36 crystal array in copper frame
ÅHolding by 0.5-mm carbon fiber grid

Distribution boards 
ÅSignal and high voltage (HV), 

low voltage (LV) and LEDs

PMTsand HV divider bases
ÅDetect & amplify the light from crystals

LED system 
ÅCalibration and curing of crystals
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NPS Streaming Data Acquisition
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1. Waveform samplesare digitalized by JLab developed 
flash Analog-to-digital converter (FADC)

2. Hits information are sent to 
VXS trigger processor (VTP) for triggers

3. VTPperforms 3x3 clustering and trigger
ÅBased on seed energy threshold and timingof hits

4.wŜŀŘƻǳǘ ǿŀǾŜŦƻǊƳǎΣ ŀƳǇƭƛǘǳŘŜǎΣ ǘƛƳƛƴƎΣ Χ
ÅCluster energy above single photon trigger threshold
ÅCoincidence with HMS signal
ÅOnly readout waveforms of 7Ȗ7 channels for further 

analysis to reduce the event size on the disk
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Extraction of DVCS events

üThe DVCS events are extracted using missing mass technique

üMissing mass square of recoil proton:ὓ Ὧ ὖὴ Ὧ ή‎
ς

üEnergy resolution in the NPS playsa crucial role for better missing-mass resolution

üEnergy calibration should be performed as well as possible
Missing-mass method for DVCS event selection Simulated MM2 resolution 

Raw distribution
Background events
Mx

2 after background
subtraction
Mx

2 from simulation

JLab proposal E12-13-010JLab experiment E00-110
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Energy calibration for NPS using e + p Ÿ ŜΩ Ҍ ǇΩ

ü For better trigger of the DVCS photons, a uniform gain in eachPMT block is required

üAppropriate high voltage (HV) setting is required: Ὁ Вὅὃȟ ὃ ‌ Ὄὠ

Å j: blocks in the cluster

Å A: amplitude measured in the block [mV]

Å C: calibration coefficient, convert amplitude to energy [GeV/mV]

ÅIŀƭƭ / ǘŜŎƘƴƛŎƛŀƴǎΩ ŀǎǎƛǎǘŀƴŎŜ ǿŀǎ ǊŜǉǳƛǊŜŘ ǘƻ ƳƻǾŜ ǘƘŜ bt{

9.5m position

experimental position (3m-6m)

e p

ŜΩ

ǇΩHMS

NPS

ÅExperiment setup for taking elastic data

,h ̡ : constant from gain curve of PMTs



Calibration coefficients and new HVsetting

2024/11/26

ü Linear equations of 1080 crystals are used for the minimization:

Hao Huang @ JRJC 2024

Predicted electron energy from HMS

Measured electron energy in the NPS

Linear equation for minimization
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ÅAdjust the high voltages (HV) to have uniform gain in the NPS

ÅCalculation of HVs is based on their calibration coefficients  

and their gain curve

ÅHV of PMTs are tuned to have 600 mV of amplitudes for 

DVCS photon (coefficients after calibration ~ 0.013)

(Predicted and measured )
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- πȢρσυ 'Å6

ʴ ɹinvariant mass after ̄0 calibration

üFringe field from the sweep magnet effects on PMTs andcauses energy shift

ü¦ǎƛƴƎ ˉ0Ÿ ɹ  ɹto extract correct calibration coefficients

üAlso calibrate for crystal darkening due to radiation damage

Energy calibration with ̄0 Ÿ ɹ  ɹ
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1ɹ

NPS
2ɹ

0̄

Magnet ON Magnet OFF
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ü Iterations are required till 
mean and width converge

×10-3

×10-3
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Waveform fit analysis for better energy resolution

üMore accurate amplitudes and timing of signal pulses are required

üAssume the pulse shape of each crystal block is unchanged and its amplitude proportional to 
the energy deposit

üReference shapes from elastic data are used to fit and extract new amplitudes and times

üMeasured energy resolution is improved (expectation from simulation: ͯн҈κ9 ṥ м҈ ͯ мΦн҈)
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Analyzed by M.Mazouz

NPSenergy resolution at 7.3 GeV

Analyzed by W.Hamdi

Reference
shape

Waveform fit using the reference shape



Preliminary results of extracted DVCS events

üClear missing mass square peakafter:

ÅWaveform fit analysisand energy calibration for NPS

ÅSubtraction of accidental events 
όŜΩ ŀƴŘ  ɹfrom different events)

ÅSubtracted ̄ 0Ҧ +ɹ  ɹcontamination
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Analyzed by W.HamdiAnalyzed by W.Hamdi

ŎƻƛƴŎƛŘŜƴǘ ŜǾŜƴǘΥ ŜΩ

0̄ Ҧ ɹҌʴ contamination with 
only 1 photon detected in NPS 
due to asymmetric decay 
ƛƴ ˉ0 rest frame

Frédéric Georges, tel-01925350, 2018
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Missing mass square from data with different target



Summary

üGeneralized parton distributions (GPDs) provide fruitful information 
and a full picture of nucleon inner structure

üDeeply Virtual Compton Scattering (DVCS) is the simplest probe of GPDs

üDVCS experiment with NPS in Hall C was running from fall 2023 to summer 2024

üCalibration and waveform fit analysis play a crucial role for a better energy resolution in NPS

ü This experiment provides high precision measurement of DVCS cross section 
with refined offline analysis
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Summary

üOur data is ready on the krampouz. We are making efforts to cook for the results.
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Data
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Backups

Hao Huang @ JRJC 2024 19/17



Temperature control system

üHeat generate by PMTs and electronics

ü Light yield in PbWO4 crystals are sensitive 
to their temperature (-2% / ǯC at 20ǯC)

üKeep the temperature as stable as possible

ü 56 sensorson the back and front of crystals
for temperature monitoring
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NPS temperature (crystal zone, back-1)

varied within ǰ0.1 deg. in 24 hours

Fanfor heat exchange

Fanfor heat exchange

Copper sink

Water pipes to chillersTime
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Installation of the NPS

ü Installation and cabling
ÅBegan in mid-May 2023 and finishedin 2 months

ÅSignal, High voltage and low voltage cables, cooling system

üTest and troubleshooting using cosmic data till the beginning of the experiment

In the detector hut

The patch panel
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Refurbishment for the radiation damaged bases

üRadiation damage to the LV regulators on the PMT base pre-amps

üLV regulators were bypassed and re-installed from Dec. 2023 ς March 2024
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LV regulators

bypassed

December 2023

April 2024

Dead blocksBlocks closed to death

No major problems with the bases 
till the end of experiment

Divider base boards were 
removed for bypassing
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