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Mysteries inside nucleons "’C“’ NR;%

t de Physiqu
Q?

U Nucleons: discoveredl00yearsago
A Protons (ud) and neutronsydd) constitute 99% of visible mass in the universe

«= \/alence quarks carry1% of nucleon mass <
The other 99% are from sea quarks and gluons

'

‘ y
Valence quarks contribute30% of nucleon spu \_/

U How tolnvestigate their inner structure?

2d sing = n i DiﬁraC‘idx'r?’iaybeam Tolook intosuch tiny structure of nucleons,

Crystaline ] l\ 4 é S y S S R L\]K 2 U 2 Yé. é A U I
material .
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X-ray source  focus heam L
f I é X-ray diffraction Imaging surface X-ray diffraction pattern Ay A<ty

Mark Thomson, Modern Particle Physics, p1(
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Electron scattering anducleon structure "’c“’ NF H‘%ﬁ

t de Physiqu

U Elastic scattering U Deep inelasticcattering
e (- i
e ©
r&::“/" 1
. e "'!\
1 Mpz ™ >
P P
AMeasurement of nucleofiorm factors(FFs) AMeasures theparton distribution functions (PDFs)
A Spatial charge distributionfside nucleons AMomentum distributionsinside nucleons

ACANRG KAYy(d GKIFEG ydzOf S2y KAIEEN RASHYOSSNJ 250 NIHECRT dSNEBA 300MSdypOnit
Ub2yS 2F (0KSY LINRPYARS | IZNE Ay a4

A Lack of correlations between spatial and momentu
distributions inside nucleons
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GeneralizedParton Distributions (GPDs) and Deeply Virtual Compton Scatter?f"ggqab N‘%\%S

—
e

i GPDsargii NP RdzZOSR AY MdbdppnQa | YR LINRPYIDARS N (

PP s Nature, 557, 396399 (2018) - \/ Correlation between spatial and
» rﬁf e momentum distributions
_Ws V Access to radial pressure distribution
= - * V Quark and gluon total angular momentum
poren O2YVUNRNOdzGS G2 ydzOt S2y 34
|

AN NN RN SSZ
0 02 04 06 08 10 12 14 16 18 20

r (fm)

. : : : e g [Hard process }
U GPDs are accessible via exclusive processes ¢ | Aperturbativelycalculable
A Deeply Virtual Compton Scattering (DVCS) T
ADouble DVCS (DDVCS)  TUTEJTNE ;- factorization
A Deeply Virtual Meson Production (DVMP)

0 DVCS is the simplest probe to access the GF
Aepb S @LJ

Soft process
“,, | Aparametrized by GPDs

LJQ
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Separation of DVCS amplitude "’ Coat NF &%

Irene Jollot Curie
t de Physiqu

@I

U DVCS and Bethdeitlerprocess cannot be separated experimentally
DVCS BetheHeitler (BH) process

| |
epb S @I L_I_ Iv_l_ i 20232024 DVCS experiment in HaltQLab
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|
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process . dependence ., dependence
Laboratory frame
'Hadron producuonplane
S,
" = N\ @\i\v
z ‘ Y
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w /0y
/" Electron scattering plane \

X
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Jefferson Lab and Continuous Electron Beam Acceleration Iﬂﬁ&‘litﬂgﬁ; %g

Laboratoire
des 2 Infinis

U JLaHdocation: Newport News, Virginia, USAI Continuous Electron Beam Accelerator Facility (CEl
— APolarized electrons up to 12 GeV beam energy

ADelivers continuous electron beam to different Halls
simultaneously Dg

Phys. Rev. Accel. Beams 23, 114601 (2020)
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DVCS experimental setup in Hall C at Jefferson Lab "’C“’ N&%ﬁ

I dPhyq

«I

| Sweep magnet Neutral Particle Soectrometer (NPS) calorimeter
=== A0.3Tm of magnetic field ADetect photon(*) with an array of 1080 PbW@rystals
AReduce the low energy background electron -

o 3
e b
from the ContinuousHectron Beam
AcceleratorFacility CEBAJF
4 - S |
Target chamber Zidn
Aliquid H, (LH2) or liquid B(LD2)
\
p
High Momentum Spectrometer (H MSﬂ ~
ASSL]SC)[])\Z)/ 2 F aOIruS NER St SOGN SO 1 Front view of NPS crystal array

Run period: Sep. 2028May 2024
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High Momentum Spectrometer W Nggﬁﬁé

Laboratoire de Physique
des 2 Infinis

@

U Provides sufficient momentum reach for teeparation of interference and |DVCSgrms
using beam energy dependance

)

Hodoscopes

AX-Y plane scintillators
ATimeof-Flight measurement
AParticle identification

AElectromagnetic calorimeter
Ael” separation

(Preshower& Shower counters]

( Heavy gas Cherenkov
LAParticIe identification

(Drift Chambers ]

ATrack reconstruction

[ Vacuum vessel LAMomentum measurement
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Neutral Particle Spectrometer

U Detect emitted photons from DVCS process with 1080 Ppii3tals
U Expected high energy resolutignl.3% at 7.3 GeV) was seen after refined offline analysis

Distribution boards
A Signal and high voltage (HV),
Iow voltage (LV) and LEDs

PbWQ crystals
A 30UB6 crystal array in copper frame
A Holding by 0.5nm carbon fiber grid

PMTsand HV divider bases
A Detect & ampllfy the Ilght from crystal

)

LED system
A Calibration and curing of crystals
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NPS Streaming Data Acquisition

% Cu NE Ré%ﬁ

Laboratoire de Physique

des 2 Infinis —
—4

< 400
8 350
E

E"SOOl
< E

200[—
F First sample
150~| passed TET

100

bestPulse_352 |

w o 1. Waveform sampleare digitalized bylLakdeveloped 3. VTPperforms 3x3 clustering and trigger

StdDev  9.158

2. Hits information are sent to

Trigger Energy

% Threshold (TET) Shared Perimeter (1 row)
- e & S FADC Digitized Pulses
Time (4 ns) '.I FADC Ch
FADC \ anz

Digitized Pulses Re;adou sks

flash Analogo-digital converter (FADC)

VXS trigger processor (VTP) for triggers

ABased on seed energy threshold and timiriidnits

e.g. for seed threshold of 2 and hit At=+/-8ns, the following hit pattern evolving in time will report 1 cluster:

2|2 1| 122
1 ) —
| —1 1
T=0ns T=4ns T=8ns T=12ns T=Ons, E=19, N=6, X, Y

A wSlk R2dzi 6 OST2N¥Yasz | YL
ACluster energy above single photon trigger thresh
ACoincidence with HMSignall
AOnly readout waveforms of @7 channeldor further

analysis to reduce the event size on the disk

L1A (to front-end: FADC, VTP, efc)

112 |2
L1A trigger latency estimated around 1ps
Clustering of all views happens in
parallel in about 64ns 3 3
+ Most of the delay is in transporting
information across the serial links
+« L1A latency doesn't include additional

VTP 3x3 cluster

e e B S Triggers
Calorimeter Array ' o |
[ rapc | . |/ R
35 .’___,,"ai 120 Channels > VTP "'::|_' i
> FADC L | yrp [ >
| 240Channels -
| 0 Fapc | - S
v [ ’i 240 Channels > VTP "‘::[_ 7 TS
L raoc | yrp - S
l 1| 240Channels ::[
= I_________________________________________ \\
5| FADC S| VTP — - - >
'l 240Channels f kY
0 - 7 _____________ _Illll*_ __________ \\
0 X 29 VXS Crate ' 20Gbps optical

160Gbps over VXS backplane
FADC Integrated Pulses
(channel#, charge, time)

delays due to TS->Tl cable
delays/latency settings

Readout waveforms of 7x7 channels
| | | | | |
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Extraction of DVCS events "’c“’ \; R%%

0

t de Physiqu
Q?

The DVCS events are extracted using missing mass technique
Missing mass square of recoil protan:  (Q 0, Q R)S
Energy resolution in the NPS playsrucial role for better missiAgass resolution

Energy calibration should be performed as well as possible
Missingmass method foDVC&®ventselection Simulated MM resolution

5000
| — Raw distribution i
— = Background events
4000|— —M,2after background [ _ -
~  subtraction i 4000
. —M,2from simulation f
3000— 3000:
2000 [
- 2000
1000 i
B 1000_
0 B | || ...... i
[ 1 | ] ] ] ] 1 1 1 ] ] ] | | ! | | 1
0 0.5 1 1.5 2 2.5 T o5 1 15 2 25 3
_ Mz (GeV?) MM? GeV?
JLalexperiment EOAL10 JLalproposal E123-010
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Energy calibration for NPSusinge¥ 5 Q b LJIO poAts: Nﬁﬁ%

Laboratoire de Physique
des 2 Infinis

U For better trigger of the DVCS photons, a uniform gain in @&¢h block is required

U Appropriate high voltage (HV) setting is requiréx: B66ho | Ow
A J bIOCkS in the Cluster h i : constantfrom gain curve oPMTs

A A: amplitude measured in the block [mV]
A C: calibration coefficient, convert amplitude to energy [GeV/mV]

[ o

i)

A Experiment setup for taking elastic data Al Lttt |/ UOGSOKYAOAlFIyaQ laaraaial yosSs

E = R I
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Laboratoire de Physique
des 2 Infinis

Calibration coefficients and new H¥tting

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

—
—4

| Electron energy |(Predicted and measured )

x10°
¢ According to energy conservation, the energy F; of scattered electron in event 7 is: €18
8 16__—+— E,. from proton in HMS
E; = Ey+ M, — E?| Predicted electron energy from HMS R Gaussian fit
14 mean = 7.364 + 0.002 GeV
where Ej is the beam energy, M), is the mass of target proton, Ef’ is the energy of proton detected in the HMS . o = 0.169 + 0.002 GeV
; 12——+— E.. from NPS
e By comparing F; with EjCjA; Measured electron energy in the NPS : Gaussian it i
. 10~ mean = 7.482 + 0.002 GeV H
o (j is the calibration coefficient of block 7 in the caloremeter | o-oero002ev ‘
o A_?;; is the amplitude (deposited energy) if block 7 in event ¢ ef—
we can build X2 =X;(E; — EjC'jA;-)Q Linear equation for minimization aF
¢ The calibration coefficient Cj can be calculated by minimizing the XQ: 2
[ Calibraﬂon coefficients | New HV settings 00- 1 2 3 4 5 6 7 8 9 10
N 010 800 E. [GeV]
g gm_ AAdjust the high voltages (HV) to have uniform gain in the NPS
; AcCalculation of HVs is based on their calibration coefficients
- and their gain curve
. AHV of PMTs are tuned to have 600 mV of amplitudes for
: DVCS photon (coefficients after calibration ~ 0.013)
O s o Tes o R R R R TV
PMT number MT number
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Energy calibration with®Y 1

U Fringe field from the sweep magnet effects on PMTs@nses energy shift

%) Cu NE Ré%ﬁ

Labo ato ed Physique

@I

M, vs. iteration

103
T A70F
MagnetON MagnetOFF i N E E ------- M, = 0.1349766 GeV/c®
< PSS 2o m2elon S 2 —md) | ety =
) =1 i=1 A: Lagrange multiplier 150~
% resolution term  embody the constraint <m?> = m,? 1405_ L
(V)] E AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA ]
s ! dnvariant mass after ° calibration F™
% ‘Ué 1l — M,, before calibration 120;_
% S —4— M, after calibration 110;—
E 1ol —— Fit (Gauss+pol1) 100k
a B N, = 42891+ 218 :.I [TPRTR T PV PR TRV TORTE PTPT FPP I
- -|\||||||\|\|\|\||||||\|\|\|1||||\|\|\|\||||||\|\| [ M, = 134.98 £ 0.03 MeV -t 0 1 2 3 4 5 6 -fl'teratznn
10 15 20 25 30 -10 -5 0 5 10 15 20 25 30 10_— i T[Ep 5 'U A 667:0 = 4.86 £ 0.02 MeV
e ~ - . . . . B 1 t t
U} a A Y31 fo extract correct calibration coefficients & : o oY TOROR
U Also calibrate for crystal darkening due to radiation damage : Seel
4:— i 56—
13 ;
: IIIIIIII Ly 52
(8).1 0.11 012 0.13 0.14 0.15 lc\)/.IJYG[Ge?/f 5:_ —
U Iterations are required till T
mean and width converge ey
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Waveformfit analysidor better energy resolution

U More accurate amplitudes and timing of signal pulaesrequired
U Assune thepulse shape of each crystal block is unchangeditarainplitude proportionalo

the energy deposit

'bc  NF RA%

t de Physiqu

Reference shapes from elastic data are used to fit and extract new amplitudes and time:

Measured energy resolution is improvéekpectation from simulatiort: H:"3 W0 $ MX M D }

NP Senergy resolution at 7.3 GeV

waveform fit + non-linearity correction

waveform fit

no waveform fit

=93 MeV, Z=1.3%

E~

MeV, E =1.5%

MeV, ‘E =2.2%

Analyzed by M.Mazouz

‘T
ﬁ

u
Waveform fit using the reference shape hsig 15a
%' 8 e 352 i Entries 3 g r
E Analyzed byV.Hamdi | mean 5000/~
7 Std Dev . -
6 Reference -
shape oo
5 P B
4 3000:— =110
3 T =160
5 ||| N 2000~
1 v uls } | HH -
— 1000 —
0 ff i{ﬂlﬂ'rﬂ B
-1 B
1 1 1 1 1 1 1 1 1 l 1 1 1 | 1 1 L l 1 % —
0 20 9 60 8o Time (4 ns) o
ime /

-0.5

0 0.5 1 15

measured energy - predicted energy (GeV)
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Preliminary results of extracted DVCS events

"’Ctab NE Ré%ﬁ

Lh t de Physique

U Clear missing mass square pedter:

A Waveform fit analysiand energy calibration for NPS

A Subtraction of accidentavents

6 S Q! froni Bifferent events)

A Subtracted °h + contamination
Missing mass square from data with different target

FrederloGeorgesteI 019253502018

n’ Lorcnlz boost direction
Case 1: Symmetric decay
Lorentz boost direction 1
Case 2: Asymmetric decay
Y
¥

n” center of mass frame

Laboratory frame

" @ 2400 _ ) . .
§ |t § ponok Raw 10 N t "0y’ bcontamination with
T Aocicertal " pogof. | Aecientas | only 1 photon detected in NP
go0l_..| T conamination 18001 ¥ certaminaton - due to asymmetric decay
: — anaﬁersuhiraction 1600 E Mx* after subtraction a 7\ yo reét frame
= i i 1400
- f ; o : ; 1000 =
- | o | | | 600[—
i war : ! Analyzed by/v Hamd 200;— E Analyzed bwv Hamd
% 05 o 15 S O~ S R 3
Mp Mx” (GeV?) Mo (GeV?)
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Summary L ASE: Nﬁ—i%s
Laboratolre ePhysique —
00—

0

c: c: c: c:

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

Deeply Virtual Compton Scattering (DVCS) is the simplest probe of GPDs
DVCS experiment with NPS in Hall C was running from fall 2023 to summer 2024
Calibration and waveform fit analysis play a crucial role for a better energy resolution in

This experiment provides high precision measurement of DVCS cross section
with refined offlineanalysis
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Summary "‘C“’ NP %%

de Physiqu

-
.

U Our data is ready on therampouz We are making efforts to cook for the results.
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"D CLab NP

Irene Jollot Curie

ratoire de Physi
(o ysique
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Backups
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Temperature control system

U Heat generate by PMTs and electronics

U Light yield in PbW{Irystals are sensitive
to their temperature(-2% /% at 2Q&°)

cC: C:

for temperature monitoring

L8]
=
-l

. NPS temperature (crystal zone, bak

Temperature (deg.)

L8]
=
Ln

21.4

varled withinj 0.1 deg in 24 hours

2024- 04 24 2024- I.'.I4 24 2024- EI4 24 2024- I.'.I4 24 .
01:00:00.00 07:00:00.00 13:00:00.00 19:00:00.00 Time

Keep the temperature as stable as possible
56 sensor®n the back and front of crystals

Fanfor heat exchange

Water pipes to chillers
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t de Physiqu
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Copper sink

Fanfor heat exchange

20/17



th de Physique
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Installation of the NPS M&?ﬁ Nﬁﬁé

U Installation and cabling
ABegan in mieMay 2023 and finisheth 2 months
ASignal, High voltage and low voltage cables, cooling system

u Test and troubleshootlng using cosmic data till the beginning of the experlment

CABLES FROM PATCH PANEL TO DETECTOR HUT
(50 FT LONG)

¥ 3\

||'|

R, CABLES FROM DETECTOR
TO PATCH PANEL

(80 FT LONG) : ' & B — The patch panel
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Refurbishment for the radiation damaged bases "’C“’ NF &%

t de Physiqu

U Radiation damage to the LV regulators on the PMT basaimies
U LV regulators were bypassed andlmetalled from Dec. 2028 March 2024

o 35 [

No major problems with the base
till the end of experiment

CaNWOARO~N 0
[

Blocks closed to death Dead blocks

iider base bords were
bypassed removed for bypassing
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