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3D STRUCTURE OF THE NUCLEON
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From DVCS to GPDs

e Factorization in Bjorken limit
Sy o)

<=== Hard scattering process (Perturbative calculation)
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Experimental Setup

— -

* The photon is
collected by the
NPS lead tungsten o ” o
calorimeter ey NPS § AR i -

= :

* The scattered LD2 R - .
electron is target i - £
detected in the H,\E\ | - Ve
HMS =

b i ° Sweeper Magnet 1080 Lead Tungstate
* The recoil particle in front of the crystals
off the liquid NPS detector to * 1080 Hamamutsu
LH2/LD2 target is deflect E < 300 PMTs
identified by MeV charged

missing mass particles




Data Stream

* Flash Analog to Digital Converter (FADC)
» VXS Trigger Processor (VTP)

Shared Perimeter (1 row)
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parallel in about 64ns
FADC > V P —> + Most of the delay is in transporting
240 Channels [ . information across the serial links
0 Z ----------- | e | + L1A latency doesn't include additional
' \ . delays due to TS->TI cable
0 X 29 VXS Crate [ 20Gbps optical uelaﬁrmency settings

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




Waveform Analysis

Goal: Determine the pulse arrival time

and amplitude efficiently % 1= « Data
“E; | — Spline fit
B MF I
« NPS detector at 9.5 m from the target S08- T SR
to Minimize the background ?Elo 63_
<
 Areference shape is determined for 0_4:_
each block: i Bk
+ Highest amplitude 0.2l J
+ In coincidence (+/- 5 samples) -
+ No double pulses in the background Ofe
020 a0 80 80 100
* Spline interpolation modeling the — > Time (4 ns)
reference shape pulse with a Pulse region

continuous fit function



Fit of the waveforms

e Matched filter scheme to determine the
number of pulses and the approximate

time and amplitude

e The fit function:
Npulses

F(t)y=B+ » A f(t—t;)
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 Fit of the production data waveforms

and retrieval of the time and amplitude
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Elastic scattering

* NPS elastic calibration runs are
conducted to calibrate the energy
deposited in crystals

 The scattered electron and the
proton will be respectively detected
by the NPS and the HMS

« Specific kinematics were taken
during the elastic calibration runs

Electron beam

Magnet turned off

:

(Scattered electron)

—p R --------------eeeeeememmemcceeeeeeeeemeceeeemem——— e
10cm LH2
target
P
Number | Beam HMS HMS Scattered NPS
of energy | Momentum angle electron energy angle
settings | (GeV) (GeV) (degree) (GeV) (degree)
2 6.40 2.62 35.96 4.52-4.53 18.31-21.16
2 8.48 3.58-4.07 | 27.61-30.76 5.24-5.70 19.84-22.96
5 10.54 4.05-4.31 | 29.67-29.86 7.27-7.35 12.11-18.16




NPS Energy Calibration

* Using the conservation of energy for a j event: Ej =FEy,+m — EP

J
Energy of the proton in

Beam energy the HMS
—>

Predicted energy of the
scattered electron

* The measured electron energy in the NPS: [/° = Z C@-A;

\ Amplitude of the pulse of a
Calibration coefficient of a block i block i for an event j in the NPS

* We define the following minimization procedure:
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N
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N
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@ * By inverting the M matrix we get the calibration coefficients Ci of each block



Energy Resolution
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 The measured energy in the NPS was calculated by a 5*5 clustering scheme around
the seed block

* The predicted energy in the NPS is known to a high precision

* A Crystal ball fit function was used to get the relative energy resolution

* Arelative energy resolution between 1.2% and 1.3% was obtained in the 4.5-7.3 GeV
energy range
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Time Resolution

Method:
: 5 . Bt e S 350
 The main goal is to determine the intrinsic > F —Data
time resolution of a single calorimeter block 3001 - Fit
using the NPS elastic calibration data 2501
« Chose multiple energy-deposition intervals 208
in the NPS crystals with similar statistics. 150F-
100-
* Computed the time difference between :
pulses in every pair of blocks belonging to =0 J
?he same cluster and the same energy e e T
interval At (ns)

* Applied a Gaussian fit to the histograms to
get the values of sigma
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Time Resolution

These are the intrinsic time resolution

results @
S 4 4 Elastic setting 1
The sigma values obtained from L T ¥ esigeetg £
the fit of the time distributions are divided e == Fit
by the square root of 2 = :
The resolution obeys the following : .
power law: - i
\“x ! &
—0.845 107 I
o¢(E) = (0.112 ns)[E/(1 GeV)] - . ¥
L L% 9
1072 1Energy (GeV)

An intrinsic timing resolution better than 200 ps for energies above 500 MeV
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Conclusion

* Arelative NPS energy resolution of 1.2%-1.3% was obtained over the
4.5-7.3 GeV energy range.

* An intrinsic timing resolution better than 200 ps was achieved for NPS
blocks at energies above 500 MeV.

* NIMA paper will be published soon
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Physics motivation

Spin Crisis
proton Spi
pin of all
. quark Quarks ?2??
-:11] *em
Yo =
~10"%em

A+ AG+ Lo + Lg
\ Orbital momentum of
/ \ the quarks and gluons

Quarks contribution Gluons contribution
(u,d,s)




Data Taken in 2023

. Kinematic Q2
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DVCS Kinematics

DVCS NPS/HallC/JLab 2023-2024

. High xbj --> high |t| --> 1o e
better separation $ o .
b of
7 7
» Different beam £ pr /
energies that will 1y 29" y /
further give a better ¥y
extraction of the v | e e
different CFFs from Ny, 7 "™
the DVCS cross i W y // /
' i / M

* To reduce systematic
uncertainties, LH2 and
LD2 run periods are
interleaved frequently
(every few hours)

factors as

|t| increases

* Sharp drop of the
deuteron form



FADC/VTP Data Stream

Data is stored in an 8 us buffer memory
and always streamed (8GB/s) every
4 ns to the VTP

e T e
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FADC Data Stream

/ “Fixed Gate Width” Pulse Integrator \

NSB NJ"A Integral
£ A (Reported for Readout)
=] |
E | [ I/,T.
5 A B .
[=] " i e e i P e
®l £ "._
:“:" E ' Parameters:
H I Threshold :r-:-s:'.lns 1) NSB (Number of Samples Before)
-t (Time Reported for Readout) 2) NSA [Number of Samples After)
ADC |— “Fined Gate Width” Pulse Integrator | e N .
e N T 3
/, i fh /_. ADC -> MeV Conversion Factor I"|E
ECAL | f /| 0 to 8191MeV, 13bit |§
£ e = . T
Channel I e — [____Eneray Discriwinator | / g Repnrts to VTP:
| g . Ene >
AR . [/ 13bit energy (in MeV)
o v Parsmeters: + 4nstimin
|-I: ﬁ Threshold crossing 1) NSB (Number of Samples Before) / g
(Time Reported for Trigger) 2) NSA (Mumber of Samples After) . Chan nEI number
a) Pedestal * 32ns double pulse
5) Gain .
\ / resolution




Problems:

Reference Shape Selection

bestPulse_697

400 - Entries 110
E Mean 49.61
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Solutions:

* BKG1+BKG2:

+ A maximum of 2 consecutive
ascending samples

* Pulse region:

+ A maximum of 3 ascending
consecutive samples in the
region between the peak sample
and the 80" sample

=> 99% of the pulses were in a
perfect shape (checked every
one of them!)

=> We need that 1% too!!

bestPulse 411

400— Entries 110
- Mean 52.17
350— Std Dev 10.49
300
250
200—
150
100
50—
Uﬁ o 1 1 I I 2 I I ‘ I I I | I I I | I
0 20 40 60 80 100
bestPulse 411
400 - i Entries 110
- Mean 49.45
350— StdDev  8.745
300—
- It works!
250—
200~
150—
100
50—
0 = - ———— M | i o i
0 20 40 60 80 100




Cluster Trigger

* Single photon cluster trigger (S.P.T):

1) The first Basic Steps by the VTP

X7

2) The Cluster Energy Is Above The S.P.T (1400 MeV) :>

==>> \We have a DVCS cluster in hand

3) Readout threshold energy (500 MeV) is applied:

- We use the 7x7 Clustering around the seed block

- The VTP sends the readout channels masks in the 7x7 to the FADC
in order to read out the raw wavefoms of these channels



VTP and Clusters reconstruction

VTP BASIC STEPS:

1) If the seed Energy is above the threshold value (70 MeV)

2) If the seed energy is a local maximum with respect to the 8 neighbors 3x3
within the value of the time window (+- 20 ns from the seed) j

3) The Cluster Energy is calculated by summing up all the energies from
the 9 blocks

4) Information stored:

- The x pos (column number), y pos (row humber)
- Time of the seed block

- Total energy of the 3 by 3 cluster . ‘. ‘. ‘m ‘!"'1‘
Ak

=> Coda file words => ROOTfile variables => Waveforms E:,> " "' .' -' ". ---
. T T

ke ol b | Y R N SR
LALLM "'""""Illul-

i [ T e




Cuts Performed :

g 350 508
* Timing cut for each block: 0 W
: A 5 A 3 2501
- We fit the time distribution of each block — : Block 204
200~
- For each block: [time[i] + reftime| < 5 - rmstime|z] 150c-
|time[7] — reftime| < 5 - rmstimel:] 100
2 i s 50
a 000 « X and y positions cut: S J\L o
L 915HJ‘—1OHLL—':'>A ‘OHHSJ‘H10‘M”15
20000[— time (ns)
: - We fit the distribution of the stored position
i == minus the predicted position and apply a cut
10000
- Tpredicted — T + Mean,| < 4 - o, |Ypredicted — Y + mean,| < 4 - o,
5000}
Foo it = Geometrical cuts:
=20 -5 =10 10 15

- We remove columns/rows and blocks that are off along
with their first neighboring columns/rows/blocks

o Energy cut: (clusener — Eiy,) > meang. — 2 - oy

» 5 iterations were performed until a stability in the resolution was found



Cluster Energy Threshold Correction

Non corrected Corrected

= 04 = — — 04
% F - | 120 % - 120
o] = e =
£ — £ 03
= - 100 i : 00
2 - & 02—
5o gk
8 = o 01
w -— L
3 = @ C
h ? (% 0

= 0.1

L1 | I | ‘ I I | | I -
7.6 7.7 7.8
Cluster_Energy(GeV)

L1 ‘ | | I |
7.6 7.7 7.8
Cluster_Energy (GeV)

* The fraction of the energy loss in the cluster energy increases with the increase of the pulse
threshold used

* This is the optimized empirical cut we used to correct for the threshold effect:
( clusener

1 4+ 0.05 - (clusener — meangpergy )

- Em) > MEean, — 2 + O,

With Eth= Ee calculated from the HMS information of the proton




Temperature Interpolation Results

Front Sensors

Temperature of Sensors (1 event)

Row Number

b-¥

J
|

b AERY-L

ol

Column Number

35
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20

0

After 2D Interpolation (Back view of the detector)

8

28

26

24

22

20

18

0 5 10 15 20 25 16
Column Number

* Linear 2D interpolation => Delaunay Triangulation Method

block(x,
oc (X{)A

S2 (x2,y2)

1 (x1,y1)

S3 (x3,y3)

axr = )tl.‘rl -+ .)Lgmz -+ )kg.‘l’.‘g

Y = Aiy1 + A2z + Aays

A1

Area of Triangle(x, y, x2, Y2, T3, Ya)

> T(x,y) = A1 - Ti(@, v1) + A2 - To(@2, y2) + Az - Ta(xs, ya)

- Area of Triangle(x,, y1, T2, Y2, Tz, Ya) \

1
Area = 3 |1 (y2 — y3) + z2(ys — v1) + z3(y1 — y2)|

Interpolated Temperature




Temperature Interpolation Results

3D Interpolation

* Added a linear interpolation along the depth of the crystals:

Tmiddle [1] =

Row Number

(Tback ['!-] — Tiront [?']} - a

dist_front_back

+ Tront[2] nm=

> a =10 cm (shower depth used in this example)

> dist_front_back = 20 cm (depth of the crystal)

After 3D Interpolation (Back view of the detector)

20

25
Column Number

* Temperature correction for each event
was performed and tested

* The temperature for most of the elastic
settings (9/10) were stable

Temperature

Temperature Graphs For Block 325

26—
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1
800

v b g X
1000 1200 1400
Event
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Time Resolution
We calculate: At =17 — 19

We assume that both blocks has the same intrinsic time and Cov(t,t;) =0

These assumptions are valid since:
- Separate crystals

- Independent electronics noise

- Same reconstruction algorithm

JE(‘&t) = Ug(tl — f?) = o’ (tl) + gz(ti) 07t = Opiock T Ottock = 2 Thlock e AL = Vﬁ Thlock

2 2
a” b*
20y a” o 2
o;(E) = o + 7 + £
- - electronics jitter

photo-statistics pulse-shape / MF / spline
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