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Motivations

* Generalized parton
distribution at =0

Invariants

_____________________________ Q*=~(k- k')

Generalised Parton Distributions (GPDs): %, = Q*(2qp)
i iti : y = (qp)/(kp)
Correlation of position momentum of partons in i

nucleon & the spin structure

Nucleon internal structure: DVCS gives access to 4 complex GPDs-related quantities: Compton Form Factors CFF

1 measured observable: a certain combination of GPDs

(H.E),(&.6.0) =9 s[4(H.E),(£.£.0 - (H.E),(£.£.0)]
(H,E),(£,6,0)= Y s[(H. E),(£,£,0 - (H,E),(£,¢,0)]

Measurement of several observable: separation of GPDs

Measure GPDs on both nucleons: flavour separation of GPD




Motivations

* Physics observable: Beam Spin Asymmetry BSA
 Scattering off neutron (nDVCS): GPD E

e Determination of Ji sum rule
* Contribution of orbital angular moment of quarks to the nucleon spin

1
J":%flxdx[H"(x,;‘,0)+E"(x,;~‘,0)]

 Scattering off proton (pDVCS): GPD H

* Quantify medium effects
» Essential for the extraction of BSA of a “free” neutron (de-convoluting medium effect)

CFF accessed throught

BSA — Shape estimated with —> At first order —» BH-DVCS interference
. — . I terms
g+ =F : a sin(P) 51
A (D — j(q)* a, b) - a4 X
LU( ) ot + o0~ 1+ becos(P) kCEH + C§
kCPH 4 CI C T8

X
KCEH +Cf

¢: angle between the lepton plane and the photon-proton plane



nDVCS with CLAS12

* Experimental configuration:

* Baseline CLAS12 configuration + Central
Neutron Detector

* Highly polarized electron beam (~86%
polarization) measured with 9 Moeller runs

* Unpolarized liquid deuterium target
* Beam energies of 10.6 GeV and 10.2 GeV

* Run Date:
* Spring 2019 period : ~50% of all collected
data by CLAS12 so far for this measurement
e Selected runs:

* the analysis of QA timelines after the pass-1
cooking
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Figure in V. Burkert et al., Nucl.Instrum.Meth.A 959 (2020) 163419



Channel selection

* Construct all the possible combinations of final state particles: ed->e’Ny(Nspec)
* Final states reconstructed using CLAS12 PID + a dedicated charged particle veto for neutron
selection optimisation
* Best candidate in event is slected based on best exclusivity criteria (a multi-dimension x2 with all

exclusivity variables)

* When a distribution shows a gaussian behavior, estimate cut with +/- 5 standard deviations

Build
Electron Proton/Neutron photon exclusivity

- Candidate1 variables
- Candidate2 _ of 12
possible

candidates



C h a n n e | S e | e Ct | O n Proton Electron Photon Neutron
Momentum 0.3 1 9 0.35
* The nDVCS (pDVCS) final state is selected with the following exclusivity criteria: (GeV)
« Missing mass Q2>1GeV2  W>2 GeV2
e ed 2eny X
* en>eny X O(e,y)>5°  Remove radiative photons
*  Missing momentum o
* ed>enyX Exclusivity |AD| < 2° At| <? G€V2 enl\g:;?/l:g7
- A, At, B(y,X) cuts GeV

* Difference between two ways of calculating ® and t

* Difference in 6 between measured and reconstructed photon

* Cuts informed by Monte Carlo simulations:

* GPD based generator

* DVCS amplitude calculated according to the BKM formalism
* Fermi-motion distribution evaluated according to Paris potential

* Preliminary fiducial cuts for nDVCS:

* to remove charged-particles contamination coming from the dead zones
of the SVT: the events with —90° < $N < -70° or 25° < pN < 50° or 150° <
¢N < 170°
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Cinal state
narticle
Kinematics

From simulation:

 nDVCS photons are
mainly at low 0 (FT)

e nDVCS neutrons are
mainly in high ©
(CD)

The privileged topology
for nDVCS final state
particles is for neutron in
CD and photons in FT
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Exclusivity variables: MC-nDVCS
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Exclusivity variables: all data with exclusive selection-nDVCS

Missing momentum ed — eny X Missing mass squared en — eny X AdD
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nDVCS with RGB data

First-time measurement of BSA for nDVCS
with tagged neutron
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Benali, M., Desnault, C., Mazouz, M. et al. Nat. Phys. 16, 191-198 (2020)
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5 0.25¢ %2 / ndf 10.86/9
< - ) i a 0.05228 + 0.00737
02t Fit function: a sing
0.15;— )
oab- Passl-spring data
= 0 i
oosE- —— No = subtraction
—0.053—
01 <> = 2 40,
- <Q?> =2.29 GeV C|OS°§
-0.15H] <-t> = 0.42 GeV? CLAS1?2 T
~02f] <xg>=0.19 preuminary
O g e a0 0 300 350
¢ (deg)
® 55188 nDVCS event candidates

Raw BSA integrated over all kinematics and topologies

10.6

GeV and 10.2 data combined

Work ongoing on m° subtraction, fiducial cuts, etc...

Work ongoing on improved neutron identification (neural
networks trained on real data).



nDVCS raw BSA vs ¢ in 1-dim. bins -

~50% of the collected data
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BSA

Evolution of the sin ¢ amplitude for nDVCS
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To be compared with models after background subtraction and all
corrections are in place and improvements to neutron identification with
neural nets



Exclusivity variables: all data with exclusive selection-pDVCS
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Incoherent pDVCS on deuterium

First-time measurement of BSA for pDVCS

with a deuterium target (proton in a
weakly bound state)
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2020720 identified pDVCS candidates

Raw BSA integrated over all kinematics and detection
topologies

Compatible within 2 o with raw BSA from pDVCS with
proton target

nDVCS and pDVCS yields scale as expected:
(CS*eff) ,~40(CS*eff),

Work ongoing on 1° subtraction, fiducial cuts, etc...




Q? bins (GeV?)

[4,inf]

[3,4]

[2,3]

PDVCS raw BSA Vs ¢

IN 3-dim. bins

First-time
Measurement on a
deuterium target

-t bin [0,0.2] (GeV?)

<,
clasy

CLAS12 prelimin

4.926 /10
0.1693 = 0.0374
-0.2442 + 0.2833

&N 100

180 200

ann

ARN

CLAS12 preliminary

-0.02329 = 0.13916

9.517 /10
0.1807 = 0.0155

o : CLAS12 preliminaﬁ

a
b

¥ I ndf

" | -
50 100

PRI BT
150 200

-0.1671 = 0.1010

JT

M| n
150

j»"'l""l"'

[1,2] -0.05

-0.15}=

o
N
\

_0.o50 1

%2 I ndf 18.59/10

PP R
300 350

¢ (deg)
14.14 /10
0.2198 = 0.0108

-0.07782 = 0.08019

| IR
200 250

a 0.1401 = 0.0084 |<
b -0.2671+ 0.1079

CLASI12 preliminary

| -
0 50

i P S N
200 250 300 350

¢ (deg)

[0.05,0.1]

§ 5: CLASI12 preliminary

a

b

¥ I ndf

|
250

P |
300 350
¢ (deg)

—0.3469 x 0.0641

| R |

PRI BRI
150

200 250

[0.1,0.17]

CLASI12 preliminary

7.499/10
0.143 = 0.015
-0.5465 =+ 0.0997

" | -
50 100

PRI BT
150 200

[0.17,inf]

I
250

I
300 350
¢ (deg)

Xg bins



Q? bins (GeV?)

[4,inf]

[3,4]

[2,3]

PDVCS raw BSA Vs ¢
In 3-dim. bins

First-time

Measurement on a
deuterium target

-t bin [0.2,0.4] (GeV?)

»?/ ndf 9.771/10

a 0.1963 = 0.0143
b 0.0006677 + 0.1197631

En

CLAS12 preliminary

<,
clasy

CLAS12 preliminary

P |

% 1 ndf 8.79/10
a 0.1912 = 0.0099
b -0.08953 = 0.08447

| I I |

u
o o o
o o o 9 W
o G L @ b o

o
o
o]

<40
clasy
CLAS12 prelimﬁary

=2
Y
o o

1
N 2
N

a

b

50 100

250 300

»2 7 ndf -
0.1435 = 0.0101 <

%2/ ndf

2

L I 1 I
50 100 150 200 250

CLAS12 preliminary

350

¢ (deg)
¥ I ndt 13.97 /10
a 0.172 = 0.007

b -0.3087 = 0.0532

a 0.1359 = 0.0094
b -0.3666 = 0.0939

<0
= clasy
o — CLAS12 preliming@/

[0.05,0.1]

a
b

L
50 100

I 1
250 300

%2/ ndf 43.95/10 2 025

-0.5209 = 0.0556

CLASI12 preliminary

350

¢ (deg)
%=/ nat 14.24 /10
a 0.1+ 0.0
b —0.644 + 0.069

e Lo b e L L e 1w a1
50 100 150 200 250

[0.1,0.17]



Q? bins (GeV?)

[4,inf]

[3,4]

[2,3]

PDVCS raw BSA Vs ¢
3-dim. bins

First-time

Measurement on a
deuterium target

-t bin [0.4,inf] (GeV?)

<,
clasy

a

b

%2 1 ndf

12.07 /10
0.1424 = 0.0069
-0.3925 + 0.0572

= CLASI2 preliminary _

P
300

50 100 200 250 350
 (deg)

%2/ ndf 4.8427/10

a 0.1054 = 0.0061

b -0.5294 = 0.0504

<,
clasy

st CLASI12 preliminary

- a

o

AL L LR L RS R L

a
b

%2/ ndf

P | -
200 250

P
300

0.1225 = 0.0107 <
-0.2836 = 0.1082

+

50 100 350
¢ (deg)

+*2 / ndf 30.74/10

a 0.08153 = 0.00428

<,
clasy

b

-0.5813 = 0.0381

[1,2]

-0.2

a 0.07895 = 0.01072
b -0.3734 = 0.1444

fO-GiA812 preliminary

AR L L RN R N LR L L

-0 .250 At

150 200 250 300

[0.05,0.1]

CLAS12 preliminary

[~}

150 200 250

[0.1,0.17]

S
clas

——
CLAS12 preliminary t CLASI12 preliminary

M I B B [ il NP PR B R |

150 200 250 50 100 200 250 300 350

$ (deg)
o+ / ndf o+ / ndf 15.84 /10
a 0.08225 = 0.00621< a 0.04841 = 0.00548
b b -0.5605 = 0.0793

.

—
CLASI12 preliminary
55100 B R “‘gég) .
[0.17,inf] Xg bins



025
& [
[}

Evolution of the sin ¢ |
esnsces gMmplitude for nDVCS i

[4,inf] L
First-time -
Measurement on a < o

deuterium target

015(—
01— L]
[3,4]
0.05—
0.25 0.25
g C % L *
02 02—
.15 * * DA5—
[213] 01— o1
C = i
05— 0.05—
5 0250 125
m L -
02— 02— i
015 — ; ; sl d ; i %
[112] F L L
o= 01— 1— *
0.05— 05— | W
T S A A SR | A I I B R BT B R R I I R AR BT R AR AN BTN RS R A S
0.1 0.15 0.2 0.25 03 0.35 %3 0.5 02 0325 03 035 0.4 94 0.15 02 025 03 0.35

[0.05,0.1] [0.1,0.17] it [0.17,inf] ‘" Xg bins



strip_2>1.0
strip_Ph1_E>0.3

nO subtraction: preliminary attempt

Reconstruction: final state ep gamma gamma

PiO selection:

P10_IM2>0.0

P10_IM2<0.03

Kinematical cuts on final state particles

ep gamma gamma exclusivity cuts

abs (mm2_epgg_p)<0.05
abs(delta_Phi)<5

strip W>1.6
strip_Ph2_E>0.3

theta_pif X<5
abs(delta_t)<0.5

strip_Pr_P>0.3 strip E1 _P>1.0

abs (deltamm2_pi0_X)<0.7

Partial cuts

Total cuts

] 0.005 om 0015 0.0z 0.025 0.03 0.035

Pi0_IM2

ed->ep n0 MM2

30000

25000

20000

15000
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delta_Phi



Modelling the missing mass for statistical background
subtraction

* Procedure: model different contributions to data distribution on a variable which is not correlated (or

weakly correlated) to physical observable to be measured pDVCS
* Missing Mass (MM) distribution g
o — No apparent correlation
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> [ |
- . = .w W on g ww'\" i Y
® Statistically unfold contribution based on oo /| ||\||||\'|ﬁ i i {

" ”‘ i ||[|'ﬁ ’ ||||‘(||\ (IIII |H||”| |||’ I||||III|I|I‘ |||||I | Hl H|

used model for each species |

i !Illl |

® Propagate weights to observable of ) e e
interest and work with background-free | l’ Wﬂ"‘\llﬁ( | W
distribution of physical observable i "' il L

|IIII

L1} XHI [

Il IHIII ‘I‘II H”I”H \“I | IH N1

o

0 50 100 150 200 250 300 350

¢

20

102



The method

Estimate different Plot distribution B
contributions from with weights
background sources to evaluated on

distribution A distribution A

If weights chosen are

Evaluate weights to :
& those of signal: the

events based on the

obtained B
model chosen for .
each species distribution would
P be background free

Distribution A

No correlation

Distribution B

* Method largely used in high energy physics as a way of statistically unfolding distributions and subtracting
background

* Associated systematics are known and relatively easy to calculate
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Modelling the missing mass for statistical background
subtraction

Need to know all the contributions to t

* Signal: model a priori determined wit

* Possible backgrounds:

ne MM spectrum

N recurrence to Simulations

 Combinatorial (under test): random association of final state

partic

* Partia

es mimicking signal decay (modelled wit

ly reconstructed ep gamma (gamma): ec

N a polynomial)

->ep pi0 decay

where one of the photons is considered in the reconstruction
of the ep gamma final state (next slides)
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Partially reconstructeded — epm®

ed - epr®(1y)

700

Reconstruct pi0->gamma gamma in the event with the
same cuts as for ep->ep gamma gamma decay

as = 36.02 = 0.28
b= 3.397 = 0.041
mu = 1.88655489 + 0.00000023
ns =-5.1809704 + 0.000072
sig = 39.998 + 0.034

600

But: build the decay tree as (ep->ep gamma) by virtually 500
dropping one of the photons from the final state

400

* Require that at least one of the photons has 300 =
energy>2 GeV (to imitate signal pDVCS) 1 Fix these parameters in final ed-

LI >epgamma MM2 fit
200

* Apply pDVCS exclusivity cuts

100

Model the partially reconstructed decay with an Y
Apollonios function directly on data

 Unbinned Maximum Likelihood extended fit

Region of interest in mass 0<mm?2<2.5 (GeV2)

(t — p)?

—b,| 1+



ed->epgamma MM?2

 Unbinned Maximum
Likelihood extended fit

* Up till now, all estimation
are data driven

* Signal shape directly
evaluated on data: only
one contribution left!

e Used different models:
CB, double CB, bifurcated
CB, Bifurcated Gaussian,
Apollonios

» Systematic related to this
method: the choice of the
fitting model

True signal yield

al= 2.90 =0.10
a2 = 3.443 = 0.037

H a3 =-1.7046 = 0.01§

H bkg_yield_comb ={546871 = 3632

—T—bkg_yield_insigngl = 618410 =+ 5041

— gaus_mean = 1.35528 = 0.00088

iama = @30281 + 0.00089

signal (gaussian)

Partially reconstrigted eppiO
(Fixed shape from d%a)
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-
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-
- '.: - R e e o T
H.nuu;u_r;rMi—““”"* el ' . 1‘..;
........................ Combinatorial 3rd order poly
--------------------
= it e mmmumss - 1 | L L | L L 1 1 | 1 — s
2
MM,
- | | | L A A 1 |
0 0.5 1 1.5 2

25



ed->epgamma MM?2

 Unbinned Maximum True signal yield
Likelihood extended fit

* Up till now, all estimation 71= 63 200
are data driven bhq yield_comb /383814 + 26540

* Signal shape directly
evaluated on data: only
one contribution left!

e Used different models:
CB, double CB, bifurcated
CB, Bifurcated Gaussian,
Apollonios

» Systematic related to this
method: the choice of the
fitting model
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ed->epgamma MM?2

* Unbinned Maximum
Likelihood extended fit 0000

True signal yield

* Up till now, all estimation 40000
are data driven

* Signal shape directly
evaluated on data: only 200m
one contribution left!

e Used different models:

CB, double CB, bifurcated o A

a"l:

47632 + 0.EE
K

CB, Bifurcated Gaussian,

Apollonios

» Systematic related to this

method: the choice of the
fitting model
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ed->epgamma MM?2

 Unbinned Maximum True signal yield
Likelihood extended fit

as12 = 84234 + (PO

* Up till now, all estimation wmo0Ey biz= oorse sofos |
are data driven sonop S| BRayiekd insigal = 535395 +

35000 =T ns12 = 0.672) + 0.043

1 = -1 hah 11 £

signal (Apollonios)

* Signal shape directly

evaluated on data: only 25000
one contribution left! 20000
15000 (e shape rom Gotal
e Used different models: 10000 ™
CB, double CB, bifurcated 5000 J—— “\
CB, Bifurcated Gaussian, o B v s
Apollonios .

» Systematic related to this

i
™
% #

method: the choice of the
fitting model

Modellling background is a cross check test of

No combinatorial

exclusivity selection




pDVCS before background subtraction
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BSA after background subtraction: all topos integrated
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Neutron ID with neural nets: a concept under
Investigation

* Train neural nets directly on data:

* Use clean neutron sample from RGK 7.5 GeV data: ep->enpi+ (true neutron are identified based on
missing mass criteria) as signal

* Use clean proton sample from RGB data: ed->eppiO as background

* Use information from central detectors CND and CTOF to perform separation: energy, hit and layer
multiplicities



Summary

* Promising results from incoherent DVCS on deuteron (n and p channels) from CLAS12 data

First BSA measurement from neutron-DVCS with tagged neutron

First measurement of BSA for proton-DVCS with deuterium target

With the whole collected data treated: a factor ~1.5 improvement in precision

What is missing

e Corrections to final state particles momenta: ongoing work by Paul Naidoo
* Crosscheck of neutral pion background subtraction with traditional method

* For nDVCS, estimate and remove proton contamination in neutron sample: a neural net based
method is under study

* Systematics ...



