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1. PROTON GPDS & DVCS

Nucleon internal dynamics is described in terms of structure functions...
They are introduced to describe the partons o°

1. Transverse position distribution » FFs >~

2. Longitudinal momentum distribution » PDFs

M z . .x‘Mﬂ*-
3. Transverse position and longitudinal momentum » GPDs | Q 2. )
4. Transverse position and transverse momentum » TMDs - no

The proton features tour chiral-even GPDs F = H, E, ﬁ, E

which can be constrained via electro-production of a real photon ep-epy

Deeply Virtual Compton Bethe-Heitler (BH) ,
Scattering (DVCS) They enter the amplitude through Compton Form

€ € Y ¢/ Factors (CFFs)

€
\Qg* ff”fyf F(t) = queg {P/ll dz F(z,&,1) [:pig + wiﬁ] —im [FI(&,&, 1) _FQ(_g,g,t)]}

N particular, the Beam Spin Asymmetry (BSA) access:

~ t
BSA o Jm < FiH + E(F) + Fy)H — FE
X m{ 1 5(1 2) 4Mz%r 2}




1. PROTON GPDS & DVCS

Detecting the proton ensures exclusivity of the reaction, but limits the |t| coverage
ep — €'p'y t(p' = 0.35 GeV/c) ~ p? = 0.1225 GeV?/c?

Access to Gravitational Form Factors.
H. Dutrieux et al,, Eur. Phys. J. C 81 (2021) 4, 300

The D-term can be constrained through cross-section
(Re[CFFs] and BSA (Im[CFF] measurements

1 [t 1 1
D(t) = Re[H(E,t ——/ d¢' Im[H (€t ( — )
(t) A )] — — : [H(E, )] iy
The pressure distribution within the nucleon can be
accessed through d;(t)

D(t) = %/11 1d_zz(1 — 2% [dl(t)Cf’/z(z) +]

di(t) = di(t = 0) f1(?)

12 R

1. Missing the proton is beneficial
e Unlocks small |t| values
Inaccessible via proton-detection
o Down to [t|=0.022 GeV?
o Benefitial for a precise t=0

| df(t) = df{1-th2)-a | |
_\/DBurkerteta|
- | Nature 557.7705

-1 _ et reseeessm st .......

(2018): 396

14 A S o , extrapolation
1} ______________________ S— ______________________ T— _______________________ ______ e [arger statistics can be achieved,

2. However,
e There is an increased pbackground
e There is less information to

(GeV?)

Contributions to the nucleon total spin.
X. Ji, Phy.Rev.Lett.78,610(1997)

1
1A2+AL221/ dz o(H(z, &t — 0) + E9(z,£,¢ — 0))
2 - 2 J_4

e Quark spin contribution
e Quark’s orbital angular momentum

constrain the process

3. Therefore,
e We implement a ML approach for channel selection
e Physics results include measurements with and without
requiring proton detection
e Validation relies on the consistency of both approaches



2. DATA SELECTION

KINEMATICS
e Fall-2018 RC-A data e W>2 GeV
o Polarized electron beam, unpolarized LH, target ¢ Q*>1GeV~
o Inbending and outbending data e g' >2 CGeV/c
o Pass2 reconstruction e e'>1CeV/c

e (' >0.3GCeV/c)

EXCLUSIVITY CUTS
(only if proton detected)

----------------------------------------------------

o AO=|d(p)-Ply)|<2°
o At=|t(p)-tly)|<2 CeV=
e P,...<1GCeV/c

The event is built
with the (ey,p) set
wWIith minimum

¢(p’) uses y*and p’ missing ep » eyp
scattering plane L' $(y) usesy*andy Mass
E t(p) = (p-p')?

/prﬂductiun plane

tfy) = QEMp +2vM,, (v — mcos 9},*},)
p V2 +Q?cos Oyey — v — M,




2.

DATA'S

~CTION

he main background
contribution is exclusive ar°

oroduction
ep » epT” » ep y(y)
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Missing proton mass distribution
Mopy2 = (@ +p - € -y)?

With proton

Without proton

— Data
— DVCS MC

— 1° MC
Sidis MC
Total MC

Mé

ey X
N the case of no proton detection, there is contamination

a

(GeV?)

from inclusive 1° production from SIDIS



5. CHANN

B eYpXN :
- 35000
80} 30000F
25000}

oar= :
20000

sk 15000
I 10000f
20l C
5000

: U
-0.02-0.015-0.0+-0.005 0 0.095 0.01 0,015 9,02 0
?\Heypx (&e )

mooof
zsmc-f
zumc-f
150005
muuuf

5000F

0 0102 03 04 2l.').5
At (GeV?)

— MC DVCS

— MC Pi0

10 12 14 16 18

180

160

140

120]

100]

80,

60

40

20,

0

-1 -0.9 08 -0.7 06 0.5 0.4 0.3 0.2 -0.1

0

Rather than straight cuts, we optimize data

selection with Boosted Decision Trees.

These variables are
used to train the BDT
model

W/out proton

Classifier output
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5. CHANNEL SELECTION

Classifier oIJtput
0.06 _m Tsfghal T 1T T T | T T T I T LI I T 1T T T 1T T 1 l T T_T_
I Background 7
. Il Data ]
0.05 |- | =
N @) ]
R - |,
0.04 [ =
R .-l- — _
0.03 - L : =

03 02 0.1 0 01 0.2 0.3
BDT response

The entirety of the background
cannot be removed with a BDT

To estimate and remove the residual
background, the 1y/2y - phase space
ratio is estimated with two methods

(Npvacp)epserr _ (NGPRip)epsep

(N%/C]’WP) eEp—epyYy (N Il))Xc/L'z\C/ffP ) eEp—EepYY

METHOD |

Based on ep-»epm?-epyy simulations through GEMC,
o NM“,, : # of events passing DVCS selection (DVCS contamination)
o NM“ ., # of reconstructed Tm° events

¢ N,y / Npooyy Provides a bin-averaged estimation

METHOD 2

We simulate 1500 decays for each experimentally reconstructed 1r°
o N™“, :# of detected photons passing DVCS selection
e N0, # of two-photon detected decays
e Photon detection established through acceptance maps
e The total ratio is the sum of individual ratios

‘ * Noo,y / Npo,yy Provides an event-by-event estimation




5. CHANNEL SELECTION

x10

40 p—-

30 p—-

Counts/total events

20
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0.02

0.01

Method 1
Method 2

1 <Q*(GeV?) < 1.6
0.12 <zp < 0.17
0.07 < —t(GeV?) < 0.12.

eyp
ey(p)

MC

Inbending
configuration

%0_4_ 1<@cev?) <16 AS the background is
Consistent Lt 007« s <oai. Femoved, the
background R =+, asymmetry increases
estimation from o - e Raw
both methods " __=|=+ Measurements are
O CEFE LT diluted by the qr°
| 04| ’;”:f:‘r‘;dz . Bl | asymmetry (~5%)
0 100 200 300 ¢(dleg)
Contamination
i
Cc?ns.istent . Overall
Mmissing proton contamination:
mass distributions e eyp: (6x 3)%
whether or not the °* e ey(p): (4+1)%
oroton is detected
0'001” © VDR DO PRREA NP RPN PERP
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5. CHANNEL S

~CTION

Without proton Without proton
Inbending Outbending
O 10°~ 10° B2
> 10 : Ly .
o -1 GeV” w0 S When not requiring
o~ 8L 6,=40.00° g " [0)
= - a proton:
6 08
o S e INCreased
4 —x0.6 . .
= statistics
10
i 3™ « Access to
| 1
% 02 04 08 08, = smaller -t values
o " | | | i
00 0.2 0.4 0.6 0.8 1
1o 1o —t[GeV?]
0.8F
10° 10
- - With proton N
06— Without proton
imE an
o= | i | ' 1 0.4
0 0.2 0.4 0.6 0.8 XB1 L : ! 0.8 XB‘I &
e 16 binson (Q%Xg), 7 binsin t 0>
e 94 effectively populated bins
0




4. BEAM SPIN ASYMMETRY

2.4 < Q?[GeV?] < 3.25,0.17 < x5 < 0.27 1.6 < Q%[GeV?] < 2.4,0.12 < x5 < 0.17 N the overlapping region, identical
0.07 < —t[GeV?] < 0.12 0.25 < —t[GeV?] < 0.4 Mmeasurements are retrieved
: <
%”’4_ L‘ 1 R 017
0.2f— -l_:,:};_' _ ++ , b= ——y _.+_{_._{_ . 0.16F
z=Ra N s o= + T 7 :
o T T+ = SSnE == 0.15FT T
] 1 +~%‘:£: . h ‘%‘-zo;‘— T *Hﬂ#m:ﬁ 1
" With proton _ S e i * With proton R + 0.14F * lll T s 1
4|+ Without proton | -—o—;h “oal_* Without proton [ ' wd L] i i
015 | 1 | SYSTEMATICS 0388 | | SYSTEMATICS 013~ = ST = *
812 , 0,028 Sl | =
o — o S T ﬂﬂ o ul . .
38 — 0008 e . 19 100 200 300
¢|deg] |deg] ¢|deg]
{{J.-.k—250>‘”'3‘ﬂ3 —~ 24
e Small -t access is granted E i . E - .,
oy not detecting the ;_30% & ! l % = | Ffrs107T l -
- dRAALELETY LL L T E:
roton ¥ o 2l r-+
0 | [ 1] .""I“W*W + 11T Td
e Smaller systematic error S e AL 3 A 0 O 11l cal |7 l .
when not requiring a 1
detected proton ~404 700 200 300 % 700 200 300
¢|deg] ¢|deg]
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4. BEAM SPIN ASYMMETRY: SYSTEMATICS

Systematic uncertainties arise from three main sources:

Selection cuts / PID Selection / BDT cut Background subtraction. Beam polarization
Acut A
A, (A Ara,w L AT('O (SP
o(Am) | o(A)
Agp| < 2°— |Ag| < 1.5° ) Bkg estimation difference - About 2%
Winb o !
P <1GV— P.... <08 GeV. & o 1= Noves + N
EC]lEZg’IN 0o ECIlDegAL ‘|_| )
pe Pe )
—13 cm < ’Uz <12 cm || .01
[v¢ — 2| < 20 cm 23 '
001 | I ‘ |
BDT-Score — BDT-Score + 0.04 MRIIIE NI g I é‘*_ PERPL RO DL R P
In number
BSA was extracted with a e The difference between the two estimation
modified cut methods (6f=|f;-f,]) yields the systematic error

e Differences are mainly smaller than 10%
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SEAM SPIN ASYMMETRY: SYSTEMATICS

Systematic uncertainties arise from three main sources:

Selection cuts / PID Selection / BDT cut Background subtraction. Beam polarization
Acut A
— 0
cuts J(ACUt) U(A) Bk Ara’w T Aﬂ- Pol 5P
GA = 0A"Y = of A" = A—
o — (1- f)? P

«10° Systematics with proton (Stacked) 107 Systematics without proton (Stacked)
T Excl cuts
5 50 EREDT cut
[CJBeam paol
4 40= D bkg sub
pid sel
3 30
2 20
[
1 10
GD 100 200 300 GD 100 200 300
() (deg) (¢) (deg)

Smaller systematics when not requiring a proton due to the absence of exclusivity cuts
Total systematic error ranges from 3% to 30% on both torus configurations.

Proton detection provides better control of the background subtraction systematics
Exclusivity cuts is the main source of systematics

12
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4. PIN ASYMMETRY: M

~AM S

BSA measurements were computed separately for each
torus configuration, then merged with a weighted sum

Az’nb Aoutb ; 'IL
+ 0.2 A
. )2 2 [ .
A= "(A{"”) "(A;““’) , o(4) = 1 o 4 <=>
n 1 1 =
o(Aimp)* o Aoun)’ \/ (Ain)? " o(Aouts)? < oE
s I |
Merged systematics are determined by V1= 2 i
1.Shifting each configuration BSA with their respective _g.2E Sys Inpending
. . . — Sys Outbending
systematics. The computing the weighted average = Sys Merged
Ay £ (A Aguy £ (0A)°, R
4 o(Aim)? (Aouts)? £ 0025
+ = 1 1 s 0.01—
2 T 2 0:'?
o(Ainp) o(Aouth) 00 50 100
2.Evaluating the quadratic average of the positive- and
negative-shifted BSA SA

(Ar —Ag)? + (A- — Ap)?

sayes - [T

RGING

DATAS

- 1S

.5"_)_

I
2

_(%..

l

I

iy
o

é,_
-e%)—

I
l

—
-4

>

I
1

_¢

150 200
¢ [deg]

250

— Systematic

og(A) — Statistical

300

350
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. COMPARISON TO PASST MEASUREMENTS

(t) = —0.281 2.4 <Q2(GeV2) < 3.25
2492;: 3::(2) rp < 0.21 Comparison of eyp (pass2) and
0.5~ i 0.2 < —t(GeV?) < 0.4 published (passl) results
Hﬂ&#ﬁm{‘ N ., e Using the passl binning scheme
O~ )= —0.280 {,ﬁﬁ%} L4 -+ o —
Q%) = 2.746 Z% #jfidj: %10° chi2
(zp) = 0.179 T _%_12__ Entries 547
—0.5H — eyp (pass2) C 9 A(passl) — A(paSSZ) Mean 0.7585
> X = Std Dev  0.8611
——er (pass2) Qo 1H \/o2(passl) + o2(pass2)
—e— RG-A Published O
b 100 200 300
0.08H
(¢) (deg)
e Mean kinematics are different 0.061 /-\70% of points within 1o
point-to-point, and so the BSA 0.04 e 90% of points within 30
o The x? indicates that the two
analyses are broadly consistent 002
0 1 I O el s P it BTN
0 1 2 3 Xél
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SITS TO TH

SSA

A(¢) =

ai SlIl(¢)
1 + as cos(¢)

a1 X Jm [(Flf}'[ —

t
4 M2

Fzé’) + E(Fy + Fz)ﬁ]

Fits to the BSA are displayed as a function of -t in bins of (Q% Xg)
e Agreement of measurements with and without proton
e GK model overestimates the asymmetry
e Large [t| behavior of VGG and KMI15 are similar

o VGG overestimates the asymmetry at small [t].

Fitted a, parameter
o © 9 9
—_ N L &

o

(@3 =2.022, (x) = 0.199

—&— CLAS12 without proton
—g8— CLAS12 with proton
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[ Systematics with proton
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-
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w
'''''''
-

0
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o
w

Fitted a, parameter

o
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N

O

\®)

—

(@ =1.972, (x.) = 0.140
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—F— CLAS12 with proton
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: ﬁ ¥ ? .......... GK19 model

-~ -
-
= -
L.
-
.....

Fitted a, parameter

Fitted a, parameter

—
N

o
W

=t
N

=
—h

O
w

O
N

(Q°) =1.246,(x) = 0.092

—8— CLAS12 without proton
—8— CLAS12 with proton
[ 1 Systematics without proton
[ 1 Systematics with proton

: KM15 model
— L % | sesss VGG model
B | seersenna GK19 model
i % . b
| | | | | | - |
0 02 04 06 0.8 1 1.2 14
-t (GeVA)

(Q% =1.326, (x)=0.138
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—F— CLAS12 with proton

- [ ] Systematics without proton
[ 1 Systematics with proton

KM15 model
- . s | ==ee- VGG model
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asssee-===

0O 02 04 06 08 1



o. FITS TO TH

SSA

ai SlIl(¢)
1 + as cos(¢)

A(¢) =

as = as(Re|CFFs|)

Given the achieved precision on the BSA, constraints on the real part

of CFFs can be retrieved

e [t shows compatibility with the KMI15 model
e [t is not BH-dominated and given by:

2 [" d cos(¢) P1Pa(¢)d0 unp(9)
a2 = 2T
Jo do PiP2(¢)d°ounp(9)
< 0.3 I i1 | e The a, parameter shifts the
M g0l p4 ~0.5914 +0.1078 BSA maximum

0 L | | | | |
%50 100 150 200 250 300 350

¢ (deg)

e 3, IS nNot small w.rt. a
e For scarce statistics, a
sinusoidal fit provide

misleading results

e |t can be contrasted
against cross-section
measurements

o 0.5
©
e
S 0
(qv]
Q.
©-0.5
b
[
= 1
1.5
o
© 0
=
©
qv]
Q.
0.5
b
o
i
—1

(Q% = 1.294, (x) = 0.205

— | & KM15 model
Yhgl1 . aeaa. VGG model
% {-] % ---------- GK19 model
— o\ 1
‘v;'%wh"‘ qi
Passl reduced Q?=1.66
— cross section | Xg=0.23
| | | | |
0 0.2 0.4 0.6 0.8 >
-t (GeV?)
(@ =6.173,(x_) = 0.487
Pass] Q*=5.99
KM15 model cross section Xg=0.5
----- VGG model
| sannanins GK19 model Hall A Q?=6.9
(2022) X5=0.48
| | | | | |
0.4 0.5 0.6 0.7 0.8 0.29
-t (GeV )|6



o.

SITS TO TH

PASS

SSA

To provide a complete picture of the results, fits should be compared to passl results
e | performed the fit to the published passl data it to the same function

(@3 =1.991, (g = 0.310

(@% = 2.510, (xg) = 0.162

Fitted a, parameter

o o
£ 0.2 e
© ©
©0.15(- <
© ©
- 0.1+ -
2 2
Z0.051 T

o o

| | | | | | | |

0.05 0.2 04 06 0.8 1 1.2 14 0

-t (GeV?)

| | | |
02 04 06 0.3

Most points are comypatible within 1g,

e ..and consistent with the KM15 prediction

>

CLAS12 without proton
Systematics without proton
KM15 Pass2

KM15 Pass2 Point Kin.

CLAS12(2023): Q°=1.17 GeV, x_=0.10

KM15 Pass1
KM15 Pass1 Point Kin.

~ ajsin(¢)
Al¢) = 1 + as cos(¢)

(Q°) = 1.326, (xg =0.138 (Q3 =1.707, (x)=0.113

03- % o
Y £ 03 T
102—iii i i g %
o
l oo ]
0.1 | © %
Q ¢
o £ 0.1 :
—04- ] o
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
-t (GeV?) -t (GeV?)

Some points are compatible within 20-30

e Data is not providing a suitable estimate of a2,
thus biasing the al extraction

e Pass? result compatible with KMI15 prediction,
passl Not so much
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SSA

PASS

o. FITS TO TH

To provide a complete picture of the results, fits should be compared to passl results

o

Fitted a, parameter

|
S
l

O

o
—_

e | performed the fit to the published passl data it to the same function

a; and a, as free parameters.

(Q? = 1.328, (xg =0.138

(@3 = 1.326, (xg) =0.138 (@3 =1.707, (x)=0.113

a1 sin(¢)

A(¢) =

a; free, a, fixed to KMI5 prediction

Q3 = 1.707, {x=0.113

1+ a3 cos()

_.CIL_..) L _'aj 0.3 N . _.::l__'_) I S ints still
3 5 1 o ii”“- ow consistent © g ome points sti
5 ' @ 0.2 g show (smaller)
2 3__02_ i{,i { S__ %02_ %%{'i discrepancies
© %% © 0.1 © %
e © ©
g : 2 g 0.1
0r 0.1 oF
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
-t (GeV?) -t (GeV?) i -t (GeV?) -t (GeV?)
e Given the scarce statistics of the passl analysis, fits to the BSA do not @— CLAS12 without proton
provide strong constraints on a,, thus biasing the a; estimation Systematics without proton
e Fixing a, to the model prediction might improve certain a; estimations. RIiSG Fasse
. O KM15 Pass2 Point Kin.
REMINDER: BSA was proven to be consistent. A  CLAS12(2023): Q°=1.17 GeV?, x_=0.10
3 B -
The fit discrepancy is due to statistical constraints, not to [ ] KM15Passt
inconsistencies in the data analysis O KMI5 Passi Point Kin.
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/. COMPARISON WITH PREVIOUS EXPERIMENTS

_ aysin(9) R ot _

We include measurements at close kinematics (yet not identical) from

HallA(2006): C. Camacho et al.. Phys. Rev. Lett. 97.26 (20006), p. 262002.
| CLAS(2008): F. X. Girod et al,, Phys. Rev. Lett. 100.16 (2008), p. 162002.
HallA(2022): F. Georges et al,, Phys. Rev. Lett. 128.25 (2022): 252002.
/\ CLAS12(2021): G. Christiaens, et al. Phys. Rev. Lett. 130 (2023) 211902.

(Q?) = 1.246, (x ) = 0.092 (@Q% =1.991,(x ) = 0.310 (Q% =6.173,(x) = 0.487
E ‘ CLAS12».‘vvith0th proton E 04_ ‘ I_i_l g:;z:na;:;h:;; ELTts:oton E |
%) 04_ |:| Systemancswlthc;ut_proton GEJ Ha” A Q2:2.3 GE')
© _ A cLAS2 | Q=117 < 0.3 i (2006) [X5=0.36 9 0.3
© 0.3 (2021) | Xg=0l1 < LJP . ACLASD Q=21 4 ?
o foan CLAS [ 02=12 <02 ! % + (2021) [Xg=0.30 o 0.2 / — e
8 02_ .i ¢ § $. — (2008) XB:O]B - ;:w;"-\‘\“‘ . 8 -
= A =, " [ g 'T t }“ 1. — —@— CLAS12 without proton
LL 01_ L[f"lf * j % LE 01_ t ... i_l__ 01_ |:| Systematics without proton
el CLAS | Q2=19 ‘} --------------- ke )
0_. | | | l$| 0l L 2008) | xo=025 %’ o (2022)| Xz=0.48
| |
| | | | | | | | I | |
L G -t1('(23e\1/'2£; 02 04 06 08 1 12 14 04 06 08 1 12 124
-t (GeVr) -t (GeV?)
At similar kinematics, results are A fair comparison cannot be performed At large xg Hall A

consistent with CLAS measurements due to different kinematics orecision Is unmatched



3. SUMMARY

In brief, | have presented:

e A DVCS event selection strategy based on Boosted Decision Trees.
o Provides good control of background sources. Leftover background subtraction needed
o Optimizes the signal yield

e A method for selecting DVCS events without requiring proton detection
o Boosts statistics
o Access to a larger phase space (unigue access to the small -t region)

e BSA measurements, with and without proton detection
o ey(p) measurements have smaller systematic errors
o Results were shown to be consistent with the published passl results

e Fits to the BSA
o Results show a fair agreement with the KM15 model predictions :

a1 sin(¢)

o Precise extractions of a, were presented A(o) =
= Data allows us to constrain the a, parameter as well. 1 + a3 cos(9)
o Reduced pass 1 statistics demands a model-driven fit to reconcile with pass2 measurements
o Consistent picture with the measurements of previous experiments
= Not a fair comparison due to the different mean kinematics in several (Q?%xg) bins.
o Article draft in ad-hoc review (PRL). First round of comments has been received.
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