A Machine Learning approach for DVCS

identification without proton detection

Juan Sebastian Alvarado
IJCLab - Orsay

CLAS collaboration meeting
13/03/2024

.
° L
universite pﬂgu.g%

PARIS-SACLAY Doctoral School Q’

M ‘b
e, C Q

Iréne Joliot-Curie



Introduction  Analysis of ep — eyp Analysis of ep — ey(p) Conclusions 1/19

© Introduction

e Analysis of ep — eyp

o Data selection
Model training
Background substraction
BSA

© Analysis of ep — ey(p)
o Data selection

o Model training
o Background subtraction
o BSA

@ Conclusions



Introduction  Analysis of ep — eyp Analysis of ep — ey(p) Conclusions 2/19

Introduction

In principle, the measurement of only an electron and a photon is enough to
reconstruct a DVCS event. We aim for DVCS event reconstruction without
requiring final proton information.

Advantages (with respect to epy detection):
) Improves GPD studies at small —t.
[ Higher statistics, hence more precise BSA measurements or smaller bins.
[ Helpful for experiments that do not consider proton detection.

Difficulties:

[0 The epy final state includes background contributions from the whole Deep
Inelastic Scattering (DIS) spectra.

) Reduced options for cuts:
) Only one exclusivity variable: Missing mass of ep — ey.
Therefore, we need a method that ensures DVCS identification: Machine Learning
We test the ML approach on experimental data:

1. Validation of the method when we include the proton information.
2. Application to the case without proton information.
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ep — eyp: Data selection

Analyzed data set Exclusivity cuts:
We reconstruct ¢ and t in two ways:

0 fall2018 RG-A data.
2 Inbending and outbending torus 1. Using v and the outgoing photon
configuration v = 9(7)
Kinematic window: 2. Using T and the recoil proton p:
= o(p)
O W> 2 GeV,
O @>1GeV?, d A¢=o(p) — o) < 2°,
9" > 2 GeV (photon), O At=tp) — t(7)] <2 GeV?,
2 k' > 1 GeV (electron), 0 P < 1 GeV.
O p’ > 0.3 GeV (nucleon). Event selection:

) No restriction on the number of
] particles in the event or detection

topology.
/ O If multiple e, v or p detections, we
/ select the set (e, 7, p) that

) minimizes the missing mass of the
process ep — epy
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ep — eyp: Maodel training - Inbending torus

The main contamination channel is ep — ep® — epy(7).
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ep — eyp: BDT - Inbending torus

A Boosted Decision Tree (BDT) was trained to classify the events.
) Discriminating variables: {Merw MEW,AQZ),At, 0x}.

) Simulated DVCS as signal.

O Simulated 7° events, reconstructed as DVCS, as background.

) Training is done on each (@, xg, t) bin.

i}
(m) Bin 29 (n) Bin 30 (o) Bin 31 (p) Bin 32
Figure: Some BDT responses for the inbending dataset.
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ep — eyp: BDT - Inbending torus
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We extract a dataset with DVCS~ 94.5% and DVMP~ 5.5%.
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ep — eyp: Background subtraction

To estimate and remove the residual background on each (t, @?, xg, ¢)
bin and helicity state we use two methods:

Method 1: Method 2:

Let us define: 0
1. Reconstruct 7 events.

1
d ”/\]c/oata = Number of 2. For each 70, generate 1500
simulated 70 events that pass decays.

the DVCS analysis. 3. If the event pass the DVCS
analysis with any photon, fill

2y _
' Myc)pata = Number of histograms.
simulated 70 events that are 4 If th he DVMP
reconstructed. - IT'the event pass the

analysis, increment ni,",’c by
The contamination is then: the reconstruction efficiency.

L 5. At the end of the decays,
v ("/&) 2y DVCS events are normalized

n = .
Data 2 Data 27y
Mic by 1/
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ep — eyp: Background subtraction

About the background subtraction:
1 The final estimation is given by the average of the two.
) Error on the estimation is given by the difference of each method
from the average.
About the BSA measurements:
2 Identical (t, @2, xg) binning of the RG-A analysis note (64 in total)

used for this analysis.
) Systematic uncertainties have been estimated.

QP/xg €-outbending phase space

Q? (GeV?)

57,59,61,63

49,51,53,55 50,52, 54, 56 -.
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ep — eyp: BSA: benchmark measurements

-t :
ot I e

i#% %@#g :: fﬂ%ﬂm o
(a) Bm 53 mbendmg (a)EBi: ng Inbendmg

(a) Bin 53 outbending (a) Bin 28 outbending

Bin 53: 3.25 < Q*(GeV?) < 5.0, xg<0.33, 0.4 < —tGeV?) <0.8
Bin 28: 1.8 < Q*(GeV?) < 2.4, x3<0.16, 02 < —t(GeV?) < 0.4
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ep — eyp: BSA

All in all, we saw that:

a

a

The inbending dataset can still provide an important
contribution in the Q® < 1.8 GeV? region.

Inbending and outbending configuration measurements are
compatible.

The background contamination after BDT is small.
Both background subtraction methods give similar results.
The BDT classification boost the statistics importantly.

L Stonixs

10/19
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ep — ey(p): Data selection

Kinematic window: Event selection
We apply the same kinematic restrictions: ]
0 Only analyze events with 1 or 2

O W>2Ge, photons.

O @ >1Gev?, [0 The event is selected by taking the

0 g > 2 GeV (photon) most energetic photon and electron.

0 k' > 1 GeV (electron). BDT training:

Q _é <1 [ Training using experimental data:
Exclusivity cuts: O (Background) signal are the

However, our exclusivity cuts are no

events that (do not) pass the
longer useful. ( )p

analysis with proton

O Ad=1lolp)—eé{mod(180)<2°, information.

O Ar=ltp)—t{)H<2GeV2 U Discriminating variables:
0 Prjss<1-GeV. {IwzefyX7 My t }.
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ep — ey(p): Model training - Inbending

The following variables are used for training.

M2, (GeV?) M2, (Gev?) t (GeV?)

05 1 15 2 25 3 35 4 45 & =25 -2 15 -1 05

Figure: Missing masses M2y, M2, and t, normalized to 1, for raw data

(red), training DVCS dataset (black) and training 7° dataset (blue).

Histograms are normalized to 1.
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ep — evy(p): Background subtraction

Without proton detection, the ey final state receives contributions
from a large set of processes. However:

1. Photon emission comes mainly neutral meson decays, being
70 the dominant one.
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1. Photon emission comes mainly neutral meson decays, being
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2. The contamination channel is now inclusive 7° production.
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ep — ey(p): Background subtraction

Without proton detection, the ey final state receives contributions
from a large set of processes. However:
1. Photon emission comes mainly neutral meson decays, being
70 the dominant one.
2. The contamination channel is now inclusive 7° production.
3. Both background subtraction methods are valid for such case,
and it only depends on a good 7° reconstruction.

Missing mass of ep - eyy Mi“

0.04F
0.035F
0.03F

0.025F

E | I I I I
14 0 0005 001 0015 002 0025 003
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ep — ey(p): Comparison with eyp detection

14/19

After BDT cut and background subtraction, there is an important
increase on statistics
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Figure: Kinematic variables for the analysis with proton (red) and
without proton (blue) information.
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ep — ey(p): BSA - Benchmark measurements

Bin 26: 1.8 < @(GeV?) < 2.4, 0.16 < x5 < 0.26, —t(GeV?) < 0.2
Inbending Outbending

o +
T

§28;titt opeze
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Systematic Errors
It will be done by comparing the BSA amplitude when the analysis is
done with some modifications.
[ Due to the exclusivity cuts:

) Re-do the full analysis using slightly tighter selection cuts
0 |At, |Ae

1 Due to the beam polarization uncertainty
[ Estimated to be ~ 5% of the BSA.
1 Due to the choice of BDT cut.
) Re-do the analysis using a different BDT cut.

' Pmiss-

[ Due to the background subtraction.
0 0A= A pEof
[ fis the contamination before subtraction, Ao & 0.05 and 7 is
the estimation difference of both methods.

) Total error as the quadratic sum of components.



Introduction  Analysis of ep — eyp Analysis of ep — ey(p) Conclusions 17/19

Systematic Errors
Bin 26: 1.8 < @(GeV?) < 2.4, 0.16 < xg < 0.26, —t(GeV?) < 0.2
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1) Background subtraction methods agree.
U Systematics have decreased.
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Conclusions

() Boosted decision trees presents an alternative for channel

selection on an event-by-event basis.
1) When the final proton is included:

0 DVCS exclusivity variables have enough separation power to
allow DVCS and Deep Exclusive 7 Production identification
in an efficient way.

1 When the final proton information is ignored:
[ There is a wider phase space towards the small t region.
) There is a boost on statistics leading to more precise BSA
measurements.
) Without any restriction on the detection topology we extract
datasets of ~ 95% DVCS events.
U In general, results are compatible with the published RG-A
results.
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Outlook

) An analysis note will be submitted to review soon.

Ll An analysis on pass2 data is planned as well.

() The next step is to test this method on RG-B data for nDVCS
BSA measurements.
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Thanks
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Backup
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Phase space with proton information - Inbending

Let's compare the (Q?, xg) phase space.

QP¥xg e-inbending phase space
s 9P P Phase Space

% 10 c F
& E
E 2 10—
E o9 e+ 900C
e F >
o 8 E 800C
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7= = 700C
6F = 600C
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3F F 3000
2 L 2000
E 2
1E r 100
o

(a) RG-A analysis note. (b) Extracted phase space.
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Phase space without proton information -
Inbending

Let's compare the (Q?, xg) phase space.

C)2/><B e-inbending phase space

Phase Space
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(a) RG-A analysis note. (b) Extracted phase space.
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Kinematics with proton information

Electron Photon Proton
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Figure: Momentum of the final particles as a function of the polar angle
(first row) and detection polar vs azimuthal angle for each final state.
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Kinematics without proton information

Electron Photon Proton

q(Gev)
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k'(Gev)

a(Gev)
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Figure: Momentum of the final particles as a function of the polar angle
(first row) and detection polar vs azimuthal angle for each final state .
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ep — eyp: Model training - Outbending torus

The main contamination channel is ep — ep® — epy(7).
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ep — eyp: BDT - Outbending torus

We extract a dataset with DVCS~ 96.6% and DVMP~ 3.4%.
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ep — ey(p): NP BDT - Inbending

To optimize the DVCS event selection, a Boosted Decision Tree
(BDT) is trained to classify the events.

U Discriminating variables: {/\/Ig,yx, M2eX, t}.
) Simulated DVCS as signal.
2 70 production data, reconstructed as DVCS, as background.

Cleesiiey e Background rejection ver: Signal efficien
L e e B LA A e e e | T L S R B TR TMVA
3 $ 1E — E
8 09F
o C
° 08F
£ E
3 = ]
2 orf ]
= E E
8 o6f 1
@ UF \:
05F =

o:a % \

E MVA Method: %
03 BOT
02~
0 01 02 03 04 05 06 07 08 09 1
BDT response Signal efficiency

(a) BDT output distributions (b) ROC curve of the model
for different datasets. and applied cut.
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ep — ey(p): Model training NP- Outbending

2 2 2 2 za
Mgy (GeV?) Meyx (GeVv?) t(GeV?)
0.025p
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00l 007F 007f
0.06F 0.06f
00151 0.0sF 0.05F
0.04f 0.04f
001~
003 0.03F
0.02f 0.02F
0.005p
001 0.01F
! [T TR PP P PP Ll | L 1 !
2 4 6 8 10 12 14 16 1 05 1 15 2 25 3 35 4 45 ¢ 25 -2 -15 -1 05

Figure: Missing masses Mzﬂx, IWeX and t, normalized to 1, for data

(red), training DVCS dataset (black) and training 7° dataset (blue).
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ep — ey(p): NP BDT - Outbending

To optimize the DVCS event selection, a Boosted Decision Tree
(BDT) is trained to classify the events.

) Discriminating variables: {M;X, Mz, t}.

1 Simulated DVCS as signal.

2 70 production data, reconstructed as DVCS, as background.

Classifier output
0.1 S T B LA o 1 TMVA
0.00 | M Background E § E ] T ]
3§ osf
E e
3 155 M;
ERR-2:
< 8 osf
WL el e E \:
- R 05 \:
E 04
4 3 E MVA Method:
0.01F Z 03 o iy
0 I (A { i 02t b v b d i 3
03 02 01 0 01 02 03 0 01 02 03 04 05 06 07 08 09 1
BDT response Signal efficieng} ..
(a) BDT output distributions (b) ROC curve of the model

for different datasets. and applied cut.
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eppi0 NP outbending
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Bin no. | 0% (GeVd) x5 [7T(GeV?) | [ Bin no. | O (GeV?) X5 [7T(GeV) |[ Bin no. | O(GeV?) %]
1 <0.13 25 <0.16 9 [3.25-50 <02
2 <14 |013-021 <02 26 18-24 | 0.16-026 <02 50
3 > 0.21 27 >0.26 51 02-04
7 <0.13 8 <0.16 52
5 0.13-021| 02-04 29 0.16-026 | 02-04 53 04-08
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7 <0.13 3T <0.16 55 >08
8 0.13-021| 04-08 32 0.16-026 | 04-08 56
9 > 0.21 33 >0.26 = =5 02
10 <0.13 37 <0.16 a8
11 0.13-021 >08 35 0.16-026 | >08 5 0303
12 > 0.21 36 > 0.26 s
3 <0.13 37 <0.21 o1 0408
14 14-18 | 0.13-021 <02 38 021-033 <02 oy
15 > 0.21 30 >0.33 & >03
16 <0.13 £ <0.21 64
17 0.13-021| 02-04 41 021-033 | 02-04
18 > 0.21 12
9 <0.13 EE)

20 0.13-021| 04-08 44 04-08
21 >0.21 45

22 <013 16 <021

23 0.13-021 508 47 508
24 > 0.21 48
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ep — ey(p): BSA - Benchmark measurements

Bin 16 - Inbending: 1.4 < Q*(GeV?) < 1.8, xg < 0.13,
0.2 < —t(GeV2) <04
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ep — ey(p): BSA - Benchmark measurements

Bin 26 - Inbending: 1.8 < Q?(GeV?) < 2.4, 0.16 < xg < 0.26,
—t(GeV?) < 0.2
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Bin 28 - Inbending: 1.8 < QZ(GeVZ) < 2.4, xg < 0.16,
0.2 < —t(GeV?) < 0.4
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The update:

Now with the correct t definition!

KAve qé“ﬁ"&%‘ﬁre\.
[— B
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k’>1 GeV?

2<P (GeV)<3

484
Meany 02313]
: m

Sta D Ghovy 0
StdDevy 002107 St Devy 00207

Figure: Sampling fraction vs electron momentum with proton detection
on the inbending torus configuration.

SF is 0.23 in all momentum ranges.
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k’>1 GeV?

E — Method 1
08 —— Method 2 08
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(a) K > 2 Gev (b) K > 1 GeV

Figure: BSA at bin 16.

It may affect importantly the BSA.



Introduction  Analysis of ep — eyp Analysis of ep — ey(p) Conclusions 19/19

BDT score per bin

About the performance...

O BDT classification without proton information keeps 80% of
the events classified with proton information

- That represents 30% (40%) of the in(out)bending datasets.
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7 contamination

M, (GeV?) M2, (GeV?) without proton
10k

- —inb

1 1 1 1 1 I 1 waal 1 1 I
005 01 015 02 025 03 035 04 005 01 015 02 025 03 035 04

Figure: 2-photon invariant mass.

7 contamination is at least 10 times smaller than 7°.
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7 contamination
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Figure: 70 and 7 contamination (%) per bin after BDT for the inbending
dataset without proton information.

L If proton information is included: contamination is less than
1% on all bins.

L) If proton information is ignored: contamination is less than
2% on most bins. Maximum is 7%.
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7 contamination
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Figure: 2-photon invariant mass.

O If proton information is included: contamination is less than

1% on all bins.

U If proton information is ignored: contamination is less

than 2% on most bins. Maximum is 7%.

) However, more than half the events are from combinatorial

background.

[ No subtraction was implemented then.
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Fixed BSA cross-check
Using dvcsgen, a DVCS and 70 asymmetry was generated.
) 1000 jobs with 10k events on each one for DVCS and 7°.
) —scale 2 , for getting a custom BSA

(histm - histp)/(histm-+histp) (histm - histp)/(histm-+histp)
%2/ ndf 181.3/23 o ¥/ ndf 34.37/

pO -1.053 + 0.002
p1 0.1163 + 0.0040

(t)=-0.155
(Q*)=2.126
(xg = 0.195

o
o

[T T T

ERERNERRERERERE

o

[T T T

. L L 1 I L I
50 100 150 200 250 300 350 50 100 150 200 250 300 350
¢ (deg) ¢ (deg)
0
(a) DVCS (b) m

Figure: Generated BSA at bin 26

Goal is to recover unit BSA amplitude.
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Fixed BSA cross-check

BSA on the combined dataset.

(histm - histp)/(histm+histp) (histm - histp)/(histm-+histp)
Asymmetry_histm-histp Asymmetry_histm-histp
Entries 0 Entries
Mean —-2270 08| Mean -85

Std Dev

0 Std Dev
xz/ndc 871.6/23 06

- 2/ nel 12651

-0.6878 +0.0025 pe p0 08958 0,00

§= -0.155_0.1578 + 0.0061 04 S -0.1560006777 2000816
(Q®)=2.112 \ 02F (Q?)=2.126
(xg )=0.198 o (x5 )=0.195

50 100 150 200 250 300 350 50 100 150 200 250 300 350
0 (deg) ¢ (deg)

(a) Before BDT. (b) After BDT.

BDT removes a big part of the contamination.
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Fixed BSA cross-check

(histm - histp)/(histm+histp) RG-A note

%2/ ndf 182/23 ¥2/ ndf 105.2/
p0 -1.052 0.002 p0 ~1.047 £ 0.0
pi 0.1162 +0.0041 pi 0.1196 + 0.00¢

(t)=-0.156
(Q? )=2.130
(x; )=0.194

LR

o

[T

L 1 | L |
50 100 150 200 250 300 350 50 100 150 200 250 300 350
0 (deg) 0 (deg)
(a) DVCS after BDT. (b) After BDT analysis.

After BDT and background subtraction we recover the full
amplitude.
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Fixed BSA cross-check: No proton

Now ignoring the proton information:

(histm - histp)/(histm+histp) (histm - histp)/(histm-+histp)
%2/ ndf 1017/23 ¥/ ndf 190.1/2
- PO -0.8648 + 0.0009 = p0 ~0.1178 + 0.001
F p1 0.2133 + 0.0022 L p1 -0.2951 + 0.02¢
05— 05—
r (t)=-0.111 r (t)=-0.134
E (Q? )= 2.007 o (Q? )= 2.059
s (xg )=0.190 ok 5=
-05 ; -0.5 ;
- | | | | L | -
50 100 150 200 250 300 350 50 100 150 200 250 300 350
¢ (deg) © (deg)
0
(a) DVCS (b) =

Figure: Generated BSA at bin 26

Goal is to recover unit BSA amplitude.
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Fixed BSA cross-check: No proton

BSA on the combined dataset.

(histm - histp)/(histm-+histp) (histm - histp)/(histm-+histp)
¥2/ ndf 2885/ 23 %2/ ndf 632/
- p0 ~0.5027 + 0.0009 e po -0.7941 % 0.00
N pt -0.1949 + 0.0032 [ p1 0.07595 + 0.003(
0.5 ; 05 ;
r =0 F (t)=-0.112
F (Q? )= 2.077 F (Q? )= 2.119
o (%, )=0.201 o (xg )=0.194
05— 05—
= | | | | = I | 1 | o |
50 100 150 200 250 300 350 50 100 150 200 250 300 350
 (deg) o (deg)
(a) Before BDT. (b) After BDT.

BDT removes a big part of the contamination.
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Fixed BSA cross-check: No proton

(histm - histp)/(histm+histp) RG-A note
%/ ndf 543.2/23
p0 ~0.8948 £ 0.0011
pi 0.1937 + 0.0026

¥2 / ndf 426.2/2
po -0.8947 + 0.001
pl 0.1895 + 0.00¢

(t)=-0.110
(Q?)=2.120
(xg )=0.192

o

RN
S

| L L | 1 | 1 |
350 50 100 150 200 250 300 350
¢ (deg) 0 (deg)

I | | | i
50 100 150 200 250 300

(a) DVCS after BDT. (b) After BDT analysis.

After BDT and background subtraction we recover the full
amplitude.
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RC factor

1.05- RC factor in Bin 26 1.05. RC factor in Bin 41
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(a) RC factor on bin 26. (b) RC factor on bin 41.
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Computing systematics

Ainp Agutp

. Ain Aou
Merging BSA A =22t +”< )
a(Ainp)? T o(Aguw)?
Mel’ging kin Qz _ Q?nbninb + Q{zmtbnuutb
Ninb + Nouth
M . A"&idf;f; Avu(tzio%ib
— o Ainp (Aoutb
erging sys Ay = . - :
o(Ainp)? o(Aoury)?
Bkg sub g AT — A

of

sys err (1-1)2

o(A) =
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