)
INFN

~ Istituto Nazionale \
di Fisica Nucleare

N

Machine learning (ML) for D° reconstruction in ep collisions

Shyam Kumar*, Annalisa Mastroserio, Domenico Elia
INFN Bari, Italy

06/02/25 DO Reconstruction with ML:Shyam Kumar 1



D° Decay

Two prongs decay

Heavy quarks (charm and beauty) are produced through hard parton scatterings in the initial stage of the collisions
Mpo = 1.86483 GeV/c?

mbeauty -~ 4.18 GeVI(:2

mcharm -~ 1.275 GEVICZ
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Signal means simply DO meson (prompt or non-prompt)
Reconstruction of D° meson using combinations of pion and kaon:

Pion and kaon from true DO meson (signal)
Pion and kaon from others (combinatorial background)

>

>
Binary classifier: Machine learning model to separate signal D® meson from background
Multi class classifier: Machine learning model to separate prompt, non-prompt D° meson, and background
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https://indico.bnl.gov/event/25664/contributions/99709/attachments/58674/101009/20241121_D0_topo_update2.pdf

10.1103/PhysRevD.110.034017

Topological Variables:

> DCAx and DCA," with respect to the reconstructed primary vertex (d0_k, dO_pi) mm

!

Topological Variables

CT =123 pm

arxiv:1911.12168 [nucl-ex]

Invariant mass: m _, = \/(EK_+E”+)2 _(5;_'_5;)2

> Decay length of D° meson (decaylength)

> Cos6 (angle between r and poo)

> DCA,; distance between the daughter tracks of D°

> DCA impact parameter of reconstructed D° meson

®> Mpo invariant mass of kaon and pion pairs

> pt_DO reconstructed pt of the D° meson

> eta_DO reconstructed n of the D° meson
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Toplogical variables using
STAR experiment classes
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http://dx.doi.org/10.1103/PhysRevD.110.034017
https://arxiv.org/abs/1911.12168

Data Sample for ML (Q? = 100)

> Different algorithms: BDT (Boosted Decision Tree) XGBoost Classifier, Convolutional Neural Network (CNN),
Generative Adversarial Networks (GANSs), Auto Encoder (AE) Simulation of DO and Lc samples

- BDT requires the features for the signal D° meson and background D° meson (fake combinations of pion,kaon)

- DP°enriched same created filtering PYTHIA8 ep, NC, 10X100, Q2 >100 events (~493M) such that each event consist
one D°- k-n+ known as Signal taken from 24.12.0/epic_craterlake/SIDIS/DO_ABCONV/pythia8.306-1.1/10x100/g2_100):
Total files 1869 and Events = 984589

- Background from 24.12.0/epic_craterlake/DIS/NC/10x100/minQ2=100: Total files 7430 and

Event statistics Event statistics
3000 10 A10°
- hEventStat - hEventStat
- ePIC 24.12.0 (Signal) Entries 3502349 90001 ePIC 24.12.0 (Background) | Entries 5227814
2500 — Mean 1.503 8000|— Mean 0.5504
B 3 StdDev  0.752 o StdDev  0.2268
B & 7000 |
2000|— 2 SR
, v 6000 |
- 0 E @
[ - - LS
1500|— 2 5 5000/ -
Cl R 73 4000
L 8 8 -
1000 — 3000/
L 2000F ©
500 = 8
- 1000 3 ©
of | | | oF N |
MC events DO DO -> pi+K Reco DO MC events DO DO -> pi+K Reco DO
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https://docs.google.com/presentation/d/1S8AH_DhQQy0wKp6bhQ2W5HUNmZX2JX-X2Yze6fMOoOg/edit#slide=id.p

Phase Space of D° meson (Q=100)

Invariant mass of unlike-sign nK pairs yx projection
> 2500
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The model is developed using hipe4dml

M, (GeV/c?)

Implementation of ML Model (Q% = 100)

https://doi.org/10.5281/zenodo0.5070131

> Started with integrated pr and n as a first implementation

> Split ML data into training and test: 80% and 20% for testing (important to look if there is over-fitting/under-fitting)

Invariant mass of unlike-sign nK pairs
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b b b b
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h3InvMass_signal_all

Entries 510253
Mean x 2.929
Meany  0.8787
Meanz  1.864 EnE
StdDevx  2.152 > 1.95-
StdDevy  1.081 O 49-
Std Devz 0.03262 x 7
S 1.85-
18-
1.75—
1.7
ePIC 24.12.
1.65-
1.567’
v o4
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Invariant mass of unlike-sign nK pairs

e

24.12.0

h3InvMass_bkg_all
Entries 4454639

TVIean x T-353
Mean y 1.304
Mean z 1.783
Std Dev x 1.039
StdDevy 0.8177

| |sdDevz 01149



https://github.com/hipe4ml/hipe4ml
https://doi.org/10.5281/zenodo.5070131

Filtering data

Filtering: (mass_DO0 > 1.6 && mass_DO0 < 2.5) && (dOxy_pi>0.02 && dOxy pi<10.) && (dOxy_k>0.02 && dOxy k<10.) && decay_length <100.

mass_DO0 mass_DO
. htemp _ htemp
10° = Entries 510253 20000 — Entries 508573
E Mean 1.867 C Mean 1.867
C Std Dev_ 0.09047 18000 — Std Dev  0.04073
10t 16000/
C 14000—
3| C
10 E ] 12000 — -
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102 = E
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10 =— C
g 4000—
r 2000 —
1 E
‘HHH | B R S \|\ \‘\ IR T I BN AR BV | o |- L Lo | L L [
0 5 10 15 20 25 30 35 40 45 16 18 2 22 2.4
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mass_DQ
10° Rtamp mass_DO
4500~ Entries 4454639 | htemp |
0 Mean 3.430 B Entries 883000
H- Std Dev 0.9502 16000 — Mean 1.973
4000 C Std Dev  0.2539
3500 - 14000 —
; Background - Background
3000 12000 —
2500 ;* 10000 }
2000 8000—
1500 6000
1000 4000—
5001 2000—
O :‘\ Il Il Il 1 ‘ Il 1 Il 1 ‘ Il Il Il 1 ‘ Il Il Il 1 ‘ 1 Il Il 1 ‘ Il Il Il Il ‘ 1 Il Il 0 : i | i 1
0 100 200 300 400 500 600 1.6 1.8 2 2.2 2.4
mass_DO0 mass_D0
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Sample Preparation

Signal (ML) Signal (Application) Application(Signal+Bkg)
$8000/ htemp g htemp 818001 htemp
5§ r ~ st Entri 2560 2 .
m7000:_ Entries 254286 ERPIS M’:;':S bt Lu1600:— Entries 444060
E Mean 1.867 r StdDev  0.04098 E Mean 1.972
6000 Std Dev  0.04068 1201~ : 1400:— StdDev  0.2534
5000 100 12000
- - 1000/
4000 50% Sample 80— c
sl sob- Selected fraction 800K
. . ~4.971493 = 0.01 600
2000 40:* 400; Merg ed
1000 20 200;
E I\AI\I\I‘\\\I‘I\I\‘I\I\'\\\ 0:|V| \‘n\n\lkﬂﬂ}"ﬂ\l \‘\ﬂﬂ”knnnhn‘\i\\]nllﬂl\.‘\\\ 0:Illlllllllllll\llll\lll[ll\ll‘\IlJ‘II\\lJ\\I
s 21 22 23 24 25 16 18 18 2 21 22 23 16 17 18 19 2 21 22 23 24 25
mass_DO mass_DO / mass_DO
Bkg (ML) o
Bkg (Application)
£ ooof _Hemp _ 8 ol Hiemp > PYTHIA8 ep, NC, 10X100, Q* >100:
| o s 5 ¢ Entries 441500 signal events (~493M) while
: StaDev 02538 8001 Mean 1978 background events (~4.97M)
E E Std Dev  0.254
090 7001
B 0 r . .
600 50% sample 600 > Signal and Bkg divided (50% for ML
500/ so0 and 50% Application)
400/ \‘ 400 .
: L E > Signal scaled by a factor 0.01 to
£ 10— . . .
- 0% consider unbalance in entries
200+ 200/
1001+ 1001
0: | | ‘ ) S ‘ 1 0 T ‘ 111 ‘ LE L) ‘ LEEL ‘ | 0 ‘ | ‘ L1l L O:I 1 I | 1111 | I \ Lkl ‘ 111l ‘ i W 20 £ J ;I | | ;N O | Ll.l.l L
16 17 18 19 2 21 22 23 24 25 16 17 18 19 2 21 22 23 24 25
mass_DO mass_DO0

> 0 0 0 0 0 0 0 0000000000000
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Implementation Details

Integrated pr and n
> Signal (40,000) applying mass cut of 1.8 < mpo < 1.92 GeV/c

> Background candidates (40,000) 1.6 < mpo < 1.8 or 1.92 < mpo < 2.1 GeV/c
> Removed variables (pr, dOxy_k, dOxy_pi, Nooand mpo)

> Total data (Signal+Background) = 80,000

Training 80% = 64,000 , Testing 20%-= 16,000
Signal candidates: 254286 Background candidates: 441500 Test Data ,
Signal candidates for ML: 40000 Background candidates for ML: 40000 ! costheta de_k do_pi ... eta_DO mass_D® pt_DO
Training Data 82056 0.616404 0.149910 0.062605 ... 1.787789 1.925152 1.631700
o costheta do_k do_pi ... eta D@ mass DO pt_DO 136665 ©0.864028 0.182478 0.034499 3.183362 1.966506 0.557345
50438 0.997740 0.289914 0.131012 ... 2.048417 1.892901 2.313375 313259 -0.719817 0.050165 0.537944 1.498422 1.717138 1.173662
224740 0.994266 0.176400 0.131961 1.474017 1.842975 1.081754 18644 0.824208 ©0.039054 ©0.117089 -1.289520 1.708649 3.577919
238245 0.999038 0.229977 0.359893 0.476778 1.859466 5.441979 364248 -0.271628 ©0.037806 0.647156 1.947055 1.932307 1.403166
137027 -0.484314 0.043081 ©.137375 1.784426 1.941882  0.882545
119738 ©.992224 0.595780 ©.365383 1.070940 1.882983 12.098245 307189 0.025919 ©0.089753 ©.036269 .0.432812 1.734530 1.019298
329546 -0.927165 0.138770 0.039194 1.750898 1.989538 2.637261
172710 -0.892203 0.178346 0.137853 ... 2.936060 1.772410 6344631 151725 -0.869652 0.033717 0.146310 ... 1.287625 1.702242 1.485120
205012 -0.827983 0.830113 0.090533 2.776265 1.715847  1.052274 266828 0.914427 0.041103 0.439854 1.981523 1.943916 1.401108
83094 0.787943 0.715882 0.404875 ©.843373 1.862297 1.591674 24231 -0.979701 ©0.031079 ©.068232 0.025866 1.872412 2.554892
126186 ©.999933 0.331573 0.256885 ©.353859 1.864653  4.925037

[16000 rows x 11 columns], 0

[64000 rows x 11 columns], | 0 0
0 T 1 0
1 1 . 2 0
2 L Signal 3 0
2 1 4 0
63905 1 15995 @
63996 & — P Background 15996 0
63997 B 15997 0
63998 1 . 15998 0
63999 1 Removed variables (pr and mpo) 15999 1
[64000 rows x 1 columns]), [16000 rows x 1 columns])
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Signal and Background Distributions

d0 pi do k dOxy pi
o loD 4
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20 40 60 0 5 10 15 20 0 2 4 6 8 10
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T T T T T T T T T T T T T
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pt DO eta DO mass DO
1071 - 1071 3
£ £ 10'
3 s 17 :
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T T T T T T T T T T T T
5 10 -5.0 -25 00 25 16 17 18 19 20 21
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8 10 8 3 Signal
2 3 1075 1.6<Mpp<1.80rl192<mpy<2.1 GeVlc
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1071 3
T T T T T h T T T T T
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Feature Correlations

Highly correlated variable carries similar information, one of them can be removed while training the model

Signal Background
1.00 1.00
0.75 0.75
costheta costheta
- 0.50 0.50
decay_length decay length
F0.25 0.25
dca_DO | 0.00 dca_DO 0.00
F—0.25 —0.25
dca_12 | dca_12
—0.50 —0.50
do_k do_k
—-0.75 —0.75
do_pi . ~1.00 do_pi ~1.00
g 8 o al 2 2 g 3 p ! 2 2
= m - o]
8 8 2 : 8 8 2 f:
> S = 8
] ]
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Model Performances

Model can be saved to .onnx format P N TPR= True Positive(TP)
True Positive (TP )+ False Negative( FN
S I (TP)+ False Negative N

False Positive( FP)
FPR= — ;
F FP EN False Positive( FP )+ True Negative(TN )

AUC: Area Under Curve

1.0

10! 4

0.8

Counts (arb. units)
g
o
(=}

True Positive Rate

o
=

1071 4

0.2

10-2 | /-/ —— Test -> ROC (AUC = 0.8942)
e ---- Train -> ROC (AUC = 0.9016)
0.0 —-= Luck i
0.0 0.2 0.4 0.6 0.8 8OT o'jt(:)Ut 0.0 0.2 l::.:‘se o cifive Ra::).eﬁ 0.8 1.0
How Boosted Decision Tree (BDT) classifier separates Receiver Operating Characteristic (ROC)

signal from background

A perfect classifier would have a point at (0, 1), indicating no false positives and all true positives
> 0 0 0 0 0 0 0 0000000000000
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Features of Importance (Training)

SHAP (SHapley Additive exPlanations)

Concept of Game theory in Mathematics

tttttttt

0.6 08 10
mean(|SHAP value|) (average impact on model output magnitude)

y,=E[f (X)}+3 SHAP,

yi: Model’s prediction for i"" sample
E[f(X)] = Model’'s average prediction for entire data set

Sum of SHAP of individual feature’s contribution
For the classifier yi is transformed in probability using Softmax function
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https://shap.readthedocs.io/en/latest/example_notebooks/overviews/An%20introduction%20to%20explainable%20AI%20with%20Shapley%20values.html

Estimation of Signhal and Background

Signal: Gauss+pol2
Bkg:pol2
Sum: Gauss'l'p()l%hreshold > 0.00

13000 — x3ndf = 1.21
E S (2.00) = 1804.00 +200.63
12000 . B (2.00) = 25480.00 + 64.97
C S/B (2.00) = 0.07
[=  Significance (2.0 0) =10.92 +1.23
11000
10000 —
[} =
0 =
=
= 9000 [—
L E
8000+

Mean = 1.8678 +0.0013

7000 Sigma = 0.0110 +0.0027

6000

‘\IH‘IH\‘I\H

5000

o e b b b b b e |

1 J 1
1.75 1.8 1.85 1.9 1.95 2 2.05 2.1
My (K*) (GeV/c?)

= [T
~NL

L

Threshold > 0.60

1600 L x2/ndf = 1.96
= S(2.00) = 1362.92 +58.74
; B (2.00) =1795.78 +16.58
1400 L S/B (2.00) = 0.76
[ Significance (2.0 c) = 24.25 +0.82
1200 —
& 1000 —
= L
= [
0 L
800—
B Mean = 1.8653 + 0.0006
500__ Sigma = 0.0111 + 0.0008
400— g
™ 1}
L | g
> 1 \
200\JILJJII\JlllJJllJll\lJllJJll\}IILJ}I\JJ'

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1
My (K*) (GeV/c?)
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Entries

Entries
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5000
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Signal weighted by 0.01 while background same

Threshold > 0.02

¥¥ndf =1.21
S (2.00) = 1954.69 +203.18
B (2.00) = 27046.34 + 68.46
S/B (2.06) = 0.07
Significance (2.0 ) = 11.48 +1.15

‘Il\\II\Hl\HI‘HI\‘IlH]

Mean = 1.8680 +0.0013
Sigma =0.0120 +0.0023

II\Hl\HI‘HI

v v b b b b by g oo |

T 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1
Mg (K (GeV/c?)

T

Threshold > 0.80

12Indf = 2.39

- S(2.00) =1151.32 +42.68

L B (2.00) = 634.01 +9.48

L S/B (2.00) = 1.82

—  Significance (2.0 ¢) = 27.25 +0.69

: +

Mean = 1.8645 +0.0004
Sigma = 0.0106 + 0.0006

¥

; \
‘JJILJJIl\JllJJIJ‘IlJI‘\JJILJ!IL\}IL\J'ILJI\

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1
Mg (K (GeV/c?)
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Entries

Entries

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

1000

800

600

400

200

S
Slgnlf—ﬁ

Threshold > 0.40
; x2Indf = 2.64
= S (2.00) = 1598.38 +82.14
= B (2.00) = 4168.62 +25.48
- S/B (2.00) = 0.38
[ Significance (2.0 ) = 21.05 +0.93
= +
Ear
ig
~ Mean = 1.8657 + 0.0007
C Sigma = 0.0112 +0.0010
= +
E <+
= A
4“JIlJJII\Jllllll/)ll\llllJJll\JIIlJJIlJJl
1.7 1.75 1.8 1.85 19 1.95 2 2.05 2.1
Y 2
Mg (K7*) (GeV/c?)
Threshold > 0.85
L x2ndf = 2.79
L S (2.00) = 1080.90 +39.12
L B (2.00) = 439.58 +7.88
[ S/B (2.00) = 2.46
| significance (2.0 o) = 27.72 +0.65
= Mean = 1.8646 + 0.0004
L Sigma = 0.0104 + 0.0006
=+=
[ 1 + = —4
I /
}JILJ}I\\J'\JJ}II\JI\;\JJIl}lll\}ll\llllll\

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1
My (K*) (GeV/c?)
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Estimation of Signal and Background (Q? = 100)

Signal scaled by 0.01 while background same
PYTHIA simulation for 10x100 ep collisions with Q2> 100: o ~ 1.3e-6 mb, Expected luminosity of 5 fb*

G) = |
© . -
............ 15 _9
E1t T = N, =L, X0 =5X107X1.3X10 "=6.5M
w e ] =
L R T n
10° S ————— -
102 2 - | For BDT > 0.8,D0 significance is 27 for 5M DIS events
LT B s i
1 T s :SI =
= TP v —+— Signal = 65
S T ST —=— Background - . . e - . _
PR S . anamaokaround | | Expected Significance ~27.0 (—5 )=30.78
= _._Significance =
— —»— Sigma (mass peak]
10_2 % XRXXR XXXy %
- | | | | | | | | .
0 0.2 0.4 0.6 0.8 1
BDT Theshold

Thanks Rongronga

Note: BDT cut optimisation done on data (bias) but in general we need to estimate signal from MC and background from
data: Need to develop a way for it
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Data Sample for ML (Q% = 1)

> BDT requires the features for the signal D° meson and background D° meson (fake combinations of pion,kaon)

- DP°enriched same created filtering PYTHIA8 ep, NC, 10X100, Q? >1 events (~1747 M) such that each event consist one
D° - k-n+ known as Signal taken from 24.12.0/epic_craterlake/SIDIS/DO_ABCONV/pythia8.306-1.1/10x100/g2_1):

Total files 1879 and Events = 984746

- Background from 24.12.0/epic_craterlake/DIS/NC/10x100/minQ2=1: Total files 5180 and

o
[

Event statistics

2200
2000
1800

1600

1400

1200

984746

1000

800
600
400
200

HI‘\H‘\I\‘\H‘I\\‘\H‘\H‘\I\‘\H‘IH‘HWE‘

1.48454e+06

995658

ePIC 24.12.0 (Signa

hEventStat

Entries 3464946
Mean 1.503
Std Dev 0.756

1)

MC events

06/02/25

DO

D0 -> pi+K

Reco DO

Event statistics

x10°
2000~ @ hEventStat
- < Entries 5087599
- (0]
60000 g Mean 0.5227
B ° Std Dev  0.1542
C <
5000 — S |
B ePIC 24.12.0 (Background)
4000 —
3000 —
2000(—
L ©
1000 — 9
L ~ <
L o -
~ [ S— ; | |
DO

MC events

DO -> pi+K Reco DO
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Invariant mass of unlike-sign nK pai

06/02/25

rs

h3InvMass_signal_all

Entries 506846

Mean x 1.223
Mean y 1173
Mean z 1.865
StdDevx  0.903
StdDevy  1.058
Std Devz 0.03602

M, (GeV/c?)

Implementation of ML Model (Q? = 1)

Invariant mass of unlike-sign =K pair

h3InvMass_bkg_all

Entries 1431341

N

—
w©
a

Mean x 0.7993
Mean y 1.36
Mean z 1.782
StdDevx  0.526
Std Devy 0.9767
StdDevz 0.1151

_.
o
o, w©
I\\‘II\\‘\Illl\\\ll\\\ll

—
o

1,757
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Filtering data (Q> = 1)
Filtering: (mass_DO > 1.6 && mass_DO < 2.5) && (dOxy_pi>0.02 && dOxy pi<10.) && (dOxy _k>0.02 && dOxy k<10.) && decay_length <100.

mass_DO0 mass_DO

hiemp Dimension: mm _ Remp
5 Entries 506846 16000 — Entries 505189
10 Mean 1.868 L Mean 1.868
Std Dev  0.06613 14000 — Std Dev  0.04479
10* 12000
Filtering -
. 10000 —
fo* Signal e———- |
8000 —
109 6000—
4000
10 C
2000 —
1 ol | T
I|| “l”\ II |\| L L ‘| |\ ‘\ L ‘ L 1 L |‘ L L L ‘| 1 L L ‘ |\ L L 16 2'4 m DO
6 8 10 12 14 16 ass_
mass_DO0
- mass_DO
mass_DO htemp
x10° htemp ; Entries 249309
C Entries 1431341 5000 L Mean 1.967
H Mean 1.678 = Std Dev  0.2538
1200+ Std Dev 1.395 :
I 4000—
1000}~ Filtering - Background
i 3000/
800/~ Background ——- "
600(- 2000
a00f- B
I 1000|—
200 B
0 :|L\ c e b b b b g 0 L L | L
0 50 100 150 200 250 300 1.6 18 2 2.2 2.4
mass_DO mass_D0
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Sample Preparation (Q% = 1)

mass_DO0 mass_D0 mass D0
htemp htemp htemp
60000 — Entries 252594 = Entries 719 - Entries 125374
B Mean 1.868 - Mean 1868 2500~ Mean 1.966
r Std Dev  0.04472 100 __ Std Dev  0.04038 L Std Dev 0.253
50000 — H L
C r 2000j
40000/ s~ u
C C 1500 —
30000 50% sample - :
. i Selected fraction~ | -
20000 40— 4.97/1747 = 0.0028 " M d
g i C erge
10000 20 00 g
0: L \ il ] L 1 L L | L 1 ‘ i 07\ L il 1 ‘ L m 1 1 Il 1 L L ‘ 1 £ L L m 1 1 ‘ i 1 n | ‘ 0: L ‘ L L ‘ L 1 1 | 1 1 1 | L L ‘ L
1.6 1.8 2 2.2 24 S .0 1.8 1.9 2 a1 o ng 1.6 1.8 2 22 24 .
mass_DO mass_DO /V
htemp - h
e~ Entries 124654 F Em,iestemfms > PYTHIAS ep, NC, 10X100, Q? >1:
i savw 0| | T o 1% signal events (~1747M) while
- C background events (~4.97M)
2000~ 2000~
L 0 r . ..
§ 50% sample ! >  Signal and Bkg divided (50% for ML
o 1800 and 50% Application)
1000~ 1000} > Signal scaled by a factor 0.01 to
i C consider unbalance in entries
5001 500/
ol “5 L1 1!8 L1 2\ I | 2E2 L1 2!4 1 ol 1i6 | T I T N ! | L | \ 1
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06/02/25 DO Reconstruction with ML:Shyam Kumar 19



Momentum Resolutions (TDR)

https://zenodo.org/records/14328280

un
Ln

E - - 3 - i
& 3.5<n<-2.5 L 2.5<n<-1 N ——
'l . 3 e ePIC 24.10
Iiree ¢ o 3
IR A
.......... .
1 T e
o ot
0 5 10 15 20 0 E 10 15 =
5 . 5
-l=n<1 len<=2.5 2.5<n<3.5
4 al "
L
3 3l A F
o * B e -
: 2} 9 I
-------- .
. e e - * o .
----- o-——""""
e
ﬂ I r : = 0 [ L Il 1 1 D‘ 1 i L 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 =5

momentum [GeV]
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10°

Basic Distributions Comparisons

p, and inavriant mass of signal D°® meson: Broadening due to large momentum resolutions for n [1.0,3.5]

pt_ DO

Q=100
Q%=1

102?
10
1E
:II\‘\\\lll\‘III
0 2 4 6 8 10 12 14 16 18 20 22
pt_DO
06/02/25

10

10°

102

mass_DO

DO Reconstruction with ML:Shyam Kumar

htemp

Entries 508573
Mean 1.867
Std Dev  0.04073
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Signal and Background Distributions (Q% = 1)

Using similar approach as Q2>100

do_pi do k doxy pi
101 101
04
) 10_1_ [ [ 10
= £ 10711 =
g g g 10—2 g
L -3 o 2
10 10—3 B
T T T T T T T T T T T T T T T T
0 10 20 30 40 50 0 5 10 15 0 2 4 6 8 10
doxy k dca 12 dca DO
10“ 7 lol] .
: ‘ £ 10
§ 10-2 A § 10-2 4 §
10—3 4
T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10 0 10 20 30 40 50
pt DO eta DO mass_DO
10" 3
101 4
2 & ] 2 10! 5
5 102 5 1072 4 5
g 107 3 S
L i 10_3 _; J
T T T T L T T T T T T T T T
0 5 10 15 -5 0 5 16 17 18 19 20 2.1
decay length costheta
1
. 10 Background 1.8 <mpo < 1.92 GeVlc
8 10 8 ] signal
2 3 100 1 1.6 < mpp < 1.8 or 1.92 < mpy < 2.1 GeVlc
v} b o 3
T T T T T 101 T T T T T
0 20 40 60 80 -1.0 -05 0.0 0.5 1.0

> 0 0 0 0 0 0 0 0000000000000
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Feature Correlations

Highly correlated variable carries similar information, one of them can be removed while training the model

Signal Background
1.00 1.00
0.75 0.75
costheta | costheta |
- 0.50 0.50
decay_length | decay length
F0.25 0.25
deca_DO | | 0.00 dca_DO 0.00
F—0.25 —0.25
dca_12 | dca_12
r—0.50 —0.50
do_k do_k
—-0.75 —0.75
do_pi i . . ~1.00 do_pi . ~1.00
g g A o g £ g g o 3 3 z
® g g g 2 © S g g g
=] = | = b=l |
! 8 = 8
[1+] 1]
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Model Performances

Model can be saved to .onnx format P N TPR= True Positive(TP)
True Positive (TP )+ False Negative( FN
S I (TP)+ False Negative N

False Positive( FP)
FPR= — ;
F FP EN False Positive( FP )+ True Negative(TN )

AUC: Area Under Curve

1.0

=
o
El

0.8

Counts (arb. units)
o
(=}

True Positive Rate

o
=

1071 4

0.2

xd —— Test -> ROC (AUC = 0.8202)

o ---- Train -> ROC (AUC = 0.8236)

0.0 — .= Luck 5
I

1072

T .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
BDT output False Positive Rate

How Boosted Decision Tree (BDT) classifier separates Receiver Operating Characteristic (ROC)
signal from background

A perfect classifier would have a point at (0, 1), indicating no false positives and all true positives
> 0 0 0 0 0 0 0 0000000000000
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Features of Importance (Training)

SHAP (SHapley Additive exPlanations)

Concept of Game theory in Mathematics

aaaaaaaa

-1 ¥ ¥ 03 04 05
SHAP value (impact on model output) mean(|SHAP value|) (average impact on model output magnitude)

yl':E[f(X)]"'Zi:SHAPi

yi: Model’s prediction for i"" sample
E[f(X)] = Model’'s average prediction for entire data set

Sum of SHAP of individual feature’s contribution
/000
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Signal: Gauss+pol2
Bkg:pol2
Sum: Gauss'l'p()l%hreshold > 0.00

Estimation of Signhal and Background

Signal weighted by 0.01 while background same

4000 [ 12indf = 0.64
» S (2.00) = 570.97 *117.59
C B (2.00) = 8308.84 +40.10
= S/B (2.00) = 0.07
3500 [ significance (2.0 o) = 6.06 +1.21
3000/—
" C
2 C
=] L
T 2500 —
2000; Mean = 1.8666 + 0.0027
= Sigma = 0.0127 + 0.0050
1500/—
C 4
Loovu wlave plopawl evond wowpl vuwed onped vy vyl
17 175 18 185 1.9 195 2 205 241
7 2!
my (k*) (GeV/c?)
Threshold > 0.60
700 12ndf = 1.29
S (2.00) = 290.39 +35.10
B (2.00) = 838.60 + 9.68
600 S/B (2.00) = 0.35
Significance (2.0 o) = 8.64 +0.91
500
1]
2
=
=
5 400

300 Mean = 1.8651 + 0.0013
++'+ -+_+ Sigma = 0.0089 +0.0014
200
v 4
+
T P il | P T TN T L N NPT
17 175 18 185 19 195 2 205 21

My (K*) (GeV/c?)

> 0 0 0 0 0 0 0 0000000000000
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4000

3500

3000

2500

Entries

2000

1500

400

350

Entries

150

100

50

Threshold > 0.02

12Indf = 0.64
S (2.00) =577.44 +117.10
B (2.00) = 8461.10 + 40.68
S/B (2.06) = 0.07
Significance (2.0 6) = 6.07 +1.19

I‘\l\!l\l\\l\\l\[l

Mean = 1.8666 +0.0027
Sigma =0.0129 +0.0049

\I\‘I\\\‘l]

++
Lo b b b b by Py b |

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1
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Threshold > 0.70

12Indf = 1.84
S (2.00) = 207.01 +26.49
B (2.00) = 437.03 + 6.60
S/B (2.00) = 0.47
Significance (2.0 ¢) = 8.16 +0.88

\\\‘\\\\‘![llllllll
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Threshold > 0.03
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\l\\l\‘l\\l‘\l\\l\
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+
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Threshold > 0.77

2

2.05 24

12Indf = 1.26
S(2.00) =195.25 +28.15
B (2.00) = 468.51 + 10.06
S/B (2.00) = 0.42
Significance (2.0 ¢) = 7.58 +0.93

T
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I/\‘ + ++
/\
1 ‘\
o IR RS TP, AERL il I I W W W
17 175 18 185 19 195 2 205 2.1

My (K*) (GeV/c?)

26



Signal and Background Distributions (Q% = 1)

Modifying mass cut

d0 pi
101
g 1071 1
2
“ 1073
T T T T T T
0 10 20 30 40 50
doxy k
100_
n
=
3 10-2
] 10 7
T T T T T T
0 2 4 6 8 10
pt DO
" 10—1 i
-
=
2
Y 1073 -
T T T T T
0 5 10 15 20
decay length
w 1071 7
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=
=
8 1073 1

0 20 40 60 80

dOxy pi
lol} i
]
=
=
8 1072
T T T T T
0 2 4 6 10
dca DO
_E 10—] i
3
U 10—3 4
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mass DO
101 4
]
S
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T T T T T
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£ 1071 1
3
[
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T T T T
0 5 10 15
dca 12
loﬂ_
]
[=
3 10-2 -
§ 10
T T T T T T
00 25 50 75 10.0 12.5
eta DO
1071
b i
§ 1072 §
] ]
1077 3
L T T T
-5 0 5
costheta
1
10 Background
42 Signal
2 10°4
8 E
10_1 B T T T T
-1.0 -0.5 0.0 0.5 1.0

> 0 0 0 0 0 0 0 0000000000000
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Feature Correlations

Highly correlated variable carries similar information, one of them can be removed while training the model

Signal Background
1.00 1.00
0.75 0.75
costheta costheta
0.50 0.50
decay_length decay length
F0.25 0.25
dca_DO | 0.00 dca_DO 0.00
F—0.25 —0.25
dca_12 | dca_12
—0.50 —0.50
do_k do_k
—-0.75 —0.75
do_pi i ~1.00 do_pi ~1.00
g 8 o al @ 5 g 3 p ! 2 &
® 8 § 2 g ° & § g g
>~ 8 > 8
] i
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Model Performances

Model can be saved to .onnx format P N TPR= True Positive(TP)
True Positive (TP )+ False Negative( FN
S I (TP)+ False Negative N

False Positive( FP)
FPR= — ;
F FP EN False Positive( FP )+ True Negative(TN )

AUC: Area Under Curve

1.0

=
o
El

0.8

(=]
(=}
‘\
:
N\
N

Counts (arb. units)
=
L

True Positive Rate

o
=

0.2

1072

/‘/ —— Test -> ROC (AUC = 0.8177)
e ---- Train -> ROC (AUC = 0.8442)
0.0 —-= Luck i
0.0 0.2 0.4 0.6 0.8 8OT th(:)Ut 0.0 0.2 l::.:‘se o cifive Ra::).eﬁ 0.8 1.0
How Boosted Decision Tree (BDT) classifier separates Receiver Operating Characteristic (ROC)

signal from background

A perfect classifier would have a point at (0, 1), indicating no false positives and all true positives
> 0 0 0 0 0 0 0 0000000000000
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Features of Importance (Training)

SHAP (SHapley Additive exPlanations)

Concept of Game theory in Mathematics

sthet: sthet
dca_DO dca_DO
dca_12 N dea_12
g
2
v
5
K
do_k £ do_k
do_pi do_pi
decay_length decay_length
Low
3 2 1 2 3 0 o1 02 06 o7 08

-1 0 03 04 05
SHAP value (impact on model output) mean(|SHAP value|) (average impact on model output magnitude)
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Signal: Gauss+pol2
Bkg:pol2

Estimation of Signhal and Background

Signal weighted by 0.01 while background same

S
Slgnlf—ﬁ

Sum: Gauss+pol2,
P hreshold > 0.00 Threshold > 0.02 Threshold > 0.30
4000 — éindf = 0.64 4000/— 2éindf = 0.67 2200 a 2indf = 1.03
= S (2.00) =570.94 +117.58 r S (2.00) = 556.89 + 114.81 L S (2.00) = 389.21 + 62.84
C B (2.00) = 8308.65 *40.10 L B (2.00) = 7845.72 +37.79 C B (2.00) = 2949.47 +17.78
= S/B (2.00) = 0.07 - S/B (2.00) = 0.07 2000 — S/B (2.00) =0.13
3500 j Significance (2.0 ¢) = 6.06 +1.21 9500 = Significance (2.0 6) = 6.08 +1.21 C Significance (2.0 ¢) = 6.74 +1.02
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Estimation of Signhal and Background

Signal scaled by 0.01 while background same
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*

*

Summary and Future Plan

Machine learning model studies performed for the D° reconstruction in ep collisions

Future Steps:

Further optimize to the model to get large ROC score

Implement other models e.g. Neural Network (Auto Encoder)

Remove perfect particle identification and use particle identification from lookup tables
Further make it more differential in pr and n (under testing)

Implement a similar model for Ac* reconstruction

Estimate A:*/D° ratio using machine learning

THANK YOU !
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Feature Correlations

dOxy is strongly correlated to dO so removed while training the machine learning model

Signal Background
1.00 1.00
costheta costheta
0.75 . 0.75
decay_length decay_length
- 0.50 0.50
eta_DO | eta DD
F0.25 0.25
dca_DO | dca_DO
- 0.00 0.00
dca_12 | dca_12
F—0.25 —0.25
doxy_k doxy_k
doxy_pi -0.50 doxy_pi . -0.50
do_k —-0.75 do_k —-0.75
do_pi L . _ . 'N 'O _ . - _1.00 do_pi L - £ ~ - - = _r:.ru —1.00
:_' s i - = a} g, =) @ ;ﬁ o i o A 8 g g 8
B © 3 3 8 g i & = s © X S g 5 i & =
= = ] ] ] o § S =] ] L] ] o g
] ]
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Event display Signal Reco Event (XY Plane)

DCA w.r.t. Vertex
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Event display Signal Reco Event (XY Plane)

DCA w.r.t. Vertex
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Simulation Detalls

Simulation output

Event generator

PYTHIA 8
ep, NC, 10x100
Q%> 100

PYTHIA 8
ep, NC, 10x100
Q2> 1

06/02/25

Decay channel

D - 7z +K

Decay daughters
within |eta] < 3.5

D' > 7z +K

Decay daughters
within |eta] < 3.5

# of DO events

~ 990k

~ 990k

D> K x

# of DIS events
sampled

493857567

1747000357

DO Reconstruction with ML:Shyam Kumar

Total Events: 493857567
995867

Output location

root://dtn-eic.jlab.org/f
work/eicZ/EPIC/RECO/
24.12.0/epic_craterlak
e/SIDIS/D0_ABCONW/
pythiad.306-1.1/10x10
0ig2_100/hiDiv

root://dtn-eic.jlab.org/f
work/eicZ/EPIC/RECOY
24.12.0/epic_craterlak
e/SIDIS/DO0_ABCONW/
pythiad.306-1.1/10x10
0ig2_1/hiDiv
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