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Heavy ion collision

| CMS Experiment at LHC, CERN

‘| Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

QGP signature: Jet quenching phenomenon
* Jets interact with the QGP medium and lose energy.
* Back-to-back jets traverse different path length of

the QGP medium.
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Motivation- why study quenching jet-by-jet?

| JtQGP interati B o Wht we mesure |

Parton Splitting,

........
.....

Jet Cone :
Medium (QGP) j

R
-----------

. . Jet loses energy as a whole
Medium induced Radiation, gyo .
. t Internal structures of jets are modified |
Medium Response... |

' % The physics of jet quenching is studied from the difference between '
. collision systems of proton-proton (pp) and heavy-ion(AA) events. |

p+p A+A
Vacuum jet Quenched jet
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Motivation- why study quenching jet-by-jet?

| JtQGP interati B o Wh we esure

Parton Splitting,
Medium induced Radiation,
Medium Response...

lllllll
----
** s

e Jet Cone :
’ Medium (QGP) §

| Jet losses energy as a whole »
"1 Internal structures of jets are modified |

\/
%

The physics of jet quenching is studied from the difference between '
collision systems of proton-proton (pp) and heavy-ion(AA) events.

N/
0‘0

In practice, we statistically average measured jet observables over
billions of collisions to achieve significant results.

\/
%

However, jets experience various levels of quenching due to
complex mechanisms. Many jets experience little quenching, thus
diminishing the significance of the results.

p+p A+A
Vacuum jet Quenched jet

zigxejraunel el Meotivzition Feature Engineering GEN Level Simulation Detector; Effects Simulation

\/ YilunWu RHIC-AGS AI/ML 06/11/24 5



Motivation- why study quenching jet-by-jet?

| JtQGPinterati B o Wh we esure |

Parton Splitting,

........
.....

Jet Cone :
Medium (QGP)

R
-----------

. . Jet losses energy as a whole
Medium induced Radiation, g}i .
. t Internal structures of jets are modified |
Medium Response... .. ‘

.........
gy

L 4
...
L4
L 4
*

LN
. Ta,

# # «» The physics of jet quenching is studied from the difference between '
collision systems of proton-proton (pp) and heavy-ion(AA) events. |
'« In practice, we statistically average measured jet observables over
billions of collisions to achieve significant results.
7 &% However, jets experience various levels of quenching due to
71\ complex mechanisms. Many jets experience little quenching, thus
| 7 diminishing the significance of the results.
i . . . :
-« Train the neural network (NN) to discriminate pp jets from |
p+p A+A AA jets. The trained NN can identify jet quenching level on |
Vacuum jet Quenched jet i a jet-by-jet basis.
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Previous Works on ML applied to Jets Quenching Study

(Jet—from initial parton At_de*fevcte' % Jets are complex evolving objects that enable different learning algorithm to be applied.
collimated spray of hadrons ‘

o o * L. Apolinario, N.F. Castro, M. C. Romao, et al., JHEP11(2021)219
_y [ P ‘4 — Convolutional Neural Network (CNN) for jet pixel images
‘f Calorimeter jet % o — Recurrent Neural Network (RNN) for jet Lund planes
H . | A - ; — Dense Neural Network (DNN) for global jet momentum and constituent numbers
, * YLD, D. Pablos and K. Tywoniuk, JHEP03(2021)206
RS PR — Input: Jet images, jet fragmentation function, jet shape, with other features as well
RS Al SRR — Network: Fully connected CNN
Parton jet : — Output: jet energy loss
0_» pea 0 j, * Y. S. Lai, J. Mulligan, M. Ptoskon, et al., JHEP10(2022)011
P P ' — Explored the optimal ML classifier and Jet Observable designed for ML
| Binary Classification & Supervised Learning
:1 Input: Choose the measurements S S—
:Ljeer:cohl?z;r\e,?fglcetz fhat sionity the : #» Neural Network of Choice: | Training Output: !
e, byt QUENCHING Vel prediction/ |
Global jet observable % CNN, RNN, DNN,... | Learning loss ' Energy loss prediction
Internal jet structures oo s esmsoossmeemeese” MNINIMization e
Train the neural network (NN) to
discriminate pp jets from AA jets, so
the NN can learn from jet quenching.
zielerauriel ziniel Nlotivztion Feature Engineering GEN Level Simulation Detector Effects Simulation
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Jet Substructures with Showering History as NN Input

Jot In a binary tree structure
i collimated spray of hadrons |

g s e e (
% PSR i. Black dots: hadrons ° I“l"[ﬁ

" i ® o
. Calorimeter jet ll]\

Approximation to

AR, || showering history of jets
' (from parton splitting to
el - : fragmentation)
Parton jet { ° =
S
0 i i o ] |* S
g A %D
P ,C/f ®
Iy §
- NS Uty %
Lojns pT,2 pT,1
A4
1st step: each time cluster the two closest items;
eventually get the binary tree structure
2nd step: use the soft drop to discard the softer
splitting of the two branches
Background and Maotivation reitura Enejinaarine GEN LLevel Simulation Detector Effects Simulation
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Jet Substructures with Showering History as NN Input

Approximation to

I showering history of jets
‘| (from parton splitting to
- — = - 4 fragmentation)

(Jet—from initial parton to detected Jet in a binary tree structure Hardest branch of the jet
i  collimated spray of hadrons !
_: ety i" (
% S || Black dots: hadrons o "Iﬁ
il ® ole _I
' Calorimeter jet s l{ Hj.

°
°
C/A Algorithm

1<t step: s uster the two ol . M Jet substructure variables are defined at the
S EHERs BAET IS BT TS T EoEEs TEE, splitting points of the jet. They are sensitive to
eventually get the binary tree structure -t induced di Th h
| jet-induced medium response. Thus, they are
2nd step: use the soft drop to discard the softer good tools to study the jet energy loss in
splitting of the two branches medium
Background and Maotivation Fazityre Eniejinaarine GEN LLevel Simulation Detector Effects Simulation
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Jet observable that represents
the internal structure of a jet:

* Jet substructure

' Input

Long Short-Term Memory
Neural Network

* learning from sequential
data

* Improved RNN (Recurrent
Neural Network)

Yilun Wu

How to do feature engineering?

¢ Image source:

' Sequential data
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] Jet substructures
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Shared momentum ratio

7 »  Angular separation
AR=1\[(@ = @)+ —*  AMEUETEEP

Perpendicular momentum |

Invariant mass

m = inv_mass(jl,jz)

6—>>—>Q

l“p“t Xt — [Z, AR kJ_a
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http://colah.github.io

Before Starting Training the NN...

Background and Motivation v \,

Neural Network Framework (feature engineering) for the Study v \,

Design Simulation as a Realistic Approximation to Data \,

JSlmuIatlon cf Thermal Background in HI CcII|S|ons and NN Tra|n|ng Results

}/ J Slmulatlon of Detectcr Effects on the NN Tralnlng Results ',

Summary and Outlook \;
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Generator Level Events for Training

In data, we need to subtract underlying event per event in heavy-ion collisions. |
To be as realistic as possible, we apply the same process in simulation.

JEWEL simulation for dijet events: Embedding the simulated event Background subtraction algorithm:
Non-quenched jets (vacuum class) with a thermal background: Event-wide Constituent Subtraction
Quenched jets (medium class) *Thermal Bkg is simulated by the

We use the jets reconstructed from the
bkg-subtracted events for training.

PYTHIA+ANGANTYR model

0-10% Centrality + Uncorrelated thermal background

dijet hard event mixed event bkg-sub event

Background and Motivation Feature Engineering GEN Laval Sirnulatior) Detector Effects Simulation
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ML Classified Quenched Jets — Jet Substructures

Paper: JHEP04(2023)140 . Before ML classification————
- Jewel Mixed with Most—central BG - _ Jewel Mixed with Most-central BG |
71 mmm Jewel-Med + Most-central BG 141 anti-k; R = 0.4, p__e [200,400] GeV . 1ol antiky R =04, p__e[200,400] GeV B
TPR=0.40, FPR=0.06 o SoftDropz,,=0.1B=0., R,> 0.1 - o SoftDropz,,=0.1=0., R, > 0.1 -
O mmm Jewel-Vac + Most-central BG 1oE- Jewel-Vac ] 8 Jewel-Vac —
yd P - -JeweI-Med ] Z|” B -JeweI-Med |
O] Lessquenched More quenched |25  8F ni R .
> | - GEN Level | ™= B GEN Level _
-+ ot s s | 61— - B ~
o4 5 - 4= -
g )\ 1k -
QO 3; 2 . - Z
2 : : : :
= —+— Jewel-Med / Jewel-Vac - 3 —+— Jewel-Med / Jewel-Vac -
A 1T llm Illm e .
o T T 1 - —— o -
11111 SO | I SUNC=S
0.0 02 04 06 08 1.0 A o s
Raw LSTM Output 0.1 0.2 0.3 0.4 0.5 0.1 0.2 - 0.3 0.4
Z
g
|Quenchness: The LSTM output foreach | min(prq, Pro)
imedium jet. If the value is closer to 1, then | Zg =
'the jet is more quenched. And vice versa. j Pr.1 T Pr2
Background and Motivation Feature Engineering GEN Laval Sirnulition) Detector Effects Simulation
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https://link.springer.com/article/10.1007/JHEP04(2023)140

ML Classified Quenched Jets — Jet Substructures

Paper: JHEP04(2023)140 After-ML classification— .
- Jewel Mlxed W|th Most central BG . _ Mixed with Most-central BG _
71 BN Jewel-Med (Top 40%) ; 14— anti-k; R = 0.4, . P, € [200,400] GeV - 1ol anti-ky R = 0.4, p__e [200,400] GeV -
B Jewel-Med (Bot 60%) 1ol Soft Drop z =0.1 B=0 R >0.1 - - Soft Drop z =0.1 B=0., R > 0.1 7
6 i ) - Jewel-Vac - - Jewel-Vac ]
Bl Jewel-Vac + Most-central BG 101 I Jewel-Med (Top 40%)- 8: I Jewel-Med (Top 40%)-
:‘ N - B Jewel-Med (Bot 60%) J Z|” - B Jewel-Med (Bot 60%) -
D] Less quenched More quenched ffz’ 8 1 9o 6 —
> \ - GEN Level 1 ™€ -
2 4 - - _ 4—_
v e - L
0 3- 2f - -
2 - —+¢— Jewel-Med (Top 40%) / Jewel-Vag - —¢— Jewel-Med (Top 40%) / Jewel-Vag
1.5 —¢— Jewel-Med (Bot 60%) / Jewel-Vac: 1.5 —— Jewel-Med (Bot 60%) / Jewel-Vat]
1- 2 i e — E
g i 1 © 1: . DA .
e T L @ e m————————— - - -
0 R L I 057 ' R A S 05;_+_._+—g—+++—s—++ ...... =
0.0 0.2 04 06 0.8 1.0 o, tre e e - of oo " '_5
Raw LSTM Output 0.1 0.2 0.3 0.4 0.5 01 02 03 04
Zq R,
|Quenchness: The LSTM output foreach | min(prq, Pro)
imedium jet. If the value is closer to 1, then |
'the jet is more quenched. And vice versa. | Pr.1 Tt Pro
Background and Motivation Feature Engineering GE\N Laval Simnulkition Detector Effects Simulation
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ML Classified Quenched Jets — Jet Substructures

Paper: JHEP04(2023)140 After-ML classification— —
- Jewel Mlxed W|th Most central BG . - Mixed with Most-central BG _
71 BN Jewel-Med (Top 40%) ; 141~ anti-k; R = 0.4, p__[200,400] GeV . 1ol anti-ky R =0.4, p__e[200,400] GeV -
Bl Jewel-Med (Bot 60%) 12:_ Soft Drop zcut=0.1'B=O R >0.1 - - Soft Drop z_ =0. 1[3 =0., R > 0.1 -
6- - Jewel-Vac _ — Jewel Vac -
BN )ewel-Vac + Most-central BG 10 B Jewel-Med (Top 40%) °F B Jewel-Med (Top 40%)-
Z|N F B Jewel-Med (Bot 60%) 5 Z|x™ B Jewel-Med (Bot 60%)
51 Less quenched More quenched Te 8 —
- | - n from GEN Level ~
+ 4 61— n \eur .
5 etwork cd ify
@ urd\ n d class
03 ne es O
uctur
t substf likejet
2 e cuum . —+¢— Jewel-Med (Top 40%) / Jewel-Vag
‘.‘ ke ‘et to v ~woi-vag 1.5¢ —+— Jewel-Med (Bot 60%) / Jewel-Vac:
1 m- 18 i - =
1 P T
- T ~F WA S 0.5 eI ST
0OO 0.2 04 0.6 0.8 1.0 o 00 vt e OE_+++++ *__
Raw LSTM Output 0.1 0.2 0.3 0.4 0.5 01 02 03 04
R ‘ Rq
Quenchness: The LSTM output for each
‘medium jet. If the value is closer to 1, then
the jet is more quenched. And vice versa.
Background and Motivation Feature Engineering - Sirnulzition) Detector Effects Simulation
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Other Observables for ML Classified Quenched Jets

Our LSTM neural network can learn from various jet substructures, and classify jets '
from heavy-ion collisions based on the diverse extents they quenched to.

To better interpret ML's application in jet quenching study, we use the LSTM
loutputs to analyze other jet observables.

v Jet shape |

v Jet fragmentation function

Background and Motivation Feature Engineering GeEN Laval Sirnulztion) Detector. Effects Simulation
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Jet Quenchness ML Results — Jet Shape

* The jet radial momentum profile (integrated jet shape),

2 X

U jets trackse[r ¥t

P(r)= 11 ptrack,
5rNj )

provides information about the radial distribution of the
momentum carried by the jet constituents (fragments).

CMS Supplementary arxiv:i2101.04720

PbPb 1.7 nb™" (5.02 TeV) pp 320 pb ' (5.02 TeV)
-~ Cent: 0-10%
— — Leading jets l‘
~* 00<x,<06 +
+ IS
~ —* 08<x.<1.0 !
i J —
_+__¢_
- SR +
o ¢
1 I ................................ e
S
~ Anti-k; jets, R=0.4 |njet| <1.6
| P> 120 GeV, p™° > 50 GeV A > %"
| | | I | | | I | | | I | | | I | | |

0 0.2 0.4 0.6
Ar

0.8 1

Feature Engineering

Background and Motivation

JEWEL Simulation
 GEN Level | | | ]
5 _ _
—_—
3| _ _
10 — —8— 7
- S -
/:\ - —_
3 i — ~
Q. —
5 - - _
S o T
B —_—— — —
2 e
10° -
— —#— pp —5+— PbPDb (0-100% Quenched) ——
B I | | | | I | | | | I B
I ! ! ! ' | ' ' ' ' |
3 | anti-k; R=0.4,p_ e[200,400] GeV N
Q — track T'let . —
_Q P, > 0.7GeV/c, Tracksincone AR <04
L. B —
< - Centrality 0-10% -
Q% 2~ —|— PbPb (Q0-100%) / pp N
o I :
o : :
~ u i
S
Q. i :
I ] | | ] | ] i
0 0.1 0.2 0.3
Ar
P )
GEN Laval Sirnulzitior)

Yilun Wu
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Jet shape ratio:

A redistribution of jet energy
to softer particles extending
to large angles away from
the jet axis

Detector Effects Simulation
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Jet Quenchness ML Results — Jet Shape

Ist (Most) Quenching Class JEWEL Simulation
. GENLevel
/1 Bwm Jewel-Med + Most-central BG —— PbPb (0-20% Quenched)
i - _
S o T
O mmm Jewel-Vac + Most-central BG 10° —* _a =
- —_— -
5 Most quenched- 0-20% [ - B = -
>, L i o .
= S —0—%
a4 i —a— ]
-
o 102 —
A 3 " —#— pp —— PbPb (0-100% Quenched) ~ ——
B T e ]
2 3l antik;R=04,p__e[200400] GeV P
,§ i PtT'a°">0.7GeV/c, Trécks incone AR<0.4 i t More
1- < - Centrality 0-10% - quenched
Q& 21 —|—Pbe (Q0-100%) /pp —@—; . i Less
0 _ I_ P i i quenched
0.0 02 04 0.6 0.8 1.0 = i — ] {
Raw LSTM Output 5 e
Quenchness: The LSTM output for each medium jet. T

o
o
—
.
\V
o
w
o
N

It the value is closer to 1, then the jet is more quenched.
Vice versa. Ar

Background and Motivation Feature Engineering GEN Laval Sirnulkition) Detector Effects Simulation
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Jet Quenchness ML Results — Jet Shape

2nd Quenching Class JEWEL Simulation
. GENLevel
/1 B Jewel-Med + Most-central BG —é— PbPb (0-20% Quenched)
——a— —&— PbPb (20-40% Quenched) |
—_—
O mm Jewel-Vac + Most-central BG 10° ——_, =
5 = - —— .
5 - 2nd quenched: 20-40% —q : g -
>, x| 2,
e N — &
a4 i —a— e
-
o 102 —
N 3- C —#— pp —=— PbPb (0-100% Quenched) ~ —#—
B T e ]
) - gl anti-ky R=04,p  [200,400] GeV —e—
S ~ p'**>0.7GeV/c, Tracksincone AR<04 o 7 t More
1- I - Centrality 0-10% . - quenchea
%) 2~ —|-PbPb(Q0-100%)/pp —— . Less
O _I_ % i i quenched
0.0 02 04 06 0.8 1.0 = I A
Raw LSTM Output 5 e
Quenchness: The LSTM output for each medium jet. T R B T

o
o
—
.
\V
o
w
o
N

It the value is closer to 1, then the jet is more quenched.
Vice versa. Ar

Background and Motivation Feature Engineering GEN Laval Sirnltion Detector Effects Simulation
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Jet Quenchness ML Results — Jet Shape

5rd Quenching Class JEWEL Simulation
| GEN Level L
/1 Bmm Jewel-Med + Most-central BG o —&— PbPb (0-20% Quenched)
- —m— —&— PbPb (20-40% Quenched) |
_ _ —— PDbPb (40-60% Quenched)
0! mmm Jewel-Vac + Most-central BG 10° $—-— I
— - —g— Z
5 - 3rd guenched: 40-60% < - e = -
[ e,
-~ i —— _
V) —n —lg—
-
o 102 _'_
A 3 = pp —=— PbPb (0-100% Quenched) ~ —8—
I e _
2 3l antik;R=04,p__e[200400] GeV P
8 "~ p'** > 0.7GeV/c, Tracksincone AR<04 o 7 t More
1- i - Centrality 0-10% - — quenched
%) 2 |- PbPb(Q0-100%)/pp —&— e Less
O I_ % i - i quenched
_ S - i
O O O 2 O 4 O 6 O 8 ~ @ i
Raw LSTM Output 5 T A= ~
Quenchness: The LSTM output for each medium jet. T

o
o
—
.
\V
o
w
o
N

It the value is closer to 1, then the jet is more quenched.
Vice versa. Ar

Detector Effects Simulation

Feature Engineering GEN Laval Sirnulation)

Background and Motivation
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Jet Quenchness ML Results — Jet Shape

4th Quenching Class JEWEL Simulation
 GENLevel!
/1 B Jewel-Med + Most-central BG —é— PbPb (0-20% Quenched)
——m — & PbPb (20-40% Quenched)”
$ —&— PbPb (40-60% Quenched)
O mm Jewel-Vac + Most-central BG 10° - =
— - —3 ]
5 4th quenched:60-80% ) - = = -
Q i ——— .
> -— ¢
=g i e ——— 8
wn —_—— —1
- —&— PbPb (60-80% Quenched) - —®—
Q | —
N 3- 10 C —#— pp —=— PbPb (0-100% Quenched) ~ —#—
I S E—— _
) - gl anti-ky R=04,p  [200,400] GeV —e—
’_% i p‘T'a°">0.7GeV/c, Tracks incone AR <0.4 —e—] t More
1_ i - Centrality 0-10% o - quenched
%) 2~ —|-PoPb(Q0-100%)/pp —&—— | _ — Less
O I_ Q i A B quenched
- a i T — N
0.0 02 04 06 0.8 1.0 < - i
Raw LSTM Output 3 g . o | -
Quenchness: The LSTM output for each medium jet. T T T T

It the value is closer to 1, then the jet is more quenched.
Vice versa. Ar
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Jet Quenchness ML Results — Jet Shape

00 02 04 06 0.8 1.0
Raw LSTM Output

Quenchness: The LSTM output for each medium jet.
It the value is closer to 1, then the jet is more quenched.
\ice versa. Ar

Less
quenched

1

5th (Least) Quenching Class JEWEL Simulation
. GENLevel
/{ W Jewel-Med + Most-central BG L —— PbPb (0-20% Quenched)
- — & PbPb (20-40% Quenched)
H\i »— PbPb (40-60% Quenched)
0! mmm Jewel-Vac + Most-central BG 10° —= I
S = = ; :
Q I S 4
> A g
=4 i e —— &
1)) u ———i¢
- —&— PDbPb (60-80% Quenched) m —@—
Q 102 ¢ PbPb (80-100% Quenched) T
A 3 = pp —=— PbPb (0-100% Quenched) ~ —@—
B ——— _
2 3l antik;R=04,p__e[200400] GeV P
’_% - p‘T""’k > 0.7GeV/c, Tracks in cone AR <0.4 - t More
1 . i - Centrality 0-10% o - quenched
hhli.ll %) 21 —|— PbPb (Q 0-100%) /pp ~—@———— .
P I D ana
0 l I = B
S
Q.

Or—
o

—
O
N

o

w

o

S
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Jet Quenchness ML Results — Jet Fragmentation Function

JEWEL Simulation
1 0 ;_GIEN i.evell | | | *;.E:gé
E = ln(I/pltlraCk): the probability of finding one hadron - e o ~aZ
inside jet cone containing certain a longitudinal energy. = = = = =
S 10 * =
T = 8= =
p* = S = -
s 10°g —e— PbPb (0-20% Quenched) =
= S 4 PbPb (20-40% Quenched) -
> 10°E i PbPb (40-60% Quenched) —=
— = —&— PbPb (60-80% Quenched) =
10—4 — —&— PbPb (80-100% Quenched)
- —&— pp s
107k T =
4f T g S —
i fa::"kT R=04,p = [200,400] GeV 1 INN predicts that strongly
8'_ 3:_ P, > 1GeV/c, Trz-.lcks incone AR<0.4 _.:: quenched jets Lo e j
S [ o Centrality 0-10% —o- 1 1soft tracks than weakly |
O - - B , -4
o) - —— PbPb (Q 0-100%) / pp 11quenched jets ,
9 L] i
- 4?71 | | :
-6 -4 -2 0
Large & values correspond to low energy £ = In(1/ track)
particles within the jet cone, vice versa. — Py

Background and Motivation Feature Engineering GEN Laval Sinulkition Detector Effects Simulation
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Jet Quenchness ML Results — Jet Fragmentation Function

J EWEL Simulation

— L =

10 E_GEN Level *E‘f:‘;

E = ln(llpltraCk) the probability of finding one hadron - ___;L—;'E'E*"H =3
inside jet cone containing certain a longitudinal energy. = 1§_ = = =
% 1oL - _

© = == =

p* Z': o[ - -

' 10 —— PbPb (0-20% Quenched) =

(e = =

LN A 5 - E‘E —&— PbPb (20-40% Quenched) 3

2" 10_3 =3 PbPb (40-60% Quenched) =

Jet fragmentation functions = E + POP (60-80% Quenchea) -
107 o % PbPb (80-100% Quenched) __

—— pp

are modified to different levels o8

+ | +| “||||| L

o N a;ni-k R=04,p__<[200,400] GeV IR e
a nd ordered accord I ng to the o) E PtT'a"" > :GeV/c, TracT:il(s incone AR<0.4 gllj\leagehdelgtjseiz?]ta?/téor;]g:é
o 3 Centrality 0-10% — ‘
o ogeo o o - o= isoft tracks than weakly |
ML quenChlng CIGSSIfIcatIono % E —I—Pbe (Q 0-100%) / pp E quenched jets
| o i i
© 7 i
oC .

I
0)
I
N
o

Large & values correspond to low energy
particles within the jet cone, vice versa.

Background and Mativation Feature Engineering G NIEVE!
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Detector Effects on the Training

f use DELPHES-3.5.0 Fast Simulation tc get the CI\/IS detector responses’. ,

}/ J Tracker (Tracklng EfflClency and Momentum Smeanng)
J ECaI and HCaI for energy smearlng

J Energy Flow algonthm correspondlng to the Partlcle Flow algonthm Ig CMS

The RECO jet energy is corrected to the GEN IeveI in our study. ,

I https://github.com/delphes/delphes/blob/master/cards/delphes_card CMS.tcl

Background and Maotivation Feature Engineering GEN Level Simulation stor Effaiats Sirnulzition J
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Detector Effects: ROC curve and Binary Classification

/1 W Jewel-Med + Most-central BG /1 W Jewel-Med + Most-central BG
TPR=0.40, FPR=0.06 TPR=0.40, FPR=0.13
0 mm Jewel-Vac + Most-central BG O mm Jewel-Vac + Most-central BG
5 5 RECO jet training
> > EFlow Candidates from
i ining @4 a4 DELPHFS:
— Detector effects smear the g . |
A 3 , , Q3 1) Combine the Tracker +
differences between medium Calorimeters
2 jets and vacuum jets 2 2) Comparable to CMS
) \“ ‘" 1 l J Particle Flow Candidates
' Lkbdabbddoiganes) | lbamthlifhs),
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
Raw LSTM Output Raw LSTM Output
g 1.0 — g 1.0 —
Z 0.8 Z 0.8
'% /’.’{\,@1 % x(&é{
f) 0.61 //\’Q%%\ f) 0.6 //\,6%%\
>0.4 el > 0.4 g PN
= ) = PP
0 0.27 | 0.2 / .~
A lp" ) ROC Curve (AUC=0.798) A- ) ROC Curve (AUC=0.734)
50.01 " . TPR=0.40, FPR=0.06 50.01 " . TPR=0.40, FPR=0.13
= | | | | | , = . . . . . .
0.0 0.2 04 06 08 1.0 0.0 0.2 04 06 08 1.0

Yilun Wu

False Positive Rate (FPR)
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False Positive Rate (FPR)
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Detector Effects: Jet Shape

Work in progress
" GEN Level | T ] ' RECObyDELPHES ' ]
- —&— PbPb (0-20% Quenched) —&— PDbPb (0-20% Quenched)
e — . —&— PbPb (20-40% Quenched) | ﬁ —&— PbPb (20-40% Quenched) |
Hi PbPb (40-60% Quenched) e - ©— PbPb (40-60% Quenched)
10° & - 10° —e—g— =
- :t _ - —0— _
= - S : = - —$— -
< - —a— i Detector effects smear the < - —— 2
Q e : : : Q ——
- =— T differences between jets with : —— -
i ———— & . . i |
o —i¢ different quenching levels —
—&— PDbPb (60-80% Quenched) m —— —&— PbPb (60-80% Quenched) =
102 ¢ PbPb (80-100% Quenched) - 102 ¢ PbPb (80-100% Quenched) —
—&— pp —=— PbPb (0-100% Quenched) =] —— pp —'—E

3 anti-k; R=0.4,p Tiete [200,400] GeV 3 anti-k, R=0.4,p Tiet [200,400] GeV
p‘T”“’k > 0.7GeV/c, Tracks in cone AR < 0.4 p:a"" > 0.7GeV/c, Tracks incone AR <0.4
Centrality 0-10% Centrality 0-10%

Q I

Py

- I

S I

Q% 2~ PbPb (Q0-100%) / pp
9 I
Q. =

~ _

S

Q_

but the order of the
modifications predicted
by NN is preserved.

—— PbPb (Q0-100%) /pp —®—

ril ot

+ i
H._.....:

;
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Detector Effects: Jet Fragmentation Function Ratio

Generator Level JFF Ratio Toy Model for Detector Effects*

6 | I | | | | | | | | | | | I | 6 | I | | | I | | | I | | | I |
—$— PbPb (Q 0-20%)/ pp PbPb (Q 60-80%)’ ppg. —$— PbPb (Q 0-20%)/ pp POPb (Q 60-60%)’ P Work in progress

PbPb (Q 20-40%)/ pp PbPb (Q 80-100%)/ pp ®— PbPb (Q 20-40%)/ pp PbPb (Q 80-100%)/ pp

PbPb (Q 40-60%)/ pp —— PbPb (Q 0-100%) / pp PbPb (Q 40-60%)/ pp —— PbPb (Q 0-100%) / pp

—  Mixed with Most-Central BG e —
anti-k, R=0.4, p__€[200,400] GeV
T.jet

—  Mixed with Most-Central BG * —
anti-k . R=0.4,p Tjete [200,400] GeV —0—

41— 41—

p;** > 1GeVic, Tracks in cone AR < 0.4 p;* > 1GeV/c, Tracks in cone AR < 0.4

Ratio of PbPbIpp (1/N g ANy, dE)
I
|

Ratio of PbPb/pp (1/N N7, ,c,d)
|
o
|

. 1 —— ++ | . o —— 3.- : 9 —@— _

¢ = In(1/p*) ¢ = In(1/p*)

* Particle acceptance rate for
PbPb collision: 75%
pp collision: 85 %
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Detector Effects: Jet Fragmentation Function Ratio

GEN Level JFF Ratio Tracks from DELPHES*

6 | I | | | | | | | | | | | I | 6 | I | | | I | | | I | | | I |
—$— PbPb (Q 0-20%)/ pp PbPb (Q 60-80%)’ ppg. —$— PbPb (Q 0-20%)/ pp PbPb (Q 60-80%)/ pp Work in progress

PbPb (Q 20-40%)/ pp PbPb (Q 80-100%)/ pp ®— PbPb (Q 20-40%)/ pp PbPb (Q 80-100%)/ pp

PbPb (Q 40-60%)/ pp —— PbPb (Q 0-100%) / pp PbPb (Q 40-60%)/ pp —— PbPb (Q 0-100%) / pp

—  Mixed with Most-Central BG e —
anti-k, R=0.4, p__€[200,400] GeV
T.jet

p‘f‘"k > 1GeV/c, Tracks incone AR < 0.4

—  Mixed with Most-Central BG | B
anti-k . R=0.4,p T_jete [200,400] GeV
p‘T'a"k > 1GeV/c, Tracks in cone A R < 0.4

| ol

4— 41—

Ratio of PbPbIpp (1/N g ANy, dE)
I
|

Ratio of PbPb/pp (1/N N7, ,c,d)
|

I
L
—H"__I
I

¢ = In(1/p*) ¢ = In(1/p*)

* Tracking Efficiency &
Momentum Smearing
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Detector Effects: Jet Fragmentation Function Ratio

GEN Level JFF Ratio EFlow Candidates from DELPHES*

6 | I | | | | | | | | | | | I | 6 | I | | | I | | | I | | | I |
—$— PbPb (Q 0-20%)/ pp PbPb (Q 60-80%)’ ppg. —$— PbPb (Q 0-20%)/ pp PbPb (Q 60-80%)/ pp Work in progress

PbPb (Q 20-40%)/ pp PbPb (Q 80-100%)/ pp ®— PbPb (Q 20-40%)/ pp PbPb (Q 80-100%)/ pp

PbPb (Q 40-60%)/ pp —— PbPb (Q 0-100%) / pp PbPb (Q 40-60%)/ pp —— PbPb (Q 0-100%) / pp

—  Mixed with Most-Central BG e —
anti-k, R=0.4, p__€[200,400] GeV
T.jet

— . Mixed with Most-Central BG B
anti-k . R=0.4,p T_jete [200,400] GeV

41— 41—

p;** > 1GeVic, Tracks in cone AR < 0.4 p;* > 1GeV/c, Tracks in cone AR < 0.4

Ratio of PbPbIpp (1/N g ANy, dE)
I
|

Ratio of PbPb/pp (1/N N7, ,c,d)
|
|

( Detector effects smear the differences between jets with f * Combine the Tracker + Calorimeters;
different quenching levels, but the order of the modifications | Approximation of CMS Particle Flow
predicted by NN is preserved. | Candidates

YilunWu ’ ~ RHIC-AGS AI/ML 06/11/24 30
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Summary and Outlook

 * J It h thtet|I t dltagle the It \ mechanisms. ‘
J It sffectlvder thect of thI baekgrund d detet effets |
(Simation challenge: how toavad oidepencent? )

J Other MC event generator JETSCAPE — Sav:on Johnson Poster SeSSIon ‘

Apply ML to the dl-Jet pheton-Jet CMS data anaIyS|s (ongomg) a dlfferent method ,
o calibrate the et energy loss using the photon energy. )

Background/and Maotivation Feature Engineering GEN Level Simulation Dataeior Effaeis Sirnulztior) J/
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2018 PbPb (Centrality = 10%) Track Efficiency 2017 pp Track Efficiency

2.4 0.80 2.4

0.60 0.63 0.63 0.61 0.66
2.1 2.1

0.66 0.69 0.69 068 070 0.68 0.70
1.8 - 0.66 1.8 -

0.66 069 0.69
1.5 15

N2 053 M 1.2-
0.87 087 086 086 085 084 0.84 083

0.9 0.9 -

0.61 0.67 071 071 070 069 0.70 0.71 0.89 088 088 088 0.87 087 0.86 085
0.6 - 0.39 0.6 -

061 0.67 071 071 070 069 0.70 0.71 0.89 088 088 088 0.87 087 0.86 085
0.3 - 0.3 -

066 071 073 073 074 0.76 0.72 0.72 090 090 089 089 0.89 0.88 088 0.87
0'0 T T T T T T 0.25 00 T T T T T T
055 2 6 8 10 12 14 16 055 2 4 6 8 10 12 14 16

Pt Pr
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https://github.com/YilunWuVanderbilt/PYT

180

160

140

120

100

80

60

40

20

Thermal Bkg(Underlying Events) Simulation

IA-ANGANTYR-UEGenerator/

Particle.Eta
10° Particle.Eta
C - Entries 13894591
B -2.063e-4
I Std Dev 1.693
:I | I L1 |- I | L1 | | L1 |- I 1 |- | | |- | I 1 L1 |
-3 -2 -1 0
Yilun Wu

I cmnd file
I This file contains commands to be read in for a Pythia8 run.
I Angantyr is used to simulate the underlying events in heavy-ion collisions.

I 1) Settings that will be used in a main program.
Main:numberOfEvents = 20000 I number of events to generate
Main:timesAllowErrors = 3 I 'abort run after this many flawed events

| 3) Beam parameter settings. Values below agree with default ones.
Beams:idA = 1000822080

Beams:idB = 1000822080

Beams:frameType = 1

Beams:eCM = 5020. I CM energy of collision

I 5a) Pick processes and kinematics cuts.

HardQCD:all = on

PhaseSpace:pTHatMax = 5. I minimum pT of hard process
PhaseSpace:bias2Selection = on
PhaseSpace:bias2SelectionPow = 4
PhaseSpace:bias2SelectionRef = 100.

| 6) Other settings. Can be expanded as desired.
Random:setSeed = on
IRandom:seed = 1

I 7) Initialize the Angantyr model to fit the total and semi-includive
I cross sections in Pythia within some tolerance.

Heavylon:SigFitErr = {0.02,0.02,0.1,0.05,0.05,0.0,0.1,0.0}
Heavylon:SigFitDefPar = {17.24,2.15,0.33,0.0,0.0,0.0,0.0,0.0}
Heavylon:SigFitNGen = 20

RHIC-AGS Al/ML 06/11/24 34
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Average Momentum Density <{p)

Thermal Bkg(Underlying Events) Simulation

PYTHIA+ANGANTYR
Centrality~0-10%

CMS Preliminary C

400

220 A

200 A

180 -

=
(o))
o

140 -

5000 5500 6000 6500 7000 7500

Multiplicity

8000

__ 300

© L

D

=3

> 200

m (

O,

Q
8500 () :

2015 PbPb |/s,,=5.02 TeV
Average of 4 tower n-strips
ml <0.174
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v

T

—_
a

v

RECO jet p_/GEN jet p
o

—

0.8
0.6

0.4

100

Yilun Wu

150

200

10° z &
w n
O 14 uQJ
o L S
8 i O
c | 10° u
10° 1.2—
I ..
- 1 02
102 i
0.8
10 0.6 10
0.4/
| I | 1 | | | 1 | I 1 | | I 1 1 1 1 B 1 1 I | | 1 | I 1 | | I 1 1 1
250 300 350 400 3 2 1 0 1 2 3
EN jet P, GEN jetn
0_4 T T T T I
i il - 05
- —|— Energy Flow Jets(DELPHES) - wl, 04
0.3 pp Simulation — © 0.
i antik; R = 0.4,p__€[100,400] GeV _ 0.35 &
w [ i 0.3
o 0.2 — 0.25
© L i 0.2
i | | | | I | | | | | | | | |
foo 200 300 400
Gen jet P,
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0 1 2 3

Jet energy resolution

4

5

e  Energy-Flow Jets (Delphes)

" w— Particle-Flow Jets (CMS)

»  Calorimeter Jets (Delphes)

---------- Calorimeter Jets (CMS)

L acowm
.._..;;.2,.._....é.....-f-«--?“'-7-~... m’ A ﬂ g o.s
'*:: i O<hi<15

6
GEN jetp



T

RECO jet pT/GEN jetp

—

|ILII!I_
L '

0.8

o
(o))
T[T T T

0.4

100
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150

200

250

IIIlllIIIIl 1

1.4

RECO/GEN

1.2

0.8

0.6

300

350
G

400 -3 -2

EN jet P,

04—

0.3

—|— Energy Flow Jets(DELPHES)

PbPb Simulation 0-10% Centrality
anti-k; R = 0.4, Pr o€ [100,400] GeV

400

1 1 1 I L1 1 1
0 1 2 3
GEN jetn

pr Correction: pp ;. X
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RECO/GEN

(A-B-|n|)

pT,jet

+ 1.0

(A=7.0,B=12)
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Neural Network and Feature Engmeermg

space hp ch0|ce( hyper parameters [ S fl - . - ' o

{
'size_batch': hp.quniform(‘size_batch', 2000, 10000, 1000),

'num_epochs': hp.quniform('num_epochs', 30, 50, 5), /
'num_layers': hp.quniform('num_layers', 2, 4, 1), O yi = f(z) Zi=w;*yi1 +b,
'Hidden_size 0': hp.quniform('hidden_size0', 8, 20, 2), X. = Model Input

'hidden_sizel': hp.quniform('hidden_sizel', 4, 8, 2),

'learning_rate': hp.uniform('learning_rate', 0.01, 0.05),

'decay_factor': hp.uniform('decay factor’, 0.9, 0.99), 1

'loss_func' : hp.choice('loss func’, ['mse’]), Layer 1 Layer 2

NN parameters — weights and biases
Unit pre-activation

Unit activation
X, = Model output

C(x,) = Error in output (SSE, Cross entropy, etc)

1) Hyper parameter space ' Fully Connected layers

Stacked LSTM layers + 2 full-connect layers.
Output of the last step from the top LSTM layer
1s directed to two full-connect layers.

Both the input and output dimensions of the L> _] T
first full-connect layer are the hyper-parameters — A >

A A |
defining the architecture of the neural network. é ‘
x) .

* Paper: JHEP04(2023)140

M Yilun Wu RHIC-AGS Al/ML 06/11/24


https://link.springer.com/article/10.1007/JHEP04(2023)140

Training+Validation

Select jets from dataset to form batches:
Non-quenched jets from Jewel-vacuum
from Jewel

Mean square error (MSE) batch loss

zbatch W; * (xi - yi)2

Z batch @i

L. =

w;: event weight
x;: predictive label
y;: truth label

(w; = 1 for real experimental samples)

Input dataset: 200k events 200k events
No. of Jets Training Set (w/wo cuts) | Validation Set (w/wo cuts)
Non-quenched jets 42535/310332 42272/310276
Medium jets 52954/298675 52967/298876

0.60

0.55 -

0.50 -

0.45 -

Loss

0.40 -

0.35 -

0.30

0 100 200 300 400
Step Index

Example of batch loss decreasing in the training
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