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e
The ALICE experiment

Designed to study the physical properties
of strongly interacting matter at
extremely high temperature and energy
densities reached in heavy-ion collisions
at which a Quark and Gluon Plasma
(QGP) is formed

Study QGP to better understand:

- Confinement

- Parton energy loss in the presence
of free color charges

- Formation of hadronic bound states

- Restoration of chiral symmetry

- Primordial universe and compact
objects like neutron stars The ALICE detector
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Probing QGP with heavy-flavor (HF) quarks

HF quarks (c,b) produced in hard scatterings §-AEa|:Iy e

at initial collision stages, before the i < Quark and Gluon
formation of QGP gl crossover @ Plasma

— experience the entire QGP evolution '

100
L

Energy-loss effects resulting from
interaction with QGP constituents

Temperature [MeV]

SPS, SIS 300
Hadrons

Color super-
_ conductor ?

b-quarks are more sensitive probes than
c-quarks due to higher mass (less
thermalized, radiative loss suppression...)

0 Nuclei! Mt Net baryon density pg

Phase diagram of QCD
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e
What is a jet ?

High-energy partons (quarks of gluons) radiate
gluons in the direction of their propagation, they
become quark-antiquark pairs which radiate
gluons...etc.

2k,
— This process is called «showering» and is q e, .
followed by hadronization. 2 2

o Qo[ —m

o [
The newly formed hadrons propagate approximately S22 K-
in a cone aligned with the direction of the primordial K,
parton. This object is called a hadronic jet. Illustration of jet production

The flavor attributed to the jet is the flavor of the
initial parton : light flavor, charm or beauty (If,c,b)
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PhD subject - quick explanation (1/2)

Measurement of b-jet production in pp and Pb-Pb
collisions with Run3 data — Nuclear modification in
Pb-Pb with respect to pp reference

Advantages of studying b-jet production :
- Jet pT directly related to b quark pT
- Jet substructure provides unique insight into the
energy loss mechanisms

Raa

——— T
® Ras Prompt Do (ALICE) PbPb 5.02 TeV 0-10% lyl < 0.5

10 20 30

pT (GeV/c)
Nuclear modification factor for
prompt DO production for central
and peripheral collisions
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PhD subject - quick explanation (2/2)

Measurement of b-jets consists of :
1. Jetreconstruction

2. b-jet tagging/identification (separation from charm
and light-flavour jets)

3. Proper treatment of huge background in Pb-Pb,
especially at lower jet pT

Upgraded ALICE detector in Run3 :
- Orders of magnitude higher statistics for b physics
with respect to Run 1-2
- New Inner Tracking System — significant

® Ras Prompt Do (ALICE) PbPb 5.02 TeV 0-10% lyl < 0.5

pT (GeV/c)
Nuclear modification factor for
prompt DO production for central
and peripheral collisions

improvement of track impact parameter resolution
— crucial for b-quark measurement
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e
Jet Tagging - Tools for performance evaluation

Study in different jet pT intervals :

[5-10], [10-20], [20-40], [40-70], [70-120], [120-200] (GeV/c)

Number of selected b-jets

Efficiency = ,
Two quantities to evaluate the Jotal aumber o5 bjets

performances of the tagging algorithms Number of selected b-jets

Total number of selected jets (b,c,If)

Purity =
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Jet Tagging - Main parameters of the analysis : IP, IPs

Impact Parameter

IP of track: distance of closest approach (DCA) of the and its sign
track to the jet production vertex in the transverse plane of e e Bl
the detector (perpendicular to the beam)

18]
IP significance (IPs): IP / ¢ u .
(6 = IP resolution) 1. Vertex T%

o>n2 — §=—]3l

We take into account the sign of the IP

1. Vertex

In this presentation, the tagging was done with IP. Future
analyses will be made with the IPs
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e
Jet Tagging - Track counting and BDTs

Impact Parameter significance with Track Counting

IPs of jets :b>c>If — strong discriminating power

Track Counting algorithm:
- Arranges IPs of tracks in jets in descending order (15, 2", 3" |argest IPs)
- Jet tagged as b if N largest IPs > chosen threshold
- Nt'largest IPs and threshold give different tagging efficiency and background rejection
- 3" ]argest IPs has the highest purity
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Jet Tagging - Track counting and BDTs

Classification with Boosted Decision Trees (BDTs)

BDTs : many DTs and combination of results

R £ 3 44
[:] F]] [J:] J] /: i [Dietterich, 1997]
b ke
[

') -
L I ) Class 1 : - Al Class 1

[p=0.13] | p=0.91 | [ ye01 ] [p=0.91‘
fail ‘\ 4 pass fail 4

A Rraza I
2 J pass L __'..:
; |
| y<0.04 [ x<1.8 ] _ij/_/_'
fail ; pass 1
'{ x<1.53

Decision Tree

Class 2 Class 2
b

Multiple trees (left) - Combination (right)
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e
Jet Tagging - Track counting and BDTs

Classification with Boosted Decision Trees (BDTs)

1. Finding the right input (importance and correlations)

2. Training and testing on Monte Carlo
a. Separating the Monte Carlo dataset in two
b. Training on one set
c. Testing on the other set

3. Choosing the score cuts based on our choices of
efficiency and purity

4. Applying the BDT to data when the testing is optimal
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e
Jet Tagging - Track counting and BDTs

Feature importance | [70-120] GeV/c

mSignedIP2D 1 I
mTrackpT1 N

mSignedIP2D2 [N

mSignedIP2D3 NN
mTrackpT2 NG
mTrackpT3 NN |
mDeltaRT)1 NN
mDeltaRT)3 N =

I

mDeltaRT)2 NN
mjetpT Il

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
mean (|[SHAP value|)

(average impact on model output magnitude)

C
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Jet Tagging - Track counting and BDTs

b

mDotProdTrackjet3 |
mDotProdTrackjet2
mDotProdTrackjetl
mTrackpT3 |
mTrackpT2 |
mTrackpTl |
mSignedIP2D3 |

mSignedIP2D2

mSignedIP2D1

mjetpT

mjetpT
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[70-120] GeV/c
H

i -

r0.00
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-0.50

-0.75
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mSignediP2D2

mSignediP2D3 [

mTrackpTl
mTrackpT2

mTrackpT3

mDotProdTrackjetl

mDotProdTrackjet2 [

-1.00

mDotProdTrackjet3 [

Strong correlation = red
Strong anti-correlation = bleu

[70-120] GeV/c

b
mDeltaRT)3 |
mDeltaRT)2 .
mDeltaRT)1 .
mTrackpT3 .
mTrackpT2
mTrackpTl
mSignedIP2D3
mSignedIP2D2
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mjetpT " " " " " " " "
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e
Jet Tagging - Track counting and BDTs

Classification with Boosted Decision Trees (BDTs)

1. Finding the right input (importance and correlations)

S S T
2. Training and testing on Monte Carlo £ ostff.- @ g e
a. Separating the Monte Carlo dataset in two E{ | S~ —
b. Training on one set 06 AAAAAAAA — ' ' '
c. Testing on the other set o5l O
(W] SR /S R— & SHIGIETIES 0D testngisample
. . ° Boosted t testi I
3. Choosing the score cuts based on our choices of 03 TR AT e
efﬁCienC and purlty 0.2 ° Single tree on training sample
y 0.1y ° Boosted trees on training sample
o ||||||||||||||||||||||||||||||||||

4. Applying the BDT to data when the testing is optimal S Background Fraction
Example of efficiency : DTs vs. BDTs
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e
Jet Tagging - Track counting and BDTs

Classification with Boosted Decision Trees (BDTs)

1. Finding the right input (importance and correlations) _ b output | [70-120] GeV/c
- . —~ 10!
2. Training and testing on Monte Carlo %
a. Separating the Monte Carlo dataset in two S5 100
b.  Training on one set ¥e)
c. Testing on the other set L 101
'IUE’ b pdf Training Set
. . If pdf Training Se
3. Choosing the score cuts based on our choices of § 1072 : C p Taining Set
. . b pdf Test Set
efficiency and purity ¢ I pdfTost set
10_3 ¢ ¢ pdf Test Set
) o , 0.0 0.2 0.4 0.6 0.8 1.0
4. Applying the BDT to data when the testing is optimal BDT output for b I

Tagged as b above chosen score
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e
Jet Tagging - Track counting and BDTs

Classification with Boosted Decision Trees (BDTs)

1. Finding the right input (importance and correlations)

2. Training and testing on Monte Carlo
a. Separating the Monte Carlo dataset in two
b. Training on one set
c. Testing on the other set

error rate

3. Choosing the score cuts based on our choices of
efficiency and purity

ber of t h
4. Applying the BDT to data when the testing is optimal NUMBErOF ress/Epachs

What to expect for BDTs
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e
Jet Tagging - Track Counting performances with IP

0.9

0.8

0.7

0.6

0.5

Efficiency and mistagging rates

0.4

Chosen threshold : 0.008cm

Efficiency with IP of the 3" largest IPs (red)

. — Efficienc:y
—— Mistagging ¢
—— Mistagging If

iy

1 L1 L1 I I PRI R Lo
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Purity with IP of the 3™ largest IPs (green)

. - purity N1
purity N2
«— purity N3

Lo Ly

140 160 180 200
jet pT (GeVic)
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e
Jet Tagging - Track counting and BDTs

Choosing the score cuts based on our choices of efficiency and purity

b output | [70-120] GeV/c
(1) Choose score cut on b: (> than chosen limit) ol
high score cut = low efficiency, high purity )
5 10°
. o)
(2) Choose score cut on If: (< than chosen limit) | 5,
low score cut = lower efficiency, higher purity 2 —
31072 A
. . . (@] ¢ b pdf Test Set
In practice: scan all the score combinations - ' e
to find the cuts that match our needs the best 00 02 04 06 084 10
. . . BDT output for b
in terms of efficiency and purity

Tagged as b above chosen score
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e
Jet Tagging - BDTs (4 inputs) performances

First analysis with 4 inputs: jet pT, IP of 1, 2"d and 3" largest IPs

Choice of cuts on scores: maximizing the 3 following quantities and matching the efficiency
to the Track Counting method by scanning the BDT scores

Number of selected b-jets
y/ Total number of selected jets (b,c,If)

Significance =

Number of selected b-jets
v Number of selected b- and c-jets

Significance alternative =

Number of selected b-jets

ignal Back d =
signal over Baclkgroun Number of selected 1lf- and c-jets
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e
Jet Tagging - BDTs (4 inputs) performances

Efficiency (Track Counting and

. . Purit
efficiency matching overlap) y
1.0
107 %%
0.8 0.8 1 }—H//—"—I
—&— BDT 4 feats. match eff. 0.6 1
g 08 W E BDT 4 feats. max sig. > .
g —@— BDT 4 feats. max SoB. b
E Z$— BDT 4 feats. max sig. alt. &
w
0.4 4 —§— TCsIPN=3 0.4
0.2 1 0.2+ -
0.0 L= == - - = = > 0.0 ! I . r : .
[5-10] [10-20] [20-40] [40-70] [70-120]  [120-200] [5-10] [10-20] [20-40] [40-70] [70-120]  [120-200]
jet pr (GeV/c) jet pr (GeV/c)

Chosen cuts on BDT scores : significance maximization and efficiency matching to Track Counting
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e
Jet Tagging - Efficiency matching - 4, 10 and 11 inputs

Efficiency matched to Track Counting Purity
1.0 L0
~$— TCsIP N=3
—@— BDT 4 feats.
~$— BDT 10 feats. TPT+DR
0.8 - ~$— BDT 10 feats. DP+DR 081
=$- BDT 11 feats. NT+TPT+DR
©— BDT 11 feats. NT+DP+DR —$ TCsIPN=3
.. 0.6 0.6 1 &= BDT 4 feats.
2 2 ~$- BDT 10 feats. TPT+DR
S 3 ~$— BDT 10 feats. DP+DR
£ o - =$— BDT 11 feats. NT+TPT+DR
- &— BDT 11 feats. NT+DP+DR
0.2
0.0 . , . . . 0.0 ' ' ' ! '
[5-10] [10.20]  [2040]  [40.70]  [70-120] [120.200] [5-10] [10-20]  [20-40]  [40-70]  [70-120]  [120-200]
jet pr (GeV/c) jet pr (GeV/c)

Here we chose cuts on scores to match the efficiency obtained with the Track Counting method
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Jet Tagging - Efficiency matching - 4, 10 and 11 inputs

Different _combinations of inputs were tested:

Purity zoomed in on BDTs

(1) BDTs with 4 inputs : 0.825 1
jet pT + IP of 15, 2", 3 |argest IPs 0.800 4
(2) BDTs with 10 inputs : 0.775
4 first inputs + Track pT 1,2,3 + DeltaR 1,2,3 0.750 4

4 first inputs + Dot Product Track-Jet 1,2,3 + DeltaR 1,23 >
3 0.725 1
(3) BDTs with 11 inputs : 0700 4

10 green inputs + Number of tracks in the jet

0.675 - —&— BDT 4 feats.
' ~$— BDT 10 feats. TPT+DR
~$— BDT 10 feats. DP+DR
0.650 A
Results: —é— BDT 11 feats. NT+TPT+DR
as=l L —o—

BDT 11 feats. NT+DP+DR

- similar purity for the 2 combinations 0.6251 . i : : .
- a Iimit on max|mum punty may eX|St [5-10] [10-20] [20-40] [40-70] [70-120] [120-200]
jet pr (GeV/c)
AR — \/A¢2 + An? : Delta R between track and jet All BDTs were set to the same efficiency
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My service work for the
ALICE collaboration

Clément LOTTEAU



e
Service work - Track Properties and Tracking QC

ET B0 o s T BTN R T Lo a1

Quality Checks of datasets,
comparison between periods and
between dataset and Monte Carlo

Normalized counts
)
[

anchored to it O E
. . o . <

Personal contribution to the s

analysis code o = )

| IIIlIII|

i

Wrote a full tutorial for my peers A AN
=-0.15 -0.1 -0.05 0 0.05 0.1 0.15

who took over from me deaXY [cm]
Example of problematic Monte Carlo DCA XY
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e
Service work - Track Properties and Tracking QC

Quality Checks of datasets,
comparison between periods and
between dataset and Monte Carlo
anchored to it

Without new cut Anchored MC

Personal contribution to the g

analysis code
Number of contributors
B ol to the PV

VS.
Tracks with selection

Wrote a full tutorial for my peers
who took over from me

With new cut

Clément LOTTEAU



e
Service work - Track Properties and Tracking QC

Quality Checks of datasets,

comparison between periods and ————
between dataset and Monte Carlo == = ==
anchored to it

Personal contribution to the e 15, AnalsssQC page on MonALISA

M We will use this path as <input_dir> : /alice/data/2023/LHC23zzh/. For <recopass> (recon-
a n a yS I S C O e struction) we will use ’cpass2’ in this example and for <analysis_name> we choose 'EventTrackQA’.
Now we write (on a single line) the following command in the terminal :

./download files.py /alice/data/2023/LHC23zzh/ cpass2 EventTrackQA
localcopy/alice/data/2023/LHC23zzh _cpass2

Wrote a full tutorial for my peers
who took over from me

Picture of the tutorial
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Thank you for listening
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Primordial Universe and Neutron Stars

t = 15 billion years

quark-hybrid traditional neutron star
star o

T=3K (1meV) today

hyperon

Hubble expansion  —p formation of galaxies sfar

neutron star with
pion condensate

matter dominated

cosmic microwave —
radiation Fe
- absolutely stable 6 3
| | nucleo-synthesis Strange quark 10" glem
matter 1 3
10 glem
quark hadron 101 gom 3
phase transition ‘

quark-gluon matter strange star

nucleon star

electroweak phase transition M~ 1.4 Mg,
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HEEs—SS—SS————————SLeLee———T
Dead Cone effect

Radiative energy loss
suppressed in the “Dead Cone”

Stronger with b quarks than
with ¢ quarks because of larger
masse
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T
Jet algorithms

Jet reconstruction algorithms are either “sequential
clustering algorithm” (SCA) or “Cone Algorithms”

2c Ks
. . . E 9 _—

Used anti-kT algorithm to reconstruct jets (SCA) q 2 —m
which is IRC safe 2e—

o Qo[ —m

o [

3 < K
IRC safe: InfraRed and Collinear - guarantees that the K,
measured jet can be linked to a theoretical Illlustration of jet production

observable
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Boosting (combination of Decision Trees)

(1) Traintree T1 on N events

(2) Train second tree T2 on new N’ events, half of which was
misclassified by T1

(3) Build third tree T3 on events where T1 and T2 disagree

(4) The boosted classifier takes the majority vote from (T1,T2,T3)
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I
BDTs - Python Packages

Matplotlib to produce plots (version 3.9.2)
Pandas for data analysis and data manipulation (version 2.2.3)
NumPy for scientific computing (version 1.24.4)

Hipedml for link between ROOT and Python : TTree manipulation in Python, handling BDT models and
visualization (like correlation plots) (version 0.0.15)

Scikit-Learn for creation of the classifier (version 1.3.0)
XGBoost for gradient boosting (version 1.7.6)
Optuna to optimize the hyper-parameters of the model (version 4.1.0)

Hipe4ml_converter to convert the BDT model to ONNX format (version 0.0.7)
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e
BDTs - hyper-parameters optimization with Optuna

Hyper-parameters optimized with the Optuna package:

max_depth: maximum depth of a tree

learning_rate: step size of the gradient descent

n_estimators: number of trees

min_child_weight: minimum sum of instance weight needed in a child
subsample: subsample ratio for the training process

colsample_bytree: subsample ratio of columns when constructing each tree

Non optimized hyper-parameters:

- n_jobs: number of parallel threads used to run XGBoost
- tree_method: exact, approx or hist (hist was chosen). Specifies which tree method to use.
hist is a fast approximated solution
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Jet Tagging - MC studied and cuts

MC dataset: proton-proton @ 13.6 TeV jet-jet oversampled

Cuts on MC data:
- jet|n] <0.9
5 <jet pT <200 GeV/c
jetradii=0.4
track [n| < 0.9
0.5 <track pT < 200 GeV/c
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e
Jet Tagging - Scanning cuts on scores - example

Significance distribution vs. b score
and If score cuts | [70-120] GeV/c

1.0

____ optimal b score lower %

e e limit = 0.4418
0.8 [ ___ optimal If score upper | ”
] limit = 0.1658 o
Example of a full scanonband If  2os} “
scores to maximize the S }
significance a4 p ,

20

0.2

10

3

0.4 0.6 0.8 1.0
If score <
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I
Jet Tagging - All BDTs with 10 inputs

Purity with efficiency matching to TC sIP N=3

. . Focus on BDTs
All 10 input configurations : o= BDT 4 fents.

0.825 1
Track pT + Dot Product Track-Jet _ =dindiniuiglithp
TraCk pT + Delta R —®— BDT 10 feats. DP+DR

0.775 1
Dot Product Track-Jet + Delta R
0.750 4
The combination TPT + DP gives lower 07251
purity than the other combinations 0.700 1
0.675 4
0.650 1
0.625 1 . i | i i i
[5-10] [10-20] [20740] [40-70] [70-120] [120-20t¢
AR = \/Aqbz + An? : Delta R between track and jet jet pr (GeV/c)
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S
Error bars

For Track Counting: Statistical error bars

For BDTs:
- 110,000 jets for each flavor in each jet pT bin
- 80% for training, 20% for testing
- Error bars obtained by training-testing 20 times on shuffled sets
of events randomly drawn from a larger pool (> 110,000 jets)
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-
Timeframe cut

The drop in entries in the tail creates a G
horizontal population in the plots on the i :
right. The added cut removes the tail and £ B
keeps the bulk = )
: - -
£ 1600 f—
5 Without new cut Anchored MC

1200 |— o T

Tail 5'50:
800 f— Number of contributors
Bulk 33 to the PV
400 50; VS.
I Tracks with selection
NN S NS N S N — - e e
0 2000 4000 6000 8000 collision index With new cut
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End of BACK UP
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