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Introduction

Jets

- Jets are collimated flows of hadrons

- Produced by a parton shower:
* ag increases as the quark moves away from the IP
+ The quark radiates a gluon, which splits into qq, ...
+ Partons hadronise

W)

—>dJets are observed etection

e ~— Hadronization

. - lets: Fragmentation ~ hadrons @@ .
Heavy quark ]etS. \ e partons @@ ..
- Parton showers are mass dependent

4]

« Higher quark mass changes the shower
- Low-angle radiation is suppressed
- Dead-cone effect

b quark

b hadron

Parton shower Hadronization [3]
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Introduction

What are EECs?

- Energy-energy correlators (EECs) are observables correlating particles

do’[N} K E.

— . N lg
EEC = y f do §(x; —max(AR; 5. AR, NITY, =2 [1]
L i1 00,0l
- Correlate particles inside a jet _ 129M5 Preliminary 363 fo” (13 Tev)
. Angular distance: AR = \/ ( An)z + ( A(I))Z Tg% C Free hadron Confinement Perturbative]
- Exist as 2-point, 3-point, ... N-point ‘_|Z_10;_ N B
gl e Data < . 5
- Clear separation of time evolution regions: B . ]
+ Perturbative (free quarks, gluons) 6:_ . B
- Confinement 4 . . -
- Free hadron N . ‘ . ]
P - 220 < p! < 330 GeV ‘-.,_. :
[—L+l—+!— O_ .*Z‘..l n N ,. [5]
- 0—3 0—2 —1
3%'[— .................................. & E(ty) 25(7:;2) L L 0 X
2 4 9(E) :
AI;LZ AR\.} A".ez,,% ’ AR g(ﬁ‘i) Perturbative [6]
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Effect of jet flavour _+ - ..
* b-jets: dead cone and B hadron decay (this -

Infrared and collinear safe

|

_t
¢
++
¢
+

— : : -

*+| PR I T S N

: Tl ) ALIGE Preliminar - - - et
analysm) ‘}Fgm__ pp 15 =13 TeV % - 60< ™" c80Gevie | | o G =
sk anti-ky, ch-particle jets - 40 < pf““‘ <60 GeV/c 5 0 [ . .
. 18~ R=04.In,1<05 == 20 < p"* < 40 GeVie 102 107
- Effect of jet energy L ot dave " A
. 1.2
- Extraction of ag [8]

- Heavy 1ons: properties and effects of

QGP
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Introduction

Heavy 1on collisions at CMS

- At LHC: PbPDb or small ions collisions 1 month per year
- Heavy 1ons contain many protons and neutrons
- Their collisions free large amount of energy

>Access the quark-gluon plasma (QGP)

QGP:
- Quawk Gluow Plasmav

- Quark “soup” (caution: HOT!)

- Hot and dense matter
- Quarks and gluons are deconfined [10]
>Present in the first moments of the Big Bang

>Important for the study of QCD confinement
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Introduction

Study of jets 1n QGP

- QGP has many effects

- Study:
- Jet energy loss
- Jet constituents and QGP interactions

with:
« Jet substructure observables
- Energy-energy correlators

Jet quenching Jet narrowing Wake effect
1.70 b PbPb (5.02 TeV) + 302 pb” pp (5.02 TeV) 1.70 nb™ PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV) B 2o 1~ tagged
L i B C Hadrons, n =1 =l
120 < jet p_< 140 GeV ~ CMS 120<et Py < 1anceV + g Full anti-k: jets, R = 0.8
antik, R = 0.4 1.5 Supplementary anti-k; R = 0.4 ) a: 260 GoVic < <360 GeVle &1
B p— I [ a
L2 s e Ly = | smemm o
% ::4 p:-h > 1 GeV o) =L +++ By = Taakins . B e e D & Jot + no wake i
[ N - = L g - e
8 I CMS supplementary ™ n=1 % % )| *__.‘_#_* N 14— R
= 109 T s -, " F T
Ll | PbPb 0-10% __::\ D_ | .- o 12— . __.;'_i;ﬁ-;’"’ = s
* L == PbPb 0-10% = T . ey -
- I @ L=y e S
L e - = = o
i ® "= 0.5} 0s B EEES
- Epp arXivi2503.19993 o - arXiv:2503.19993 e
| L : Lol | - L . L L i - r ol L 1 TR IS O I o | 1 ' P R R I
107 107" 10 107 A
Ar [1 3] Ar [12] 4., Yale WWND 2024
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Our analysis: EEC inside b-jets
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Analysis

EEC analysis and event selection

Focus on 2-point EEC inside b-jets with a single B hadron:
- Access different energies

—->Study energy loss effects
—~>Heavy quarks produced before QGP, they experience its full evolution M}
—>Study B hadrons

Samples:
+ pp CMS dataset at 5.02 TeV

« MC simulations made with Pythia 8

- Gen: generated events
+ Reco: generated events passed through the simulated detector

EEC(AR)

Jet selection:
- b-tagged jets
© 100 GeV < pr e < 120 GeV

. <1.6
i 2 > AR

() E(7i2) AR, AR, AR, 5

Particle selection: >
 charged particles within b jets q(E)

* Prtrack = 1 GeV 3 [6]
+ Pair different particles £lit)
ns
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Analysis

Effect of B hadron decay

- Some tracks come from B hadron decays

- Aggregation: cluster tracks from B /B@ B
/
—> -

to a single particle, use a BDT score

- In Lida’s PhD analysis: big effect

CMS Simulation Preliminary

PYTHIA8 CP5 (pp 5.02 TeV) CMS Simulation Preliminary

PYTHIA8 CP5 (pp 5.02 TeV)
< 3 T T T 0.03.§ = 3 T B B R A R 0.03
8 25 Unclustered b hadron decay daughters @ 8 .5 Clustered b hadron decay daughters =
< Particle Ievete?m"kr R=04bjets — o> © Particle level anti-k;, R =0.4 b jets ] S
E 2 100 < p*' < 120 GeV, | < 2 L S 100 < < 120 Gev, f*| <2 0025 &
15 Soft drop (charged particles) g Soft drop (charged particles) J &
: z,,=01, p=0 3 15 z.,=01,p=0"4 .g'
: 3 1 3 s
£ = g
0.5 S 0.5 = s
b= z

0 -

-0.5 -0.5 _E

0 0.5 1 15 2 25 3 35 4 0 0.5 1 1.5 2 2.5 3 35 4
A p P InRRY QL P iRy [3]

~ decav dailiahters ‘—-. rocant b decav dauahtere el stered

- Does 1t also have an effect on the EEC distribution?
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Analysis

Effect of B hadron decay

- Also EEC shows a difference whether the tracks coming from a B
hadron decay inside the b-jet are aggregated or not

- It has to be considered!

Effect of aggregation on EEC

10
9 :_ 100 < P, < 120 GeV —@— reco aggregated
—  MC simulation é @ reco not aggregated
8 — single B jets e . gen aggregated
5 —  BDTscore>-0.9 e ‘
= T L
= E . —)
O 5F i + 0o
i = + o
~ * .
4 —+ =
I & ===
- 4
- e
2— + - + ==
— - —— ===
1= . *
- ® i
- - g4 ®
0 = 1 1 | 1 1 | 1 1 1 1 1 1 il | 1 1
107 107
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TMVA overtraining check for classifier: BDTG

3 o0 HT 7| Signal (test salpte) "~ " [ T « 'sighal (tralning 'shmpie) T " 7 Ana]'y S1S
% . g7 ound (test - ound ( p
° ° g & test: signal (| gr ) p y = 0.071 (0.001)
BD'T working point °: :
12 3
10 g
8 £
Our working point: get as much signal as possible + g
: ::k.;"—t;s —I-Olduloizll CI! , bJZI : JDIl'lI OLS DL;.FJ 5
. . . A i X i A ¥ X 2 1
Effect of missing one decay particle: BDTG response
Subjet definition: EEC:

L=PL k= /

EEC: finding every decay product seems more important than rejecting the fakes

- Optimisations can be implemented, e.g. neural networks
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Analysis

BD'T score and signal extraction

BDT score does not tell us which B 1s
the parent

- no separation between single B
and more B hadrons

Extract signal with a template fit

- Separate:
- signal (single B) jets
+ 2-or-more-B jets
* non-B jets

- Background will have a different
partially reconstructed B-hadron
mass mg distribution than the

1200

1000

800

600

400

200

Mass stacked histogram (bjet sample)

—&— full MC
I -
B roeE
‘;!x=§ other

100<p < 120 GeV
MC simulation

aggregated jets

signal
T - SN S @é =N B .
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Mass stacked histogram (bjet sample) Ana]-YSIS

1200

Template fit

4D template fit (mg, Ar, weight, jet pr)

—— flMC
Bk
B o B
P other

100 <p, <120 GeV

MC simulation

aggregaled jets

Discriminating variable: mg

Fit: signal fraction

Templates from MC: 1-B and more-B, other background negligible

1 —
L — —
0.8—
E —
o —
g 100<p_<120 GeV
£ 06— fitted signal
= 5 100 < energy weight < 200 .
8 QrweEe ——= MCsighal
E ~ Data HighEGJet + LowEGJet fitted more B background
= 0.4 B Template from MC dijet + bjet —— —— — MC more B background
Y . —
0.2}— B s PR
— =
= — —
0 |> 1 1 1 1 1 1 1 1 | — 1 1
10

Francesca Meuli CMS Heavy ions M2 Internship



Unfolding

Analysis

80 GeV <pr <100GeV 100GeV <pr <120GeV 120 GeV < pr < 140 GeV

A N A
p
. ' i € 160 —os
We are studying EECinapy £ 160f
window - L
= 140[— —0.7
- Account for p; bin migration 7P P
and detector effects with g 120 —0.6
unfolding o)
@ 100 - —05
: i |
» Response matrix Particle level 2
M / £ 80 0.4
o
v Y Z i,jlj 60 0.3
Detector level J=1
- Ar, EEC and jet py are 40 0.2
correlated
20 0.1

- Do 3D unfolding

- Unfolding with RooUnfold
matrix inversion (no
regularisation)

Francesca Meuli
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80 100 120 140 ot 160
Detector level eec * dr * P, bins
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Results after unfolding

EEC(Ar)
»
1+| N

|III|IIII|IIII||I|I]IIII|II|I[G’|II
T

MC bjet response matrix
Data HighEGJet + LowEGJet
3D jet |:1T dr, eec unfolding

e
—_—

[ — A —

100<pi:t<120(GeV) —
Detector level data (tagged single b jets) ' —
Detector level MC (tagged single b jets)

Unfolded data (tagged single b jets)
Particle level MC (tagged single b jets)
Refolded data

M > K B W

1.5

ratio
1
1

@ recodata/reco mc
o= unfolded data / gen mc
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Analysis

Further corrections

Correct for other effects not taken into account by the template fit and

unfolding:
- b-tagging efficiency from gen MC Effect of b-tagging on EEC
—untagged EEC/tagged EEC 10
) o 9 100<p_<120 GeV —e— tagged
- Track reconstruction efficiency gen MC

@ not tagged

aggregated single B jets %e +—¢ %

IHIlI@!IIIIIIIIlIII|IIIIIIIII

For now only the b-tagging correction 3 5 i
o 5 T—+— t
1S 1 {0 e .
1s implemented . ‘ +
= le
= 1y ==
28 i
12— _?_ w—j&_ﬂ_@ﬂ
- L | 1 |
° 107 10"

Ar
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Comparing to 1nclusive jets

i -
8 12—
- | ®  Unfolded single B b-jets data
if — ® Unfolded inclusive jets data
8 —+—' 100 GeV<pT<120 GeV
B Data HighEGJet + LowEGJet
- 3D jet p_r dr, eec unfolding
6 —
- ; P i
: — :?:4‘
41— Q * § ——
— ——
2 ::‘:‘,_._
9 1 1 1 1 1 1 I 1 L
} b-jets / inclusive jets
15—
.% 1l-- — *— L T
—o—
05—
0 1
107
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Outlook

Future development of the analysis

Effect of jet p,on EEC

- Eventually: analyse heavy 1ons o
data and compare to this pp analysis

--80< P, < 100 GeV
# 100 <p, <120 GeV
@ 120<p <140 GeV

gen MC
aggregated single B jets

Other studies:

- EECs with higher weight exponent (n = 2, ...)

EEC(Ar)
O L. N W B N N m ©

J\Illmll\\I|II\\III\\{III\‘IIII‘LIII‘\IIJ'\EI!‘HII
s

;

d

e . : fi™ b =
- Distribution in different p; windows et .
+
. . . . . M| | L L P TR |
- Distribution for different jet flavours 107 ; 07
. Ratio of EECs Effect of jet flavour on EEC
- Ratio E3C/E2C ¢ T2
= —4— L .
C 100 < p, <120 GeV L 100<p, <120 Gev —— bjets
6:— gen MC 10— genMcC —o— cjets
= aggregated single B jets [ aggregation for b-jets = lightijots
i3 i o i
Sisab 2 - ’
y il “s
E . : F— +++*4—;:3
2 4+ i e -t - .
E - L & e
E ++ 2—_ -%, .
0: ~8- —.—~—.—++ e = >3
Lo “", : ! P 1 :
10° - 10 102 o 107
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Conclusion

- EECs are very interesting observables: they are sensitive to the QCD
evolution and can be used to investigate QGP

- EECs show a difference when B hadron decay products are aggregated

- B decays have to be considered
- 3D unfolding necessary because of the correlations
- EEC b-jets analysis is feasible

- Many interesting evolutions of the EEC analysis for CMS heavy ions:
- Flavour, jet py, QGP effects
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Introduction

The CMS experiment

Experiment located at the LHC at CERN

41 hermetic calorimeter
* Tracking
- Electromagnetic calorimeter (KCAL)
« Hadronic calorimeter (HCAL)
* 4T magnetic field
* Muon detectors

- Many physics interests

chambers

1373 collider data papers submitted as of 2025-05-04

Exotica
Higes (2]

, Top
¥ Heavy ions
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Extraction of ag

§2.4E T T 1 \\l\‘ T T T \\\Il T T T \I\I\‘ T T E [3]
‘g‘ 2.2 Hadron level E
. T . W 2F —— Jet pT €220 to 330 GeV g
- The ratio E3C/E2C is directly proportional to ag A A 8 B k
doN] n w Ei 1.6 —— Jet pT €1101 to 1410 GeV _.—j
EEC = b f,,,‘§,‘N do d(x; — max(AR; ;,...AR; i )T, : ik __:5:"5!" E
. . . .. 1.2F —tl =
- Three time evolution regions also visible £ s E
. . 08; ‘ e s =
- Measuring at different energy one sees the expected = E
behaviour of ag oab E
_‘m_‘ 2 T T T T T T T T I T T 0.2: L Il \\\l\‘a Il L I\\\II 2 1 11 111 \‘1 1 I:
%U S | ALICE Preliminary et 4 10 10° 10° o
bm b$18_ pp\‘g=13T9V +60<p'|'_ < 80 GeV/c 1 ' A
©'® - antik;, ch-particle jets —=— 40 < p7* < 60 GeVic . Free hadron Confinement  Perturbative
1.6— = ch,jet .. i
[ R0 el <05 Rl Ry S GeViE CMS Preliminary  36.3fo" (13 TeV)
pr > 1GeV/e LU B B L L B L L
14 T <c.\!> 0.8F =
L N ]
-~ 0.7 _—+ 3
i S t Data .
W oo =
| 5 F " :
o 0.5 ¢ —
0.8} o= = ; =
_9 - Slope = Height / Base ¢ 3
CD 0.4 __ i,-u-uu-ﬂn;;;u-u-':::.-:-. 1-5 + + _—
0.6 lope in perturbativ SRR SR + 1
- rSeope plzyf—?f Sl DI 18 £ 1 3 EBC/E2C E
[ gime ~ N E | E
0.4 L 02F ¥ _1 —07{1:2 =
i 1 1 1 1 1 1 11 I 1 1 | E IOQ(XL) E
0'2_2 - O i ¢ vy 1w vw B p Fw ps §n wu g o s oy I 5
[7] 10 10 R, 200 400 600 800 1000 1200 1400 1600
[3] p; (GeV)
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Literature

Heavy 10ns

- See the effect of QGP and related phenomena
- Wake: hadrons from the wake end up in the final jets

&] -
22— 1- tagged
= -
8 : Negative Wake Wake Hadrons, n =1 -
8 2= o Full anti-k; jets, R = 0.8
C ol =Y 260 GeV/c <p <360 GeVie ~ —*
1.8—
L -5 Vacuum Jet L
16 —_ QGP Medium -o- Jet + wake = zgal
== Flg Credit; H.Boss Thesls, 2023 - Jet + no wake
E o
1.4— -
B {_{__ﬂ_—u— e -
¥ .S A
12— i S
=l e -e-
B P e ey o o=
L =4 —o—o——0-
1= iﬁﬁi—y T i oo
T
T
0.8 £++*+
0.6—
n | 111 | | | | | 1 L1 1 | 1 1 | | I |
10°° 107 1
0 0 R!
[10] A.Rai, Yale WWND 2024
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1.70 nb™ PbPb (5.02 TeV) + 302 pb” pp (5.02 TeV) ' | jterature

120 < jet p_ < 140 GeV

Heavy 10ons 0F g, TV

TS p>1Gev
O T n=1
- See the effect of QGP and related phenomena (I; | CMS Supplementary ~-
L "+ PbPb 0-10% =

- Jet quenching .

L) .

)

- Look at EEC ratios in heavy ions vs pp 1F @ -
+ Narrowing of the jets, coherence - Eop arXiv:i2503.19993 ]
- Ratio of ratios: universal scaling for free hadrons 1] — —— —
2 E
1.70 nb” PbPb (5.02 TeV) + 302 pb” pp (5.02 TeV) 10 Ar 10
. CMS 120 <jet p_< 140 GeV + .
L n |<16 o & Preliminary  pp Vs = 5.02 TeV, 302 pb’
NS [ jet : - L
s _ pE" > 1 GeV, n=1 8 8 145 120<p  <140GeV,[n | <16
-E a - +' o | — L anti-k; R=0.4, n=1
rall=X i | e +++ ”””””””””””” + > A A leg
ol i e SN _ ED_J— 'So_i— . st o
| I PbPb 0-10% | e - = Centrality: 0-10% ;_:*A
' @ S| 8 osf - centrality: 10-30% -
0.5F 8|8 -+ Centrality: 30-50% |
- arXiv:2503.19993 _05 _% 0.6 - Centrality: 50-90% -
E o ) ) ) ) L ) ) D_ D_ | L i L I S ST | L P
_2 —1
10—2 10—1 10 10 [11]
Ar Ar
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Analysis

Implementation of EECs

- Following the latest PbPb CMS result : 2-point correlators

1 1 n
EEC(Ar) = o Z Z (pr.ipr)) [13]

s OT
airs : .
P Jjets €[pr,1,071,2] Pairs €[Arg, Arp]

- How to construct the distribution: .
underflow bin

- Calculate Ar = \/A¢? + An? for each pair J/

. . . . . n
- Fill a weighted histogram with weight (pr;pr, j) 194 100<p, <120 Gev —e—n=1
. - gen MC _
‘ Normallze 8_ aggregated single B jets =2
In our analysis: i e
- ncan be 1 or 2 3 5 + =
L -
- Particles i, are paired if they are different, S - S —
: 4
no double counting - —— iy
i ™ —
I e
A e
L g LT
=i
B 1 1 1 1 1 1 | 1 1 k
100‘2 1t|)1 .
Ar overflow bin
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Analysis

: : 035 CMS,S:'T“,’?“?’,’ I?rglfn?:qa{x RYTHIlAB CP5 (pp 5.02 TeV)

U V OI' 1ng p Oln g@ - — Particle level, clustered decay daughters E

= gab Detector level, unclustered decay daughters -

< U°F - Detector level, clustered decay daughters B

= 5 ]

: : S 0.25F anti-k;, R=0.4 b-tagged b jets -

Jet substructure analysis used a different =8 100 < <120 GeV. ¥ <
BDT workmg point - 02 E Soft drop (charged particles)

“““““ _ : _01[30k>‘|GeV—

- Aggregating with the same working point in 0.15F E
EEC gives worse results o1 E
>Use a looser working point oes g [ - E
_ b in Lo vy Logus Lo 0 ’:‘.-.;.-4,4,...:9
Effect of aggregation on EEC 0 0.5 1 1.5 2 2.5 3 [ ]
10 In(R/Ry)
9 E 100< p, <120 GeV —8— reco aggregated TMVA overtraining check for classifier: BDTG
C MCsimulati L . SO L L S e e o WAL A LI
8 sin:l;m; j:t:m —o* o ‘ rf:anOtr:giizzated % 20 ﬁ élgnal étest aa}npla) ! rs SIQHaI (trainlng s&mpie)'
E BDT score > -0.9 ° > e E | Background (test sample) = Background (training sample)
7 :— ) = = ; 18 ?(olmogorov-Smimov test: signal (background) probability = 0.071 (0.001)
6 . . < 'ep |
z - iy 5
e 5% ’+++++—u-—¢— 12 é‘
L C - - o
4 ¥ ¢ 10 = s
4+ E == 8 g
= * — 6 - g.'
- L 2 4 iy
C % - ™ e £’
1= ™ e 2 E’
= L Yo P/ 2
o I I Lo I I 0 T beios 5k selaraiainleiaieteleiaiasleissialsiameals Aot
Q 102 107 08 06 04 02 0 02 04 06 08 1
Ar BDTG response
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Analysis

Recovering the EEC(Ar) distribution

- What we want at the end:

EEC(Ar) = r 2 Z z (pT,ipT,j)

Wyairs OT
PATS ™" jets e[pr1,p72] pairs €[Arg Ary)
- What we have: Ar and (pT,l-pT, j) In separate axes

- For every Ar integrate over (pT'l-pT, j) and weight by the bin centre

Unfolded 2D data distribution for 100 < p_< 120 GeV

100 < p.< 120 GeV
Data HighEGJet + LowEGJet

uﬁﬂ_'.

unfolded single B jets

Ppr)
EEC(Ar)

rlillllll\]lIIIIEIiIlIIII‘IIIIIIIHl

Francesca Meuli CMS Heavy ions M2 Internship



Analysis

Effect of jet energy and flavour

Effect of jet p. on EEC
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Effect of jet flavour on EEC
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Analysis

Extraction of ag

- In single B hadron aggregated b-jets, reco MC sample

Ratio of EECs
7 —4
- 100 < p_<120 GeV
6 - gen MC
- aggregated single B jets
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