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Jets and jet substructure

Image credit: Stefan Gieseke Vf =)

Scattering o =

Parton Shower Hadronization

* Jets: collimated sprays of
final-state hadrons
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* Jet substructure studies: accessto
parton shower and hadronization
processes that produce jets

* Algorithmic reclustering, e.g.
SoftDrop grooming
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* Algorithmic reclustering, e.g.
SoftDrop grooming
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CollinearDrop-SoftDrop correlation

Aims to probe the soft-hard correlation within a jet

* How does the amount of soft radiation correlate with the angular and momentum
scale of a hard splitting? > How does an early emission affect a later splitting?*

UE,
MPI

In(1/2)

*Assuming angular ordering of parton shower

INn(R/AR)
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CollinearDrop-SoftDrop correlation

Aims to probe the soft-hard correlation within a jet

* How does the amount of soft radiation correlate with the angular and momentum
scale of a hard splitting? > How does an early emission affect a later splitting?*

Momentum imbalance and angle of
later-stage splitting: SoftDrop z,, R,

UE, ., min(pr 1, pr.2)

In(1/2)

MPI © pratpre

*Assuming angular ordering of parton shower

INn(R/AR)
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CollinearDrop-SoftDrop correlation

Aims to probe the soft-hard correlation within a jet

* How does the amount of soft radiation correlate with the angular and momentum
scale of a hard splitting? > How does an early emission affect a later splitting?*

Momentum imbalance and angle of

Amount of early-stage soft and wide-
later-stage splitting: SoftDrop z,, R,

angle emission: CollinearDrop groomed
jet mass  chien and Stewart JHEP 06 (2020) 64.

(M? — M) /py

min(pr.1,pr.2)
pr.1+tpr.2

UE, o
MPI

In(1/2)

collinear

*Assuming angular ordering of parton shower

INn(R/AR)
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CollinearDrop-SoftDrop correlation

Aims to probe the soft-hard correlation within a jet

* How does the amount of soft radiation correlate with the angular and momentum
scale of a hard splitting? > How does an early emission affect a later splitting?*

Momentum imbalance and angle of

Amount of early-stage soft and wide-
later-stage splitting: SoftDrop 7,4, R,

angle emission: CollinearDrop groomed
jet mass  chien and Stewart JHEP 06 (2020) 64.

(MQ_Mgz)/p% ~(M — M,)

min(pr.1,pr.2)
pr.1+tpr.2

In(1/2)

*Assuming angular ordering of parton shower

INn(R/AR)
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Measurement overview

Measure jets in /s = 200 GeV pp collisions
with the STAR detector
* Charged tracks from the TPC (Time
Projection Chamber)
* Neutral energy from the BEMC (Barrel
Electromagnetic Calorimeter)
Thesis award talk, 5/13/2026 Youqi Song (UC Berkeley)
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Measurement overview

Input Measured
;Ak éh
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pi [GeV/c] pr°¢ [GeV/c]
1.0 1.0
Mgasure jets in v's = 200 GeV pp collisions Unfolding: correcting for detector effects
with the STAR detector . :
. * How to unfold in multiple observables
* Charged tracks from the TPC (Time .
simultaneously?

Projection Chamber)
* Neutral energy from the BEMC (Barrel
Electromagnetic Calorimeter)
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Method: MultiFold

* Jetobservables « First application of MultiFold on RHIC data!
* DPr- transverse momentum 1
k=0.5. : Ko . K Andreassen et al. PRL 124, 182001 (2020)
* 0 :jetcharge " = (pr t)nziaet gi - (pri) Song et al. EPIC (2026) 86:106
jet

» M:jetmass M = |Sici pil = VB2 — |p)?

* Mg: SoftDrop groomed (SD) jet mass

* Ry SD groomed jet radius

* Zg: SD shared momentum fraction

min(pr 1, pr.2)
pPT,1 + P12

fg =

> Zewt (Rg/ Riot )" ONLY possible with MultiFold ]

All 6 observables are simultaneously
unfolded in an unbinned way

Especially important for exploring

. (M2 _ Mgz)/p% CollinearDrop groomed jet mass high-dimensional correlations
obtained from unfolded pt, M and M,
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Results: Multi-dimensional correlations
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Results: Multi-dimensional correlations

groomed
4.0 0.6
. Groomed Lund plane ":; ) Glroomed ch_u.nd
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Results: Multi-dimensional correlations

4.0 0.6

« Groomed Lund
plane contains a
subset of
splittings in the
full Lund plane

Groomed Lund plane
This thesis, p+p v's = 200 GeV
anti-kt, R =0.4
20 < pr <30 GeVic
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Results: Multi-dimensional correlations

Probing the soft-hard correlation within a jet: f66—66~(M _M,)
* How does the amount of soft radiation correlate with the angular and momentum ~S2-----___ “j
scale of a hard splitting? > How does an early emission affect a later splitting? RN : e
\\ R i
This thesis, p+p vs = 200 GeV ST
0.5 anti-kt, R =0.4, 20 <pt <30 GeV/c 0.0200 \\\.“ )
00175 « CollinearDrop groomed mass o
04 ‘ strongly correlated with R, and
0.0150 N weakly with z;
03 0.0125 &
NP 0.0100 '-IE
0.2 0.0075 X
0.0050
0.1
CollinearDrop groomed 0.0025
mass vs (Rg, zg)
000 0.1 0.2 03 0.4 00000 q
Rq In(R/AR)
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Summary and other results

e Softradiation strongly correlated with  Not mentioned in this talk:
dynamics of first perturbative splitting

« Charge correlator ratio 7. in pp collisions

This thesis, p+p V5 = 200 GeV
anti-kt, R = 0.4, 20 < pr <30 GeV/c

. - and isobar collisions, sensitive to

. hadronization effects

o * Firstr, measurements in hadron collisions
ool

« Both measurements to be submitted for
publication this year

o
=

=)
o

(1/Njer) (d2Njee/dlIn(R/R,)dIN(1/25))
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UE,

» First application of MultiFold at RHIC

0. : : : .
1 Th:g;hgsis, pR+fov’§=| 2|000va
« MultiFold allows for cutting on 3 different 02 paeeniem
observables, and then study the 4th $03 aaw *
. . . . > i
> impossible with traditional methods o4 "¢ "
05 » PYTHAB Dot une.
06 l—;-l ‘:::ﬁc:iﬁl;z':i;:::njels (STJ?R data) .
20 fu?;?jet or ?gewc]so * o
In(R/AR)
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High-energy particle 0
collisions:

Hard
Scattering

Image credit: Stefan Gieseke ~ Parton Shower Hadronization

1
— bﬂ;‘%% Image credit: BNL
N\
Degrees of freedom: hadrons partons hadrons

How do QCD degrees of freedom give rise to hadronic degrees of freedom?
— What is happening during the parton shower and hadronization?

Study this with jets and jet substructure observables!
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MultiFold: Simplified two-jet example

Physics process Detector response

simulation simulation
1. Generate jets in PYTHIA = PYTHIA+GEANT 3. MultiFold
Observable | pl" - pfec | M yrec | ... Probability Probability
Jet 1 20GeV > 18GeV 3GeV—2GeV ... 0.5 » Jet 1 0.75
Jet 2 40 GeV —> 38 GeV 4GeV —>3GeV ... 0.5 Jet2 0.25

2. Measure jets in data

4 —
Observable | pf" - pf™ ! Density ratio estimation:

What weights to apply to jets
Jet 3 ?7?7GeV—->18GeV 7?7GeV—->2GeV .. in simulations, such that

Jet 4 ??7GeV—->38GeV ?7GeV—->3GeV .. 100 \ they match data? y

Youqi Song
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MultiFold: Step 1, iteration 1

Weights: wy(x) = d(x)/g(x)

Reco-level
_é A
% Data
z d(x)
> X
X Wl(x)
§ PYTHIA+GEANT
©
£ Neural network
=~ gx) ,
input
o
» X M
_)_C) =Jd :

Ok for the binned case

~ f(:l})/(l — f(fﬂ)) Using Bayes’ Theorem

where f(x) is a neural network and trained with the binary
cross-entropy loss function

to distinguish jets coming from
data vs from PYTHIA+GEANT

g 4
_' f":.,__ =) Neural network
AN AN output
SRS £z = Probability
s that jet X is
e 100nodes n sach ayer _- from data
NN -__[-_Df'ensity ratio estimation > Classification]
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Multi-dimensional substructure results

MultiFold results: Validation

This thesis

MultiFolded results agree with RooUnfolded results (smar. LB 811 (2020) 135846, STAR. PRD 104, 052007(2021))

7

Uses lterative
Bayesian method

« Example:Jetmass M
M = [Sigier pil = VE* — [pI?

e See 1D distributions of the other
5 unfolded observables in thesis

0.30 [ T T T T T 1 T T T T T
p+p Vs =200 GeV % This thesis, MultiFold

0.25 [ ¥ " anti-kt, R =0.4 Yr PRD (2021), RooUnfold ;
> 20 < pr < 25 GeV/c * 25 < pr < 30 GeV/c
O 0.20F ] ]
N *
= 0.15F 4 # 1
=]
z 0.10 ] ¥ ®
= +*
~ 0.05 X

' #* *
o #
0.00 [ . . i e R 2 ¢
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M [GeV/c?] M [GeV/c?]

0.30 N T T T i T T T
_ 025} .
> Tr
(T # 30 <pr <40 GeV/c 40 < pt < 60 GeV/c
O 020} * ] ]
7 £ * N
s 0.15} * w .
k) *
=
T 0.10 | * 1 * *
= *
~ 0.05f & b *

* * d o
0.00 o . Fewin * . :
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Multi-dimensional substructure results

MultiFold results: Multi-dimensional correlations
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« Groomed Lund
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subset of
splittings in the
full Lund plane
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MultiFold results: Multi-dimensional correlations

Probing the soft-hard correlation within a jet: f6666~(M _M,)
. . . - 9
* How does the amount of soft radiation correlate with the angular and momentum “S2-----___~
scale of a hard splitting? > how an early emission affects a later splitting RN : e
\\ R i
This thesis, p+p VS = 200 GeV Ihis thesis, ptp VS = 200 GeV R
- IS TNesIs, = e \\ i
0.5 anti-k7, R = 0.4, 20 < pr < 30 GeV/c 0.0200 anti-kt, R = 0.4, 20 < pr <30 GeV/c DN
* 05 1u Y 7
0.0175 I
0.4 o 0.4 0.8
0.0150 5 : ~
~ I N
03 001252 =21 03 06 &
So o | o E
P 00100 = o " g
R o 0.2 043
0.2 00075 s E =
= I =
0.0050 | O 02
0.1 . (Ry, z4) density
CollinearDrop groomed 0.0025
mass vs (Ry, z,) ) : 00
090 0.1 0.2 0.3 0.4 00000 R >
Rg wider
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MultiFold results: Multi-dimensional correlations

Probing the soft-hard correlation within a jet: f6666~(1v1 _ M)
* How does the amount of soft radiation correlate with the angular and momentum ~S2-----___ “i
scale of a hard splitting? > how an early emission affects a later splitting BN . S
\\ R ;
This thesis, p+p Vs = 200 GeV S,
anti-kr, R = 0.4, 20 < pr <30 GeV/c : L MR /
0.5 - Pr 0.0200 e Lines of constant formation time SR
0.0175 Y. L. Dokshitzer, et al. Basic: of Perturbative QCD (1991).
0.4 Using tp ~
0.0150 &L 2Ez(1-z)(1—cos(8))

)/p2)

0.0125

2

E
solve forz(8,z < 0.5): - mjifi')\
=1n-|1 2 4
> = 3| ‘\/ (1—2)E

0.0100 EI 2 _tE(l—cos(G))]

0.2 0.0075 5 + CollinearDrop groomed mass strongly correlated

00050 with R, and weakly with z,

0.1
0.0025 « To shed a lot of mass at early stage, the hard

splitting needs to happen late

0.0000

)
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