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V °
What are jets?

pQCD npQCD

Parton Shower Hadronization

Tf >
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What are jets?

OPAL Phys. Lett, B 265 462-474 (1991)

pQCD
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What are jets?

pQCD
— — — : ’
. o
. o
Parton Shower Hadronization :
Tf >
— @
— @
®
<
Jet Clustering
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particle jet calorimeter jet
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Vv

Jets and the QGP

MADAI Collaboration

Time 0 fm/c 1.5 fm/c 3.5 fm/c

Jets are produced early in the collision (z;,...~1/Q%) and
traverse the entire lifetime of the QGP

Makes for a dgreat story!
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The story of our field

According to Aristotle, a successful story needs three elements

e Harmartia - a tragic flaw of the main character
Jets originate from color charged quarks/gluons and interact with the
QGP during their probabilistic parton showers - different jets are different
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Jets for QGP transport properties

Ricardo Reis, Alberto Caeiro e Alvaro de Campos vistos por Almada Negreiros
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Vv

Jets for QGP transport properties

E RHIC Jet Probes Ricardo Reis, Alberto Caeiro e Alvaro de Campos vistos por Almada Negreiros
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* Harmartia - a tragic flaw of the main character
Jets originate from color charged quarks/gluons and

interact with the QGP during their probabilistic parton
showers - different jets are different
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V
The story of our field

According to Aristotle, a successful story needs three elements

e Harmartia - a tragic flaw of the main character
Jets originate from color charged quarks/gluons and interact with the
QGP during their probabilistic parton showers - different jets are different

e Anagnorisis - eureka moment
Observation of modification of jet properties, such as its momentum

(R4 4), hadron distributions (jet shapes, FF) enables us to infer medium
transport properties - medium modifies jets
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Jets for QGP transport properties

VERDADE
Ml I O %\0
DE ESTUDAR,

PARA
Ser wtil 3 Republica, ¢ A Igreja:
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Ao cftilo, ¢ necefidade de Porrugal .
RXPOSTO /

True Method of Studying by Luis Antonio Verney
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Jets for QGP transport properties

RHIC Jet Probes
LHC Jet Probes _Z77Z 7"
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e Anagnarisis - eureka moment
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Observation of modification of jet properties,

such as its momentum (R, »), hadron

distributions (jet shapes, FF) enables us to

infer medium transport properties - medium

modifies jets
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True Method of Studying by Luis Antonio Verney
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V
The story of our field

According to Aristotle, a successful story needs three elements

e Harmartia - a tragic flaw of the main character
Jets originate from color charged quarks/gluons and interact with the
QGP during their probabilistic parton showers - different jets are different

e Anagnorisis - eureka moment
Observation of modification of jet properties, such as its momentum

(R4 4), hadron distributions (jet shapes, FF) enables us to infer medium
transport properties - medium modifies jets

e Peripeteia - reversal of fortune
Realization that jet quenching is dependent on the character of jets and
their topologies - different jets are quenched differently
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Jets for QGP transport properties

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

RHIC Jet Probes
LHC Jet Probes

Resolution [1/fm]

. Thermal Mass Gluons

0.5 0.6
T [GeV]

Microscopic properties of the QGP Medium
- structure at varying scales

This is inherently a two step process that is not mutually exclusive

Understand jet energy loss — Extract medium properties
Raghav Kunnawalkam Elayavalli @ LIP Nov 2022



Origin story of jet

SUbStPUCtUPe Jesse Thaler in 2011
Boosted High Mass g/q
Hadronic Top Quark/Gluon Jet
| (
Q"" v /\% 77T // //\\\ —

Started with the goal of identifying boosted decay versus standard QCD
Raghav Kunnawalkam Elayavalli @ LIP Nov 2022



What 1s jet substructure?
A useful way to tag jet populations

Physics motivated Utilizes algorithmic

combinations of structure of jet
particle distributions  finding - (re) or (de)
within the jet clustering

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022



Jets for fundamental QCD

perturbative and non-perturbative

 We want to translate an intrinsic (and unmeasurable)
parton shower to experimentally accessible
observable(s)

For example - this parton shower results in 6 partons before the hadronization
stage in a MC model

How much of these splitting dynamics can we measure? And more
importantly, connect to a physics picture?

Parton Shower g—qg+g <7\
> N

g§>8+8 g—-q+q

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022



How to access the
splitting kinematics?

Ostra Torns k

log k, [GeV]

In(1/0)

’
e
t
o /,2 ( In(1/AR) arXiv:1808.03689 <d

\ tf,Q
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What are jets 1like 1n vacuum?

k: (GeV/c)
0.4 0.7 1.0 1.5 3.0 45
> 2E+EIYTI-_IIA78 Monash ALICE Preliminary -
C -+ herwig pp Vs =13 TeV -
é < ;:gﬂg{gg §ﬁrn%[))|0) Charged-particle jets 1
# g 1.5[ « pp anti-ky R =0.4, [ | <0.5-
=|®  [@Sys.uncertainty 20 <ph <120 GeV/c ]
O C\?_ 1— T, jet -
xc — =t=0_2_, 7
T P ety :
= §
~|.80.5¢ gt =
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C 0.1
9 |
O
0
S~
&)
= i
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 Lower pt jets at ALICE
(20 - 120 GeV) also
show interesting
differences for large kr
splits

 Lund plane integrates
over splits - can we
measure the evolution of
these observables along
the jet shower?

kT = < * PT parent AR [GeV]

11



Jet substructure @ RHIC

12 < pi' < 14.5 GeV/c
R = 0.3 anti — Ky

30 < pJ¢ < 40 GeV/c
R = 0.6 anti — k¢

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022
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NO) IU:
g SF D+D, {8, = 200 GeV ¥ STAR data
° gt anti-k; R=0.3 jet, nj<0.15 g T Sys. Uncert
< 75 12.0 <p_ < 14.5 GeV : '
~ - U
: Pr2 -3 Kang et al.
- Lo T o _
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Delving further 1nto the
jet substructure

8 F—— e Measured in 3
-E STAR Preliminary k. dimensions -
_ 6E- . Sys. Uncert. 3 PT VS Zg(Rg), Sp|lt #
N &E ¥ First Split 3 e Defines a time axis!
= - X Second Split 1
S 4 ¥ Third Split E: 10F P S
: o N 1 of p+p 1S = 200 GeV
< 3 ? S x x 1 5 Anti-k_ R = 0.4 Jets
- 2 . 8F Ky =10
A oF x ¥ i X ¥ i X - - 75_ mi+R* <1.0
: ¥ ox x i F ¥ fterati
3 _ 2K : S 6 A terative SoftDrop
15 20<pft<30 [GeV/c] 1 > "3 X z,.,=01,p=0
o] ST P IR I i R S A T 20 < p’™' <30 [GeV/c]
0.1 0.2 0.3 0.4 0.5 Z 4;‘4 ¥ x x T
Z — 3F ¥ *
g i: X X
. - . ="
» Flat z, distribution and smaller (R,) E A . v X
: : : X
for the third split, where we observe e
collinear emissions R,
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Extending the
dimensionality

10 7 0.30

6D unfolded simultaneously
via MultiFold machine

' -0.25 - -
S L V5=200GeV  20<pr<30GeVic _ learning technique
anti-k7 full jets, R=0.4, |n|<0.6 > Andreassen et.al
O 6 020 8 Phys. Rev. Lett. 124, 182001 (2020)
O i N
S ] ' 8 vsQvs Mvsz, vs R, vs M
g | li 045 7 © o N e
= 4! = Selecting on larger
010 .  mass jets
= simultaneously sculpts

your jet charge
selection

%8 -04 00 04 -8

K=2

| N ( pi ) * Harmartia - different
Yougi Song (Yale) @ DNP 2022 0 = Z rr g
pt)]

x =0 Grant McNamara (Wayne) @ DNP 2022 ]etS are dlffel’ent
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Extracting time

depend

| | I_]

0.14— _]
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- 1 —]
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ence of quenching

TfiS a combination of

substructure observables
that results in a ‘time’

Ensemble distributions of

7 contain information

related to the parton
shower

Useful handle in jet
quenching studies
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https://link.springer.com/article/10.1140/epjc/s10052-021-09346-8

First steps 1n

space-time

differential enerqgy loss

T, (fm)

25 =
Time |
fm/c

1.5

[
0 =0.5 _
\
\
. _|
. ]
\ ‘\ —]
\ l‘.
\
\

0.5

III|IIII|IIII|IIII|IIII|IIII

. ..
N ..
Ce— .. —_———.

w (GeV/c)
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T =—=

o, d(R})

dL

Transport parameter
average energy lost to the medium
per distance traversed 1 6



0.5

0.4

o
&)

p+p & Au+Au
o
N

o
b

0 01

Ideally we want an observable thats
a) sensitive to jet physics
B) insensitive to UE

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022

P+P

0.5



0-5 5006 p+p Embedded in 2007 Au+Au 200 GeV
B 0-20%
0.4 *
S |
= 0.3
<
+
-
<T 0.2
@
Q
o 0.1
ﬁ:O 00 R 01 T -0h2- T -0.-3- R -0-4- T -0-5-
A

SoftDrop Rq sensitive to
background fluctuations
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Sub-Jets to the rescue

* Re-cluster jet constituents with a
smaller radius - identify regions of jet-
like features within the mother jet

* Choose the leading and subleading
SubJets

e zsj = Blue pr/ (Blue pt + Red pr7)

e Osy=A R (Blue Axis, Red Axis)

10_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII __IIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII_
£ o 3 ;
2 PYTHIA-8 anti-k, R=0.4 Jets + — SubJetR=0.2 :
z 8F -+ —— SubJet R=0.15 -
™ JE  10<Jetp.<20GeVic 3 — SubJetR=0.1

: ' T — SubJetR=0.05 1
6F + -

5F 2 .

af 2 E

3E 2 =

2F = 3

1E = 3

O- :IIII|III|III|IIII|IIII|IIII|IIII|IIII|IIII L1

0O 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0) 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
y4

SJ 18
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p+p @ Au+Au O;
o
X

o
—

I 1 1 1 I 1 I 1 1 I 1 I _l_l I 1 I 1 I I 1 1 I I I -

SubJet pt > 3 GeV/c

2006 p+p Embedded in 2007 Au+Au 200 GeV

0

Two-SubJet obscivdbles robust to AuAu UE!

Subjet pT selection based on medium scale!

Raghav Kunnawalkam Elayavalli

0.1 0.2 0.3 04 0.5
p+p Og;

@ LIP Nov 2022



STAR Phys. Rev. C 105, 044906 (2022)
0'1 < 0 < 0'2 0'2 < 0 < 0'3 E 3_ T |\\\| T T T L B B B
ST Y 0=02 o 1 A
2.5 Y A
I e —= = _
- SRR
21— i —
Trigger _ . Recoil - .
Al = pTJet pT_]et L9 |
T Trigger | Recoil o i
pTJet P ]et 1.5 —
T T T T T L T T T ] = \:. -
PP e e T R e : C -
< 0'2- + [DJ M 0.1<6,<02 __ i 8 ¢ 02<6,<03 _ 1__ " | g=1
© 1 i -
s T 1 -
TZJ"’0.15- [:]*25 T ’ $?$ - _ G=2
X 1 i - N qg=73
z° of #m 1 i ] 05 e e e q=4
= 1 5 T 1 ] e — e
0.05F + ? é § . - ST T T e
I . 1 O ] SR R NN RO RT NN N RS SIS R SRR RN AR |
S TR S R R SR S T .i!‘l i N T TR W N RN S S | .Q.‘ 8| ] 0 1 2 3 4 5
0 0.2 0.4 06 0 0.2 0.4 0.6
Matched [A | Matched [A |  (GeVic)

* No significant difference in energy loss signature between the
two sets of biased jet populations at RHIC energies - 6¢; > 0.1
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STAR Phys. Rev. C 105, 044906 (2022)

0.1 <0<02 02<6<0.3

Trigger __ . Recoil
A pT,jet pT,Jet
1™ Trigger | pRecoil
T,jet T,jet
N I T T T ] T T T ] T T L I 1 I T T T I T T T ] ] i
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< ook +  mo1<e <02 1 §  ¢o02<0 <03
S [ ] s :
< [ ] .
Zz" 0.15F [:]* $ T ]
e : [ 1 ‘
50 ; ? $ ]
< 01 *E T é ]
0.05 o + ? é * .
] A B 1..i!j1 S I 101Q1Q gl :
0 0.2 0.4 06 © 0.2 0.4 0.6
Matched |AJ| Matched |A |

Q.
Q.
N~
O
fo
S 2
1.5
1
0.5

e Different methods of estimating
angular dependence of quenching
- subjets vs harder prongs!

ALICE Phys. Rev.

Lett. 128, 102001

0 0.05 0.1 0.15 A,
C mJETSCAPE = JEWEL, recoils off ’
- Caucal JEWEL, recoils on, .
- Pablos, L,es =0 Yuan, gL =5 GeV —
- Pablos, L,es =2/nT - Yuan, med q/g ]
- Pablos, Leg = o Yuan, quark .
e S E

0 1

é 1 2 B | I LI I . 1 . I 1 | LI I I oI .
o | ATLAS Preliminary 0-10% |
L pp5.02 TeV, 260 pb anti-k; R =04 jets, lyl <2.1
- Pb+Pb5.02 TeV, 1.72 nb™ Z,1=02,5=0 -
1._ .................................................................. —
. ATLAS-CONF-2022-026 7
0.8 —
iR l :
0.6— l =
: jet . ® * :
e p’T > 158 GeV ' + w i
04| | i
- = 158 <p" <200 GeV !—
_ -
ool 200<pt <315 Gev 7
o —n—315<p":‘<5o1 GeV .
i | | L1 11 I 1 1 1 1 L1 11 I 1 | ]
0003 0.01  0.02 0.1 0.2 0.3
» 19
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STAR Phys. Rev. C 105, 044906 (2022)

0. :

mq I | I I [N | I I I I I I I I | I I I I
\ B \

N 0=02 _~

.-

T, (fm)

2.5

1.5
< 02 Wil W S 1 §=1
%50153- [:ji The 2015 G=2
SN LONG RANGE PLAN I 9=3
s 1 for NUCLEAR SCIENCE v == =
005;_ [ [ | | [ | | [ --.I I-|—I_I——I_:I—|_--I-——I:_I.__I_—:|._
1 0 1 2 3 4 5
’ - R - R o (GeV/c)

* Energy loss for these dijets is an experimental observation of
soft radiation from a single color charge!

* Potential upper limit on the coherence length /Il ~— < 0.1

| ar 20
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Introduction, motivation
and current status

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022
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Vv

RHIC 2025-

STAR w/ iTPC and
forward upgrade

SPHE

f
i

Run: 23099024
EventId: 1731
p+p at 510 GeV

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022 2 1



Inclusive, HF jet RAA,
Dijet or y+jet A;, x;

VS .’et tOpO,Qg
y
Lund planes in an

Energy-Energy
correlators

AN s
Raghav Kunnawalkam Elayavalli @ LIP Nov 2022
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Access to rare processes!

> 1 010 ] T | — [ T ] . ] . I I | I —r=y I I I I I I I T T 1 ' T I. T T T I
s o 3 1k Au+Au (0-15%) STAR Projection .
G 10°k o & SPHENIX BUP 2022 p+p : s | o .
o) 5 s Years 1-3 O Jets & . C anti-k,, R=0.5 Semi-inclusive v + jet ’
AN 1 O . 4 = | o B i n
~ - Da O Direct Photons 5 3 i 15 <E;’ <20 GeV T
% 107 P 5.. [) Charged Hadrons 3 s 10< preco " <15 GeVlc
c— e 3 —
> 10° ’% te Au+Au 0-10% S 10 ! - =o= 10nb” (Run14) . E
=) - ]
5 o€ e ® Jets - =mm Projection including Run23+25 -
10 e ol & B i
= DG.Q D’ﬁ. ® Direct Photons = °| O s ‘m |
10* L Dagg’ D{Sa. ® Charged Hadrons 3 “c § E; B z .
= e = a .
- DBQ’Q e = 25 - =
10% Om ey Ue = N I §
- 8 .. = - i
10 = Da — = -
Mty ]
1 = |y ]y @‘L} +.*] $_‘_ | , A 10_3 P N T N T T SR TR N T =
0 1 O 20 30 40 50 60 70 80 90 100 1 1.5 2 2.5 3

p, [GeV]

e Scan across emission phase-space
with the large statistics dataset

o Differential Space-time tomography
of the QGP

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022
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Extending the kinematic
range of measurements

e Tagging events with forward jets or

di-jets can offer clues into

longitudinal transport properties with |7 =55

varying quark vs gluon fractions!

&\ 1.8 B T T LA B B R T T T T UL L

oS - SPHENIX BUP 2022 -

< 1.6 0-10% Au+Au, Years 1-3

g - - | I 62 pb” samp. p+p N

o] 1.4 - | l 21 nb”' rec. Au+Au -
s yaRERESSE

= 1.2 [ , | _‘“I"h""l"«' ) _

o b ] ‘ _<}_ )

1:—-«—Lo++v --------------------------------------------------- {---—

- |

081~ I ‘ ‘ L —=— SPHENIX R =05

06 o ¢ ’ L —= ALICE R =06 N

- \ | — ATLAS R =05, Rz 1

0.4 1 - CMS R™ =06 e

102
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e Connect jets at RHIC to
the LHC
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Energy-Energy Correlators
to resolve the scales

(n) n(= n(=
IE0_ [ 4, O BIE" )

d(1io - M1 — cosB).

Q2n

Two—Point Energy Correlator

e Larger the g ->
Peak peak shifted to the
right

dz(l)
do

- E=100 GeV, L=10 fm

]

®§=10GeVfm™!
W §=20GeVim™!
- W §G=30GeVim™!

— Total ==---- Vacuum

In 6 2 5
Raghav Kunnawalkam Elayavalli @ LIP Nov 2022



Energy-Energy Correlators
to resolve the scales

dz™) oL (E()E" (7iz))
0 b2 Q2"

d(ny - M1 — cosB).

Transition from Decoherent to Partially Coherent Quenching

030,
. A
AP P  largerthe g ->
Bl ST 3 At peak shifted to the
| ! | B il ¢ .
-é:é_ 0.15 'I ,j.‘m WURSUUNSGPRRR RO q-;) ,’," ...... .. A rlg h.t
<= 0.20 R ol Sl |
\C "’. ’ 1 —_— u
< . * Anagnorisis -
i g=15GeVfm!, L=5fm : . g
| ’/’ ..... Bon/Opeak ~ E039 [ 069 57036 . g 512 rﬂedlum r(rj]cl)dlfles
0.15 .,’/ e | _ 't e et an eaves
o« e Bon/Bpea ~ EOV7 L096 5003 . 5 oy 2 . . J .
L | Its Imprint
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Introduction, motivation
and current status
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Jets at the EIC

PYTHIA 8.301 e+p DIS /s =104 GeV
— 1T T 7 T T 1 T T 7 T T 7 1T T 7 T T 1
— 10" § i \ \ \ \ i
S 10-25 Pythia p+p & 103 —— Q%> 10 GeV? —
Q = ~ - _
2 SF — LHCy/s = 5.5 TeV = - ]
107 — RHICy/s = 0.2 TeV S i
E .F _ Vs oS B e” pr>5GeV/c 7
5 107F anti-k: R = 0.4 Jets 107 | ?
§' 105k E anti-k; R = 0.8 Jets ;
.‘L’b - _
% 10° - 2
& 107 10" £ —=
10% B _
9
10 A _
101 - .
10-11 lllllllllll lllllllllllllllll Ll l L1l l Ll l L1l ll : :
0 20 40 60 80 100 120 140 160 180 200 220
jet 10_1 E —
pJT [GeVIc] c L1 | | I | ‘ L 1 1 1 =

0 10 20 30 40 50 60
Leading Jet pr [GeV/c]

Similar jet kinematics with varied flavor
composition and interaction scales

Jet in EIC vs Jet + ‘soft-physics’ in pp

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022
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Vv

Jet modifications at the EIC

Lie et.al PRL 122 192003 (2019)

0.5

1oL — gL=0GeV?
-——- GL=0.2GeV?
- -=== GL=0.8GeV?
g 8 Pythia: VS =89 GeV
= 9 < pglectron < 11 GeV/c
S
o 61
(]
N
T
E 4] (x)=0.13, (v) =0.91 TeV
2
2_
%0 0.1 0.2 0.3 0.4
|¢/et — ¢ — il
—— §L=0GeV?
3.0 ---- gL =0.2GeV?
---- gL =0.8GeV?
0 23] Pythia: VS = 89 GeV
S 20 < pelectron < 35 GeV/c
o
0 2.0
©
(0]
N
T 1.5
£
(@]
Z1.01
0.5
0.0

0.0 0.2 0.4 0.6 0.8
R

Arratia et.al

Phys. Rev. C 101, 065204 (2@2@)

1.0

Li, Hai Tao and Vitev, Ivan
Phys.Rev.Lett. 126 (2021) 25, 252001

115 18GeV x275GeV e+Au Antik, 2<n<d R=0.5 —
= |y oo —
3 0.9~ —
& - =
0.8~ [ |Ful —]
- | Initial only -
0.7 = Final only PDF: nCTEQ15 =
— | . L L . | L L N L | —
1.1 | | | —
Y ___| FullnCTEQI15 -
= [ | Full EPPS16 1
< 0.9F —
~ — -
0.8F —
0.7 =
L R T S B .
5 10 15 20 25
Jet P, (GeV)

e Jet kinematics and substructure
observables show promising
dependence on nuclear effects

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022
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Time dependence of hadronization - 1

PYTHIA Herwig
® TT* O m*
o K’ o K*

PP oJ3) p
" transition
region nhon-perturbative dynamic

T,Jet

(Koerp<200 MeV)

10" 1 10 10% 10°
(fermi)

Form

Raghav Kunnawalkam Elayavalli @ LIP Nov 2022

ep@18 x 275
Q° > 50 GeV?
anti-k; R=1.0
>5 GeV/c

e With PID (upto 5
GeV) one can study
particle production
mechanisms across
‘mostly’
perturbative, fuzzy
in-between and
‘mostly’ non-
perturbative
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* Potential direct observation
of string breaking and
‘electric’ charge production
within a QCD shower
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_ Leading charged particles € .
N 000000600 4 & 0000008800504 .
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e ] ® ]
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Nuno Madureira, Masters thesis (LIP)
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Nuno Madureira, LA, RKE arXiv:2211.xxxX
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Space-time

o e Conclusions

* Harmartia, Anagnorisis and Peripeteia

* We are now heading to the era of
QGP microstructure and precision
QCD - Peripeteia! Different jets are
quenched differently

© Inclusive jet RAA,

etory+jetA,x
'Qlﬁ\ 14 /J J

g Energy loss

VS jet topolog
y
Lund planes in aon ©

 (Goal is to exploit, tag and measure
energy loss as a function of jet
topology

%

Energy-Energy CS{\G
£

correlators

Ox

e Explorations into the npQCD regime
are well underway as groundwork for

discovery physics @ the EIC
N

v

v Kunn avaval 30
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SoftDrop

Grooming criterion oo -

"
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-
-
- —" -
£y od

- B . 4 '
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- - ke N m m .
- pm = W
- | | ||
- - = m . L )
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- = =
=
) )
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- - = el
- -\l..__.:
- (J
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- [ |
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- o
-
-
-

-

-

-
-
‘L

* Require subjet momentum fraction to pass the following

criterion

: = 0.1
min(pr1, Pro) Zeut
g = > Zcut(Rg/ Rjet)ﬁ

8 Pr1tPrp> p=0

e With the two surviving branches (first hard split) - we have
two observables that characterize a jet’s substructure

2
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g

(1/0)do/dz

Ratio to Data

9

(1/c)do/dr

Ratio to Data

SoftDrop distributions in pp

1o[- ATLAS e
T Vs=13TeV, 32.9 fb” " Data. -
10— Track-based, anti-k R =0.8 = Pythia 8.186 —
- SoftDrop,z_ =0.1,$=0 % Sherpa 2.1 :
81— pir*¢> 300 GeV + Herwig++ 2.7 —
6 —
- ¥ ,
B - _
2 om omom om
12;iiiiiiiiiiiiiiiiifiiiiiiiiiiiiiiiii{ii
B T I I
0.8:_1 111 I 111 | 111 1 I 1111 I 111 1 I 111 | | 111 1 | 11 1 I__:
01 015 02 025 03 035 04 045 05
%
- .ATI'LA'SI -
3-55_ Vs= 13 TeV, 32.9 fb s Data' E
3k — Track-based, anti-k R =0.8 u Pythia 8.186 -
— Soft Drop, z 1_01,[3=0 % Sherpa 2.1 =
2.5 p* > 300 GeV + Herwig++2.7
2F 3
1.5F -
1= ! 3 » w =
0.5F =
E i E
1.5 =
LS ¥ w + B
0.5 | -
7x10% 10 2x10”" 3x10™" r
g

=L L L L L
8 ALICE Preliminary -
- pp Ys=7TeV -]
7 Anti-k; charged jets. R = 0.4 =
— 40 < pc"' < 60 GeV/c .
N 6 SoftDrop z,, = 0.1 =0 =
@] — ]
_— = ; p— -o- Data 3
% 55 == Shape Uncertainty =
%) 4 -= PYTHIA Perugia 2011 =
D — 7
T 2 —— .
15 _l_ = E
- S R B B o
D 1.45— =
o I —
== 0.8F —— E
Dl 06E =

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Z
g

 Qverall good agreement with MC

e Track based observables come
with better precision
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SoftDrop

Extending the o
procedure - >

Dreyer, et al JHEP 06 (2018) 093 S - .

e We can implement the SoftDrop procedure
throughout the CA tree -

* Follow the hardest branch - lterative SoftDrop
* Following all branches - Recursive SoftDrop  H¢p, Zg, Rg
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Recent measurements of Lund Plane
and their projections at the LHC

ATLAS, Phys. Rev. Lett. 124, 222002 (2020)

ATLAS Vs=13TeV, 139 1™, p > 675 GeV N 1.8?—: ‘bata N 'A'T,_'As' b =
o N {gE-® PvmiA8.230 Vs=13TeV,139fb" S
E g = 1.4 = [ PowHec+PytHIA8.230 pT1 > 675 GeV i
< 2% ' E A SHerra2.2.5 (AHADIC) ; 3
| PR — 0.67 < In(R/AR) < 1.005
. @ ZE e 1 21 = V  SHerra2.2.5 (String) <In( )< 3
S £ N g = 4 Herwic7.1.3 (Ang. ord.) 3
Sk 2f S = 0.8E & Herwis7.1.3 (Dipole) —=
- N > 06 g V8% p , =
5 A ,-’ 8 04F . =
3 = 2 02feaepennn® =
E :l l I 1 1 l il l 1 1 1 1 l 1 1 l:
Q l‘ —_ — - I I T T I |l I T I |l T I 1 T T L
Q. N 14 —
= - o 2 _12E p 5 % 7 X -
2 @ CE
s F : g Semaweewes LS L YT
& - 2 SO . B ﬁ & 4 é Q g + =
o~ P 0 6§ g 8 =
Q 10 1 — N . _= i l I = Il + } | } : 1 1 1 I : {-
rﬂ: S 05— Total Sy st - - MC Mode Ing Ex xperimental h
2] L .
2?11 E [ - Pile-Up * Unfolding - Stat. ]
> g'a e e tera E  a e e min = meme s TETE — el ]
~— B Opiet=sssmisisieiaiie e s o 3 ) (BB 0 G M Y e = B e
22 — B
0 0 5 1 1 5 2 2 5 3 3 5 4 D -I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
| " In(RIAR) 1 ? ° ¢ °
( ) In(1/2)
l L1 | 1 | 1 1 1 | I M L M " A | I — A L
107 107 107 10°°
- iegi _ pemission emission |, ,core
AR = AR(emission, core) z=p? ! (p% +p)

 Each split along the harder branch makes an entry here in the
2D Lund plane

e Comparison with particle level MC w/ varied shower/
hadronization models showcase differences
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d20/(dprdn), pb/(GeVic)

Ratio to data
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Jets in pp \ﬁ = 200 GeV

Inclusive jet cross section
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10% luminosity uncertainty not shown
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Unique population of jets with varied substructure!
Scales extend from jet pr = Agcp
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Comparing STAR vs ALEPH

* Z4is reasonable but very —Tr
interesting differences in the Rq o5 0 < Jot E . .
6:_ s T (@) - E _:
: I S - g
St I O [
- L \-l—' ’
4 4z : )
3b 19 B . *
: 1 _2° :
< o . - & - .
- Mﬁi" T f 3 W :
A3 MR I @ 1 1
F 25< pT,-et <30 GeV/c | 1 25 < p <30 GeV/c T .
= —d il @ lL ML L T U - A
s 1.4f = : 1
N 1.2 0
S O
S 0.8 S

01 02 03 04 05

- Is the comparison apples to apples?



Comparing STAR vs ALEPH

* Z4is reasonable but very —Tr
interesting differences in the Rq o5 0 < Jot E . .
61 E o - )
: 7 20 < P - <25 GeV/c ;
oF 1 SoftDrép zcut=0.1, =0 .
4:_ ) __ \“| "' —:
3 - *
- 24 . - 4 -
- TS |
R T 25<p_ <30 GeV/c | |
(1147.1....!.,1...1....!1...|.I. - 4
S ._.'.|..-|..i"'i :
O Tr-[iret '
= 0.8} | | | 3
01 02 03 0.4 05 01 02 03 04

These jets in pp collisions have a (M) =~ 3 GeV/c? plus there’s hadronic component!
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## < prio < ## [GeVIc]

Perturbative

Hard large-angle
Parton Shower

Non- Soft collinear Soft large-angle
Perturbative | \QELRELICHIFEIT, radiation
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Correlation between the splitting scales

z, for various R, at py ;. range

1
Non- P O: ¥ 0=R;<0.15 STAR Preliminary -
perturbative o - ¥ 8:13(5) = Ry <828 p+p Vs =200 GeV -
Z 8 039=Ry=0, anti-k, + C/A,R=0.4  _
- [ SoftDropz =0.1,=0 _
: 6— cut H
: » 20<p  <25GeVlc
4 ]
o ¥ A _
| - x i
Ly s

e Significant variation from selecting on Rg

 Evolution from soft-wide angle splits to hard-collinear splits
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¢)

1/N dN/dz

1/N dN/dz,

Evolution vs. p

z, for various R, and py

Jjet
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Jjet

Increasing jet pr

has a small to mild
effect on
substructure

Selection on Rg

determines the Z

shape - high degree
of correlation

Phase space
restrictions matter!



Evolution of the splittings

1st, 2nd, 3rd splits for various p

Jjet
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Evolution of the splittings

1st, 2nd, 3rd splits for various pr . ...

8_' I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 LI 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 Ll
=3 p+p Vs =200 GeV 3 o ]
* For a given split with : Anti-k R°: 0.4 Jets T % STAR Preliminary
6F jet =+ 3
PT.initiator» What are the P OFE iR <10 : [ Sys. Uncert. -
) S 5 - Iterative SoftDrop + ¥ First Split 3
Z, R, for 1st, 2nd and 2 W ox\ 2, =0.1, $=0 EEE AN x Second Split -
3rd splits? Follow a Z 3 x x , T E ¥ X Third Split
split... — E x v 7 ] ¥ x :
P oF X x ¥ ¥ * > Lot
1:— initiat ¥oex . iitiat ¥ x ]
] ] F 20<p " < 30 [GeV/c + 30<p™™ <50 [GeV/c E
* Spllts are dlreCtly O:| ' |T R R T B R | |]| T T N T T N A A |:'| i |p|T ' R [| L |]| I I S R T B T
comparable Wlth eaCh 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
y4 y4
other - only difference is o 0 9
where they occur in the oF ' pepis=200Gev  F 0 ]
shower sk i Anti-k R°: 0.4 Jets I STAR Preliminary
= ! jet I .
= 7F ml+R" < 1.0 I [ ]Sys. Uncert.
e Hint of differences S o x 'zterit';'j ng_t%mp + ¥ ¥ FirstSplit 3
. - cut — Y-"y M= = i 3
between second split S 4514 x ¥ 20 < p"™* <30 [Gev/e] o M Se°°"sd Split.
. - Z 4 % T + X ¥ Third Split -
- ¥ ¥ ¥ s 7]
Z, (similar Ry) for initiator = 5f A i ¥ 30 < " < 50 [GeV/c] -
. C X .
vs. jet momenta 2E x x 3 X E
| t' -I'_-¥ ¥ ¥ _:_ ¥ ¥ 3
selection g x = E
-¥ 1 I 1 ' I 1 1 1 T 1 1 1 I 1 ¥ 1 1 1 1 1 3
0 02 ' 0.4 0.2 oLt
Ry R

60



Comparisons with leading order
MC - R, for various initiator p

1 g() < PTinitiator < 30 [GeV/c] 30 < Prinitiator < 30 [GeV/c]
I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 -

Anti-kR°= 0.4 jets 3 STAR Preliminary

PYTHIA 6 (STAR) Sys. Uncert. -

- = = = PYTHIA 8 (Monash) ¥ First Split E

"""" HERWIG 7 (EEAC) ¥ Second Split 4

X Third Split 3

-

1/N dN/dR,

e Three MC (PYTHIA 6, PYTHIA 8, HERWIG 7) models describe the overall trend of narrowing
of jet substructure for higher splits

* Availability of emission phase space depends on both jet momenta and split # - similar peaks
of Rg for third splits on the left to second splits on the right
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How to experimentally measure
thefonnaﬁontkne;f

ake any two objects - in this case :
any It min(pr ;, Pro)
the first two surviving prongs after 7 =
SoftDrop grooming Pri1 1+ Pro
Dasgupta et al. Larkowski, et al. ’ ’
JHEP 09 (2013) 029JHEP 05 (2014) 146
————{::::15@
0(0.00) (131.08]02.77194% o) = 4(0.60)‘ (12.66,10.43,0.20,21) ‘
: (50.69.42.9-%%
(4.17,3.7240.04.21) N ‘
1 (39.65,31 M LN())‘
1(2.50 ‘
79?::: > [fi]]J/(?] ®
z-(1=-2)-0--FE 0 = AR(1,2)

Apolinario et al. _
Eur. Phys. J. C 81 (2021) 6, 561 Chien et. al. 2109.15518
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https://link.springer.com/article/10.1140/epjc/s10052-021-09346-8
https://arxiv.org/pdf/2109.15318.pdf

First Split In(z,) [fm/c]

Formation time vs jet mass

ajumder and Putschke, PRC 2016

Anti-kt R = 0.4 Jets
20 < pr < 30 GeV/c

~Virtuality =

3
: 20'15

2—

1_

0

51_
— PYTHIA 6 STAR tune
_IIII|IIII|IIII|IIII|IIII|II

1 2 3 4 5 6 7 8 9 10
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ldentifying two regimes

e SoftDrop e | eading and

first split 7 subleading
ch-particle 7,

Expectations:

e happen early in time
with the expectation
that first splits
correspond to
partonic splits

e Mostly perturbative
in nature

Expectations:

e Occur later in time
since its calculated
using charged
particles which
occur at the end

e Mostly non-
perturbative
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e SoftDrop
first split Ty

Expectations:

e happen early in time
with the expectation
that first splits
correspond to
partonic splits

e Mostly perturbative
In nature

1N, dN,, /dz,

of ¥
C Groomed Subjet
sE Momentum Fraction
F R=0.6
s ¥
- 30<p. <40GeV/c
3 T, jet
. ¥
2 X

Phys.Lett.B 811 (2020) 135846
1 1 1 1 1 1 I 1 1 1 1

¥y

-l 1 I 1
0.1 0.2 0.3 0.4

e NLL calculations

(w/0 non-
perturbative
corrections)
matches data at
large jet R

and high pr
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What do these distributions look like in PYTHIA?

IIIIIII | | IIIIIII | I L

polinario, RKE, Madureira,
(in preparation)

—— 1" Soft-drop emission

— Leading particles

PYTHIA 8.235

20 < Pr et <40 GeV/c

Re-cluster: C/A
p+p Vs =200 GeV
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1 10

Tform

10°

[fm/c]

* As expected we see a significant shift between the two distributions
* Charged particles generally have a formation time much larger than

the first splits
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Connecting the two regimes

e SoftDrop first * SoftDrop split e |Leading and
split 7, (varying z.,,) subleading

resolving the two ch-particle ¢
leading charged /

particles

20



Formation times across various
regimes within the jet shower

T, [fm/c]

* First measurements of formation 07— 'éﬁ'\é}‘f T
. . . N S = o reliminary
time from the jet splitting trees and 0of o o e -
from charged particles in the jet T [ antik; R=04 Jets, i <06 .
= 0.5— [ ] SD 1* split , i
=, B X x Split ch-particles resolved
T} _ s Ch-particles T, ]
e Resolved SD splits show similar o .
g - Z o4l ¥ x -
shape as the charged particle split S 0ar “x
] ] ° X
at large 7, values occurring in the Sor [y RN
: i X
predominantly non-perturbative A %, ¥
region o Pl T
& F * i 20<p <30 [GeV/c]
: . . § L L PENTES S e
* Comparison of the different splits s f A S
010”5 0 5 4

highlights the transition from pQCD
to npQCD
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https://drive.google.com/file/d/1mPtBlT0-dyiRAmlVG9vuAViJt0BTdEHR/view

Explolting substructure

* With splitting/dijet energies
roughly 5-30 GeV, we can
study resolutions O(1-5) fm!

Enabling differential
measurements of similar
kinematics but varying
shower topology!

v, (fm)
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Effect of Parton Showers

PYTHIA 8.301

First Split Second Split Third Split

4.5 —
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e At parton level, variations between shower models
* 745 shape becomes flatter as we move along the shower
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2025-2025 @ RHIC

minimum bias | high-pr int. luminosity [nb_l]

year
[x10° events| | all vz |vz|<70cm |vz|<30cm .
2014 ) 1 . STAR w/ iTPC and
2016
5093 forward upgrade
5095 20 40 36 24
Year | Species snN | Cryo | Physics Rec. Lum. Samp. Lum.

} [GeV] | Weeks | Weeks |z| <10 cm |z| <10 cm

2023 | Au+Au | 200 |24(28) | 9(13) 3.7 (5.7) nb~1 45 (6.9) b1

SPHE

2024 | plpt 200 | 24(28) | 12(16) 0.3 (0.4) pb~! [5kHz] | 45 (62) pb~!

4.5 (6.2) pb~! [10%-str]

2024 | pT+Au | 200 - 5 0.003 pb~! [5 kHz] 0.11 pb~!

0.01 pb~! [10%-str]

2025 | Au+Au | 200 | 24 (28) | 20.5 (24.5) 13 (15) nb~! 21 (25) nb~!




What are jets 1ike 1n vacuum
(pp) at the LHC?

ATLAS, Phys. Rev. Lett. 124, 222002 (2020)
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 Each split along the harder branch makes an entry here in the
2D Lund plane

e Comparison with particle level MC w/ varied shower/
hadronization models showcases differences



15 < pr <20 GeV/c

>

40 < pr < 60 GeV/c
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Jet Mass
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M, =Virtuality

10

[no hadronization here - would smear correlation]
* Part of a broader class of angularity observables  Kang, Lee and Ringer, JHEP 2018
e Sensitive to partonic dynamics i.e. virtuality Majumder and Putschke, PRC 2016

* Governs essentially the energy spread within a jet - ability to study differential
properties of jets ATLAS-CONF-2018-014ALICE, PLB 2018CMS, JHEP 2018



Evolution of jet mass

STAR Phys. Rev. D 104, 052007 (2021)
8
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Significant reduction in the groomed jet mass due to removal of
non-perturbative contributions around the jet periphery



Where do we go from here?

Studying the plateau

(\g 0.353—}-}- g T T ] -
3 = —+— Plateau 1 = {5 R - 20 <p_ <40 GeV/c { 32
— 0.3 — _ -
m E{ —a— Drop - - Leading charg.ed particles
123'2 £ oz . N p+p V8= 20&GQ | =
43 oF 20<p,  <40GeVie - o =
= F *@ p+p Vs = 200 GeV - : :
C 4 T - = 0.6— -
0.15— b " - s |
— ki i _ i ]
o F bt . . -
E .t *@* Apolinario, RKE, Madureira,
- e . .
oosf—  * . * (in preparation) =
* . e .
— - "": . ™
0 :— B8 I I 01000;010:01040;0100' »,i W“I »lm«l HIH im 3 Ot o N .
0 1 2 | 1 4 1 | 6 | 1 1 | L1 112 1 |14 1 116 | |- 18] 1 l20 10_1 1 10 102

Jet Mass  miGeved

—

—
<

—
o
o

1073

107

10°°

Charged Particle Ty fm/c

e Selection on the resolved formation time essentially sculpts the jet
mass and opening angles

e Reproduce correlation between later times and smaller masses
(virtuality) and narrower opening angles - Important handle on particle
production and hadronization



T, (fm)

Where do we go from here?

Time resolved QGP tomography
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Apolinario et al.
Eur. Phys. J. C 81 (2021) 6,


https://link.springer.com/article/10.1140/epjc/s10052-021-09346-8

1.4

1.2

0.8

0.6

0.4

0.2

Where do we go from here?

Extending the charge-correlations in formation time
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e Significant split in the formation times for 3rd particle to be opposite
sign - quantitative categorizing of charge conservation in jets vs time

e Emerging as a new avenue thats complementary to jet substructure
focused on understanding hadronization mechanisms
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Where do we go from here?

Energy-Energy Correlators in Heavy lons

Energy-Energy Correlator pr > 0.5 GeV/c
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* Energy correlators highlight impact of varying ‘“Temperature’ on the jet shower

Measurements ongoing at STAR
in pp and AuAu Collisions



