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Measurement At STAR

 STAR Time Projection Chamber (TPC)
provides excellent charged track spatial
resolution for tracks with p;> 0.2 GeV/c

* Barrel Electromagnetic Calorimeter
(BEMC) provides neutral energy
deposits

* Both have full coverage in azimuthal
angleand [n|<1

 BEMC used for trigger in order to obtain
jet-rich data sample
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Jets and Hadronization

e Jets are proxies for hard-scattered
partons

* Clustered from final state particles

AR using a jet finding algorithm
* Testing energy evolution of parton
shower in time.
Time = ti Ti ; 1 Cacciari et al. JHEP
ormation Ime: OC ———= 0804:063 (2008
f AR2 (2008)
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https://arxiv.org/abs/0802.1189

Energy Energy Correlators (EEC)

Use all final state charged particles, and examine how energy is distributed as a

function of their separation
Allows for study of jet evolution using final state jet constituents as they are, no

additional grooming after jet-finding

Andrew Tamis — CFNS npQCD Workshop — November 7th



Projected N-Point Energy Correlators (ENC)

Two-Point
A Zyers Zenrpls
Normalized EEC = ! N Jets S Ipr jet?
Z]ets Ziijp']",l]—e]tz d (RL)

. n‘_
Experimental
Construction
of Two-Point b

Note: Energy assumes pion mass Correlator

o Allows for study of jet evolution using final state jet constituents as they are, no

additional clustering or grooming after jet-finding
« Ratios of ENCs (i.e. E3C/EEC) allows for isolation of perturbative effects
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p+p Measurement

ArXiv: 2502.15925
10 T

* Separates distribution into non-

O = ' T T

. - E - STAR anti-k, R, =06, |njet| <0.4 3

perturbative and perturbative = [ PP Vs=200 GeV\‘e > §

: g Q - oY ot : ;-

regimes, separated by a transition 5 | c

region S == :

pd B i

* Behavior agrees well with 107 E

. . . - — Random Hadron Model .

theoretical expectations in - NLLpQCD :

. o . —— PYTHIA 8 4§%15<pT_t<ZOGeV/ B}
perturbative regime! — - HERWIG 7 =30<p" <50 Gevic x 0.1
‘IO—Z 1 1 1 1 1 11 1 1 1 1 1 1 |

107 10™ 1

R
e EECs are well understood in vacuum )
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https://arxiv.org/abs/2502.15925
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* Energy Correlators can help 03 (2024) Yang et al.
discriminate both when and 02
how jets are modified in 0.
medium o0 o o 10
e

* Measured by CMS and ALICE
* Probes (Disentangles?) many

Effe Ct S %I %i_, E=100 GeV, L=10 fm T I ,
‘D ation Angl et e ", PRL.130, 262301
ecorrelation Angle e - (2023) Andres et al.
* Jet Wake B R
3 0.8
* Narrowing s 0 P ¥
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.262301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.262301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.011901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.011901

2
g - Data

1.8 [ pp uncertainty —— Au+Au

- a4
1.6/ —- Ru+Ru —— Cu+Cu =

Dataset i

1,2:— T —|[|- |
* Ru+Ru/Zr+Zr 08— 48 " " : Eé&;‘ I
* Collected by STAR in 2018 at +/s = 200 GeV 08~ ®lo
* Medum-sized system (A=96) " AR Pretiminary R
.. 02— %:.QDOGEV
* Central collisions have been shown to see LR >stGevie .
significant jet suppression 10 v (Nor ?

» Select jet-rich events with high-tower trigger
(deposit > 3.4 GeV/c)

* Find jets with R = 0.4 using the anti-k algorithm

* Pseudo-Embedding
* PYTHIA8: Detroit Tune events with pr > 5 GeV/c
* Embedded in minimum-bias Ru+Ru data

e Require each jet to have neutral particle > 3.4
GeV/c
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Finding Jets in A+A Data

Pythia Jet

Prsub = Pt —

Study Heavy-lon effects by

embedding PYTHIA particles into

minimum-bias Ru+Ru data
- Toy Model

5/15/2025

Pythia Jet (Embedded)

Jet Cone (JE)

>
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Unnormalized EEC

10

10°

108

10°E

107”7 E

Problem 1: Background pedestal needs to
be subtracted

but subtracted signal # PYTHIA
- Problem 2: Momentum is smeared
- Problem 3: Jet axis is shifted

E  Simulation
- Ru+Ru, Is = 200 GeV

30<p, o < 50 GeVl/c

—_—
——————
 —

— PYTHIA
— Signal
E JE x JE

Centrality: 0-10% |

—_
—
—

—_—
—_—
—_—l
—_—

107"



Subtraction Method

ldentify jet as it would be found in data
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Subtraction Method

3/2 @ @ ldentify jet as it would be found in data

mol " Grab two perpendicular cones to inform
I background in event
g
O
. @

5/15/2025 Hot Quarks 2025 - Tamis
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Subtraction Method

Information that is

Perpendicular Cone 2

3m/2 . .
(B2) available to us in data
T
® Reconstructed Signal
B Background Under Jet
Perpendicular A Perpendicular Cone 1 (B1)
/2 Cone (B1) V¥V Perpendicular Cone 2 (B2)
0 Jet Cone (JE)
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4
107 E" Simulation 30<p, <50 GeVic

Ru+Ru, Vs = 200 GeV

Subtraction Method

l

10°°

Unnormalized EEC
=)

1077

RL
® Reconstructed Signal
= X + 2 X + X B Background Under Jet
A Perpendicular Cone 1 (B1)
\4
\ J
|

— Signal

— JEXIJE

Centrality: 0-10%

107"

Perpendicular Cone 2 (B2)

WANT
Start taking correlations in jet cone, as we would find it in data

e Can deconstruct into several components
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4
107 E" Simulation 30<p, <50 GeVic

Ru+Ru, Vs = 200 GeV

10°°

Subtraction Method

* Cancel out pure
background 107
contribution using
perpendicular cone

Unnormalized EEC

10°°

— Signal

— JEXIJE

Centrality: 0-10% |

107"
RL

® Reconstructed Signal

- X + 2 X + X B Background Under Jet
A Perpendicular Cone 1 (B1)
V¥V Perpendicular Cone 2 (B2)

\ J
Y
X
WANT - Background Under jet is larger
than our perpendicular cone
- Problem 1A
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Simulation 30<p <50 GeV/c
Ru+Ru, Vs = 200 GeV 'J

Subtraction Method

* Cancel out pure
background 107
contribution using
perpendicular cone

WANT -

Unnormalized EEC
S

—_—

Signal

JE X JE

B1 x B1
Subtracted

Centrality: 0-10% ‘

107"

R,

Reconstructed Signal
Background Under Jet
Perpendicular Cone 1 (B1)
Perpendicular Cone 2 (B2)

Assume (for now) A ~ H
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Simulation 30< Py < 50 GeV/c
Ru+Ru, Vs = 200 GeV 'J

Subtraction Method

* Cancel out pure

Unnormalized EEC
S

—_—

background 107 — Sl
contribution using " e

perpendicular cone

Centrality: 0-10% ‘

107"

R,

® Reconstructed Signal
= X + 2 X B Background Under Jet
A Perpendicular Cone 1 (B1)
\4
\ J
|

Perpendicular Cone 2 (B2)

WANT
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Subtraction Method

Subtract Signal-
Background

correlations using jet

and perpendicular
cone

WANT

5/15/2025

1071

107

Unnormalized EEC

10°°

1077

1078

Simulation

Ru+Ru, Vs = 200 GeV

30< Pr o < 50 GeV/c

—_—

—— Signal
— JEXJE
—— B1 x B1
Subtracted

Centrality: 0-10%

Hot Quarks 2025 - Tamis

107"

R,

Reconstructed Signal
Background Under Jet
Perpendicular Cone 1 (B1)
Perpendicular Cone 2 (B2)
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Simulation 30< Py < 50 GeV/c
Ru+Ru, Vs = 200 GeV ;

107

Subtraction Method

Subtract Signal-

|

Unnormalized EEC

10°°

—_—

|

Background 107 — Sl
correlations using jet - — itracted

Centrality: 0-10% ‘

and perpendicular o
cone o R

® Reconstructed Signal
X + 2 X B Background Under Jet
A Perpendicular Cone 1 (B1)

V¥V Perpendicular Cone 2 (B2)

T
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Subtraction Method

Subtract Signal-
Background

correlations using jet

and perpendicular
cone

WANT

5/15/2025

O 10k . .
E = Simulation 30 <p. - s 50 GeV/c
= F Ru+Ru, Vs = 200 GeV '
o -
N o5l
= 107¢ _
E : '_:___|'—-—l=l=l==
5 B — =
£ 10° . ——
) = T
Ll ——— Signal
107 — JExJE
- —— B1xB1
N —— JExB1
108 Subtracted
- Centrality: 0-10% |
107"
RL
® Reconstructed Signal
X B Background Under Jet
A Perpendicular Cone 1 (B1)
V¥V Perpendicular Cone 2 (B2)
' +@ ' @
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E) g_ Simulation 30<p,  <50Gevic
5 - Ru+Ru, |s = 200 GeV
Subtraction Method =~ ——

Now we have over- 50 T
subtracted an e
uncorrelated ool —— Subbacted
background- - comamy010% .
background term o R,

® Reconstructed Signal

= X -2 X B Background Under Jet
A Perpendicular Cone 1 (B1)
V¥V Perpendicular Cone 2 (B2)
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Subtraction Method

Remove it using two
uncorrelated
perpendicular cones

= X -2
[ | J
Y
WANT +2

5/15/2025

)
o

O 10k . .
E = Simulation 30 <p. - s 50 GeV/c
= F Ru+Ru, Vs = 200 GeV '
o -
N o5l
= 107¢ _
E — '_:___|'—-—l=l=l==
= B — =
S ool - —
) = T
=l —— Signal
107 — JExJE
- —— B1xB1
N —— JExB1
1078 - Subtracted
- Centrality: 0-10% |
107"
RL
® Reconstructed Signal
B Background Under Jet
A Perpendicular Cone 1 (B1)
V¥V Perpendicular Cone 2 (B2)

(o
P
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Subtraction Method

Remove it using two
uncorrelated
perpendicular cones

5/15/2025

10

Perpendicular Cone 1 (B1)
Perpendicular Cone 2 (B2)

O -
wl £ Simulation 30<p. <50GeVic
Lol - T, jet
5 - Ru+Ru, s = 200 GeV
3 B
N 55
= 10°E ,
E [ —_— '_:_I
g — _—
-6 | ]
L — Signal
107 —
= ——— B1xB1
B — JExB1
- —  B1xB2
108 Subtracted
- Centrality: 0-10% |
107"
RL
® Reconstructed Signal
B Background Under Jet
A
\4
Cancels

uncorrelated
background
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Subtraction Method

But it doesn’t look
right...

5/15/2025

8 Simulation 30< P, o 50 GeV/c
% Ru+Ru, Vs = 200 GeV '
D
N s
— 10* —
g B —
= [ —
E | —F—
D L — —

B _— P——— —F—

i —— Signal —

Subtracted
Centrality: 0-10% |
10™
: RL
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® Reconstructed Signal

B Background Under Jet

A Perpendicular Cone 1 (B1)
V¥V Perpendicular Cone 2 (B2)
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Problem 1A - Background Under Jets Correction

Jets have a preference for sitting on upward fluctuations, which needs to be corrected for.
Take ratio of background found under jets in embedding over random cones
Reweight EACH of: JE x B1,B1 x B2, and B1 x B1 individually, and use for subtraction

ctor

Reweighting Fa

15<p <20GeVic
T jet

— Reweight Factor
— Reweight Factor

— Reweight Factor

Reweighting Factor
S
[

[ IR

Centrality: 0-10%

5/15/2025

Reweighting Factor

4: _ 20<p,  <30GeVic
£

sk P e E N
. §_+|_!_'_.—|

25
E

15

0.5

Hot Quarks 2025 - Tamis

Sierra Cantway,
QM 2025

-aw sul .
PTehjet threshold

raw sub
Pt ch jet

raw sub
PTch jet )
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Final Background Subtraction

* After Reweighting via split sample, closes well!

= Signal
== JE X JE

=== B71 X B1 (Reweighted)
-== JE X B1 (Reweighted
=== B1 X B2 (Reweighted)

= Sybtracted

5/15/2025

* Problem 1

Unnormalized EEC

u—y
o
uml‘

u—y
o

Y

o
|5
1

-

o
th

T

-

(=)
-]
1

, Ru+Ru, 15 = 200 GeV '
d—ﬁ

Simulation 15<p <20 GeVic

Subtracted/Signal
P

b

EC

Unnormalized E

—
=]

Y
=]
IS

Y
=]

10

E Simulation

aL Ru+Ru, f5 = 200 GeV

I

20<p, o < 30 GeVic

__=._==:=_"'

]

I*II

Hot Quarks 2025 - Tamis

Unnormalized EEC

—
o

4
E Simulation 30 < Pr o < 50 GeVic
F Ru+Ru, s = 200 GeV
10 5 E_ - P
e —— . e
N — —l—_'__,_..—_
- —— —r— -]
10 6 3 ————
107
108
Centrality: 0-1 0‘:/6
107
R

-
i

Subtracted/Signal
R VR

ot
0

0.7

—I—-—'-+-I—|—|—|-"|'-|-|-




T

Subtracted p

=
=

Problem 2 - p+ Correction

Simulation
Ru+Ru, Vs = 200 GeV

IIII|IIII|IH_I_FFFI|IIII|IIII|IIII|IIII|IIII|IIII

107

5/15/2025

Hot Quarks 2025 -

Area subtraction is an average, some
jets will be over-subtracted, some
under-subtracted

Create a response matrix informed
by pseudo-embedding to map from
subtracted momentum to true
momentum

Problem 2

Tamis 26



Problem 3 -Correction for Jet Axis Drift

* Fill in Correlations missed due to axis drift in response matrix

Y D_I?roblem 3 \/

Simulation 15<p, <20 GeVic
Ru+Ru, Vs = 200 GeV

h]
= 01
=

_t

n

RN

30 < P; o< 50 GeVic

5/15/2025

20 < Prju < 30 GeV/c

o R B & ® LN B o @ N
~

Fraction of EEC

missed as a function

of R;

Hot Quarks 2025 - Tamis

Embedded Jet

PYTHIA Jet
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Signal/Pythia

Signal/Pythia

1.

Momentum Unfold

1.15| — Signal - Truth M

15< Pr ot < 20 GeV/c

ettt

- e e
1:7—1— N
- Ty
0.95—
E t —
0.9 éentrality: 0-10%
0.85 f—
= ‘
107"
121
c 30<p,  <50GevVic
115 K
1.1 f— — ;
=
1.05— i
et '
E — —_—
095
—}
0.9 Centrality: 0-10%
= — i
0.85—
R N
085 ' : :

5/15/2025

ing Performance

& .- Simulation 20 <Py, <30 GeVic
= 115
g2 £ Ru+Ru, Vs = 200 GeV
11— N
= e T
105
[ ._I_.
0.95 E_ L s S —_—
—f— _
0.9— Centrality-0-10%;
0.85 f— —t—
08 : Il 1 1 1 1 1 1 10‘71
HL

Ratio over particle-
e Problem 1 Solvec
 Problem 2 Solvec

* Problem 3 Solveo

into account with unfolding

Hot Quarks 2025 - Tamis

evel PYTHIA:
: reconstructed signal
. correct jet momentum

: Missed Correlations taken
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Unnormalized EEC

Un-subtracted Data

* Now, we want to apply this to data

* Have replicated general trend seen in data in our simulations
* Work in progress to perform correction

: T ] 8 ‘IOGL I L] L] 8 T L] T T T I L) T
" Raw Data : [Ty E [Ty
10eRU+RU, s =200 GeV __ ——r ] e f — 8 10° L
- — S 10° — E — — :
— _ e10E T : £ — ]
: S e : S . . —
10°F E g e 10 . E
3 3 D 4 - 3
C ] 10°F | u ]
- 15<p. <20GeVic . E 20<p. <30GeVic E - 30<p. <50GeV/c .
4 T, jet - T, jet . 2 T, jet
10°F E : ] 10°F E
F ] 10°F E F __JEXJE
: ' = = L R '
i ] 10 — JE x B1
10 3 E| 1 1 —-B1xB2
C . 10 F 3
X i R
1 ()2 F 1 1 1 1 1 1 1 I 1L 1 1 1 1 1 1 1 1 1 I 1 1 1 1 CIerltlralllty II OI ‘II(}I/’6 Il 1
107" 107 107"
RL I:QL I:QL
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ArXiv: 2502.15925 |

summary

 Measurement of EEC in heavy-ion environment at STAR in progress

* Correction method is well-defined and applicable to the energy range
we are looking at

* Work in progress to model background correctly

* Many more interesting measurements in p+p to extend to heavy-ion!

+ STAR
- p+p, VS = 200 GeV

Normalized EEC

20<p, ot < 30 GeV/c

[ @Al Correlations
= Like Charge

anti-k, Rjet =0.6, lnjet| <04 :

-4 Opposite Charge

—— PYTHIA8 & |

— - HERWIG 7

107"
1072

5/15/2025

O = : - — T,
Ll o STAR Preliminary anti-k;, R _=06,n |<04 ;E
LlJ 1.5 — Jet Jet -

£ p+p, VS = 200 GeV
- = >
O 1.4 -
N E
©  13F § 3
E B #15< P 20 GeVic —— ]
g 12 = 20< |:|T " < 30 GeV/c =
‘5 11 430< pTIJer < 50 GeV/c 4?*2 =
™ —f—— =
L 1B F*“‘}"‘"i—o—- 3
3 et 5
N 09F "F§H+—|-_._' =
© ey = 3
08F—%F = i
£
5 o u i
= 10"
I:2L
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https://arxiv.org/abs/2502.15925

Backup
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pr-shitted EECs

ArXiv: 2502.15925

» Shift corrected results on x axisby & 5 oo, (5 < 200 Gev IO Gov
average prjet in a given bin I i R Th =N #30<p, <0 o

* Since location of turnover 1]et, § 3E =
PT Z 255 =

scaled curves will turn over within & 2F — X, =
the same region ”;: _ & - E

* In this case, average momentum is ost T NN
determined via PYTHIA and applied Ob s -
post-correction t (P ? R 1GeVIC]

< pT,jet> ARTu‘rnover ~2—3.5 GeV/C
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https://arxiv.org/abs/2502.15925

Cluster (HERWIG)
C h 9 rge d E ECS Torbjérn Siéstrand

e Separating correlations into

opposite- and like-charge
distributions increases sensitivity to | AX:2502.15925
° ° o Lu ~ STAR
hadronization mechanism G| pip, 5200 Gev
* Models underestimate like-charge IS I
. o). . ©
correlations left of transition region £ | i
O - 1
. . . oy . . = B |
* Shift in location of transition region - :
seen in Monte-Carlo, but not - :
resolved in data 20 <py ;, < 30 GeVic
- A" Correlations — PYTHIA 8 =
m Like Charge
—1 *OpPIOSIteI halrgel Lo | _I- Hll_:RV\l”G|7| L1
1010‘2 107 1
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https://indico.cern.ch/event/1276932/contributions/5563319/attachments/2711373/4708156/ucla23ts.pdf
https://arxiv.org/abs/2502.15925

Relative Contributions of Background

* Can see relative contribution from each type of background in
pseudo-embedding

* Combinatoral background becomes less significant at higher jet
momenta as B1 x B1 moves closer to B1 x B2

w n w1 w
= = = =
e E 15<p. . <20GeVic >< 20<p. <30GeVic x 30<p. <50GeVic
w 0.9 T, jet w 09 T, jet w 0.9 T, jet
g ; L Ja ) ]
6 G.B:— 5 0.8 5 0.8
g o 2 2
g 0.7F g 0.7 g 0.7
0.6F 0.6 —. 0.6
; 1 P itve 0-1009
0.5 e 0.5 " } gt — 056 Centrality: 0-10% o
0.4 S = 04 . . _|_._|-.-l-'-'_'-_ Y B1 x B1 (Reweighted) e
. E . "F = JE x B1 (Reweighted) .
0.3 0.3F . 0.3 = B1x B2 (Reweighted) e
S ]
e =
0.2 0.2F 0.2 $ s -—|-‘_..'—.-"."‘
#ﬂ'_—
0.1 0.1F 0.1E— 1 gt
C L I_] L L C L L L l_] C L 'l I_.‘ L L
10 RL 10 RL 10 RL
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Compare With Data

* Before reweighting, model underpredicts background contribution
* Due to model assuming that each event contains a hard scattering

—
Ll
=

w - L " j L .
I:j 0 9:_ 15 < pT o < 20 GeV/c : {},9:— STAR Work-In-Progress E
2 F ' o F Ru+Ru, 1s = 200 GeV ]
2 osf . + 08F 0-5% centrality -
S Pseudo-embedding g E ]
o 0.7 O 07 -
& C o =

0.6F E 0.6F =

o

n
o
o

— 15<p. <20GeVlc -
= 1 T, jet

o

=L
IIIIIIIII LB

o

.

ms B1 x B1 (Reweighted)

=
o
|
e
X
|

w=ww=_JE x B1 (Reweighted)

o
[
|
o
(Y]
I

|

= B1 x B2 (Reweighted)

o
o
|
=
—
|
|

L L L T |
=1 -1
10 R 10

o
o

5/15/2025 Hot Quarks 2025 - Tamis 35



Compare With Data

» After reweighting data, background is over subtracted

* Amount of combinatorial jets in data is underestimated by model, and their
energy is over-predicted, leading to large reweighting

* Most likely due to residual hard scatterings in minimum-bias data used

5 3 AL
X o0oF 15<p, oS 20 GeV/c S STAR Work-In-Progress
> F ‘ . & - F Ru+Ru, ¥s = 200 Gev ]
8 E W o5k _ ~
& 08F = [ 0-5% centrality .
i) C . i
507k Pseudo-embedding S F E
F o “[ §
0.6F =
3 g .
0.5 1.5 15<p. .  <20GeVic -]
— | : T, jet :
0.4 -
Tl— —
0.3 wmw= B1 x B1 (Reweighted) - — .
0.2 we= )E x B1 (Reweighted) / 0 5:_ -
0.1 www= B1 x B2 (Reweighted) Note change C ]
0 1 L 1 L T | 1 L H H " 3 3 1 1 R | ]
0 . IN axis 0 pp
L RL
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