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Colored objects experience
energy loss in a colored medium

TP

“ Lifetime ~10- s — measure QGP properties and
N ekt evolution using high-Q2/large mass

iTemperature ~2-1012 K | . (Yo hard probes

» Jets: energy loss and broadening from interactions with the QGP (jet quenching) ‘/

 Open heavy flavor: larger mass — less energy loss (dead cone effect) %«

 Quarkonia: colored dipole — sensitive to the temperature of QGP @
 Higher excited quarkonium states — lower binding energy — “thermometer” e @

Rafelski, Eur. Phys. J. A 51 (2015) 114 2 Veronica Verkest @ Moriond 2023



Collision systems

@@ Ow

@&

p+p p+A A+A
. * Nuclear density large
 /acuum reference * Null experiment enough to create a
» Jet and heavy flavor * Assume no hot hot, dense QGP
production in nuclear mater * Modification of hard
vacuum described » CNM effects: all but probes as a tool to
by pQCD hot nuclear effects study microscopic
structure

If we understand production in p+p and have assessed CNM effects, we can
attribute modification of hard probes in heavy-ion collisions to hot nuclear effects
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The STAR detector

Beam-beam counter (BBC)

* Triggering detector

. EastinnerBBC: —5.2 <y < —3.3
Barrel electromagnetic
calorimeter (BEMC)

e V, T, e+, ...

. |7l <1, O0<o¢p<2x

Time projection chamber (TPC)
* Charged tracks

 Measures momentum & PID (dE/dx)
. || <1; O<¢p<2r
Time-of-flight (TOF)

* Time of flight measurement

 PID for 7, K, p at intermediate py

Heavy flavor tracker (HFT)

* Vertex reconstruction from HF decays i > | D -
Muon telescope detector (MTD) N - BN

* |dentifies muons; triggers on quarkonia ' hd st @ Moriond 2023
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— 8% uncertainty of luminosity not included
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. | X .
0 1 2
Jet Activity

= J/y production with jet activity

__ STAR Preliminary  p4p, s =200 GeV
Inclusive Jhp — u'w

JIp JIp
p-" <10 GeV/ic,ly '1<0.4
Charged jet, R=0.4

0

Dependence of the J/y production

cross section on the jet activity (jet
multiplicity per event)

Corrected for overall scale,

PYTHIA8 over-predicts J/ys
production in events with jets

Ongoing: can be used to
discriminate between different
production mechanisms (color-
singlet vs. color-octet)
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~®  p+A: cold nuclear matter

* Null experiment to study cold nuclear matter

effects PHENIX  d+Au, |s, = 200 GeV
anti-k,, R=0.3 jet

CNM effects: all effects of a larger collision

 Recent studies show unexpected modification i /%//%/
of cross-sections as a function of centrality in
p(d)+A collisions—typically characteristic of hot = °°

nuclear effects 0.6

/

1

" [¥] 60-88% Jm

system NOT due to hot nuclear matter I _ +=== E-loss 0-20% 1%

165 + 40-60% (Kang et al) 2

effects O~ 17

- ¥ 20-40% 1 [ 12

Is a p+A collision simply a superposition of p+p 4[] 5.20% + t { i
collisions? P v | =

Ny
......
N

"|1||||.|||

o)
-

e are there hot or cold nuclear matter effects
or something else?

/ Veronica Verkest @ Moriond 2023



-~® Are jets modified in p+Au?

SEA(O-3O%)
SEA(70-1 00%)

i Detector level uncorrected
& Open Markers: 70-90% EA 1rc
10 & Full Markers: 0-30% EAec
- ¥$$ o Trigger —@— (7/8)n< |Ad|<r
102 ﬂ-‘it:# 2 Recoil —— |Ad|<(1/8)r
- trigger <
107 = } Q
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-2.—3_11 PR SR NN TR SR N TR NN R S S S | |
- % STAR Preliminary
2 p+Au /Sy = 200GeV
- Anti-kT raw charged jets
- R = 0.4, |njets|<0.6
1.9 non-background subtracted
= 8 GeV trigger in BEMC
15-.‘??&,,, ______________________________________________________ +
0.5]- -t ?
O:llllllllllllllllllllllllll PR R S S '
0 5 10 15 20 25 gO 35
p° (GeV/c)
Tjets raw
8

Yield of semi-inclusive jets per

high-p+ charged hadron trigger

IS suppressed Iin high event
activity (EA) events relative to
low EA events, where EA s the

charged underlying event p-
density at mid-rapidity (|n| < 1)

The suppression is comparable
for jets on the trigger and recoll
side—inconsistent with energy
loss in medium

Veronica Verkest @ Moriond 2023



-~ ® Are jets modified in p+Au’?

p+Au \[ 200 GeV
anti-k, R 0.4, In I<1 R

é_ 20 < pTj < 30 GeVic
0.632 3 | %0-50% EA

3 e *50-100% EA
" 0.25F

0.45
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jet
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Jet mass is consistent between events with high and low EA, therefore the jet
itself is not modified within uncertainty
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Event activity in p+Au

STAR Preliminary <EABBC>

0.25

iy 10<0®® <15 99780 « 30 * Anti-correlation between
< < < +
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. +15<pTlead<20 21870 = 60 it d lead; ot
— 52 R *-20<p® <30 21200 = 100 rap _I y an. ,ea NI ISt Pr
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0.15

* Events selected by

s jets uncorrected for detector effects . |
0.1 statistical errors only hlg her (IOWGF) jet pT
. . .
p+Au |5y, = 200 GeV ° have a lower (higher)
E; >5.4GeV 3
0.05 anti-k . R=0.4 jets aV?rage EABBC’
| | < 0.6 e naively classified as
. more peripheral
| | | | | | | | | | | | | | | | | | | | | | | | | | | ’ | I ' : | |
OO 10000 20000 30000 40000 50000 6000.0 70000 (Central)
EABBC

Correlation of hard and soft particle production due to early-time effects

(over large rapidity)
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J/v Roa In p+AuU via dimuon

~ sy = 200 GeV, inclusive J/y

. % STARDp+Au, |y| < 0.5

O PHENIX d+Au, |y| < 0.35

@ STAR Au+Au, 0-20%, |y| < 0.5

1.5
2

dA’

STAR

Roa

HO
.
2
HOr

0.5

<
o
(14
= ICEM+NLO EPS09 ez Lansberg: nCTEQ15
B - CGC+ICEM ablalll Comover
TAMU Eloss+Broadening
1 1 | 1 1 l | | 1 l 1 1 1 l 1 | 1 l
2 4 6 8 10
p_ (GeVI/c)

STAR, Phys.Lett.B 825 (2022) 136865

R . — | dszA/ dp Tdy
A = S ———
g Ncoll dszp/ dedy

J/W Rp+au consistent with unity above 3 GeV/c;
agreement with Rq+au measured in PHENIX

= Therefore, little CNM observed for J/y/

above 3 GeV/c in small systems within
uncertainty

Suppression in central Au+Au mostly due to
hot medium effects

Rpa described reasonably by models within
uncertainty

10 Veronica Verkest @ Moriond 2023
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Small systems summary

o e > - & @&

P+P p+A A+A

 Jet yield suppression
suggests correlation
between hard and soft

e Jet substructure

measurements — study How are these hard

jets” evolution ana production (no mass f'? f z?b eslmod/f/et?’ oy
resolving power modification) ho nuclear matter /r;
. Investigate J/y . No CNM effects eavy-ion collisions:

production mechanism observed for J/y at high-

pt within systematics

vacuum '

nuclear density

11 Veronica Verkest @ Moriond 2023



Rcp: Au+Au and Pb+Pb
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i Au+Au |s = 200 Ge'f/%z% l | Pb+Pb |s,,=2.76 Te%
10-1 —k— ch. jets 0-10% / 60-80% anti-k;, R=0.2  _| —®— ch.jets 0-10% /50-80% B
- %~ ch. hadrons 0-5%/ 60-80% pm" -5GeV/c I ch. hadrons 0-5% / 60-80% 1=0.3
) Lol e ] Y B e e R ETT
1 10 10° 1 i 10 i 10°
C C
PT o PT (GeVic)
 Charged jets and hadrons strongly suppressed in central Au+Au collisions relative to
peripheral
* Rcp in Au+Au at 200 GeV is similar to LHC measurements of Pb+Pb at 2.76 TeV within
' t.
region of overlap | (d®Npa/dpy dn>cen /Ngent
* Energy loss at LHC is larger than at RHIC Rep =

( d2N s n/dpy dr])periph- /NjPeriph.

coll

STAR, Phys.Rev.C 102 (2020) 054913 12 Veronica Verkest @ Moriond 2023
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Suppression of DO jets

L)
B
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Ru+Ru&Zr+Zr@200 GeV, p_ > 0.2 GeV/c,e'e, |y|<1.0
Au+Au@54.4 GeV, p_> 0.2 GeV/c, e'e”, |y|<1.0
Cu+Cu@200 GeV, p_ > 0 GeVl/c, e'e, |y |<0.35, PRL2008 |SObar CollisiOns:

p+Au@200 GeV, p_ > 0 GeV/c, u*tu-, |y |<0.5, PLB2022 : .
medium-sized system
Au+Au@200 GeV, p_ > 0.15 GeV/c, utu-, |y [<0.5, PLB2019 y

J/y Raa suppression

| IN 1ISobar IS consistent
Global uncertainty i with Au+Au collisions
at comparable <Npart>

Suppression driven
by system size
<Npart>, not collision
geometiry

[ !
I%S| Eléi@ !k‘)
% 10
' L E'EI EIIEI@

STAR Preliminary
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‘\DCON‘. D

jet asymmetry A= =—;

1 ] I L) ) )

STAR
0.25: K:;e_ﬁ Au+Au 1 0-20%
_ - @ ® o >0 Au+Au, p+p \s,, = 200 GeV
% 0.2~ T Antik; R, = 0.4, Anti-k_Rg, = 0.1
\5 i N [*R; <10
Z — 1
© 0.15 ‘ T HardCore Di-jets
A% OO O 9 . 6 O Q T Trigger Pl > 16 GeV/c
% 0.1 ® ® ¢ O 1 Recoilp . > 8 GeVic
i | Recoil Matched Jet 6, Selection
0.05[- O 8 T Ab(jet, HT) > 2n/3
| | | 1 1Q'_.+.:: 1 1 1 | 1 1 1 | L 1 1 | L
' | | 1 Ll 1 I 1 1 1 I 1 1 | I I 1 1 l i
0.25F Z:Eﬁ Au+Au 1 f\:ﬁ ZBU Au+Au E
< 02f ] Wo0.1<6g<0.2 I ¢ o 0.2<0g,<0.3 ]
e, i
3
% 0.15F E T -
s °F N T 0 T ¥ :
0.05F W + ¢ ¢ g -
| I TR T S |!|H.._L.: N T TR T NN TN S SAN SN S Q I ‘L‘_:
0 0.2 0.4 06 O 0.2 0.4 0.6

STAR, Phys.Rev.C 105 (2022) 044906

HardCore A !

HardCore A |

lead sub
Pt — Pt

High Tower (HT) trigger
HardCore jet Er > 5.4 GeV
P, constituent > 2 GeV/c

Matched jet — ‘

PT, constituent = 0.2GeV/ic

..+ Leading subjet constituent = tracks & towers
..} Sub-Leading subjet

........... ...'&/ ) .
pr>297Gevlc e 7 Trigger jet

AP>2al3 Antikt R, = 0.4

HardCore pr s > 16 GeV/c

‘951 — ARSJl,SJz

" Recoil jet
“..." Anti-kr Ry = 0.4
HardCore py o > 8 GeV/c

« A, for HardCore dijets (constituent p > 2
GeV/c) measured for Au+Au as well as

p+p® Au+Au for different O,

 Disagreement between Au+Au and p+p®

Au+Au at all angles—jets are modified in
Au+Au

15 Veronica Verkest @ Moriond 2023



@ - ® MATCHED Dijet asymmetry -
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0-20%
Au+Au, p+p VsNN =200 GeV

Anti-k; Ry, = 0.4, Anti-k_Rg, = 0.1
I #R,g, < 1.0

HardCore Di-jets
Trigger pTjet >16 GeV/c

Recoil Py et > 8 GeVl/c

Recoil Matched Jet 6 Selection
A (jet, HT) > 2n/3

l | 1 | l | L L l

B 0.1 <0g,<0.2

I : : | | 1 1 I | | t
| I | I

p+p @ -

Au+Au Au+Au
¢ 02<0,,<03

N
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b

] ! | | ] ) l-ni!-_.l : | | 1 1 1 | O 1 Q ] ’ 8 | :
0.2 0.4 06 O 0.2 0.4 0.6
Matched |AJ| Matched |A |

STAR, Phys.Rev.C 105 (2022) 044906

lead sub
Pt — Pt

|
pTead + p%ub

High Tower (HT) trigger
HardCore jet E; > 5.4 GeV
PT, constituent > 2 GeV/c ’
Matched jet — I

PT, constituent > (0.2 GeV/c

i': Leading subjet

constituent = tracks & towers
..} Sub-Leading subjet

pr > 2.97 GeV/c -

Trigger jet
A¢p > 2r/3 99

Anti'kT Rjet — 0.4

HardCore pr s > 16 GeV/c

‘951 — ARSJl,SJz

. %" Recoil jet
' Aﬁti-kTRjet =04
HardCore py o > 8 GeV/c

« Agreement between Au+Au and p+p® Au+Au
A, for dijets matched to the HardCore jets

 Matched jets are balanced—energy is
recovered In low-pT constituents

 No apparent angular dependence

* Indicates recoll jet loses energy as single

color charge radiating in medium!
15 Veronica Verkest @ Moriond 2023
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Upsilon Raa in Au+Au

30-60% 10-30% 0-10% 0-60%
1.2+ | | ™
| Au+Au 200 GeV, [y| <1,0<p_<10 GeV/c { |
Y O .. L.,
- STAR ® Y(1S)
0.8 B ] Y(ZS)
0
mﬁ ocl . ¥ Y(3S) (95% C.L) |
[ |
04 é + B ®
' []
0.2 I
" N_, uncertainty L]
0 | | | | | | | \\/4
0 50 100 150 200 250 300 350
Npart
STAR, Phys.Rev.Lett. 130 (2023) 112301 16

Possibility for hot medium to
*melt” bound states; use

different Y states like a QGP ==
“thermometer” é
?

Suppression of all Y in
Au+Au; suppression Is larger

IN more central collisions #
Higher excited states more y
suppressed due to their é-

lower binding energies v -

—

—
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Summary

pP+tPp e
 Used differential substructure to probe parton shower evolution
 Change from soft, wide-angle to hard, collinear splits

* J/yis measured with associated jet activity to discriminate different models (color-
singlet vs. color octet)

p+A

e Early-time correlations found between hard, mid-rapidity and soft, backward-rapidity
particle production

 Possible explanation for jet yield modification as a function of centrality
* No significant CNM effects at high prin J/y

Ak @ B

» J/y suppression in isobar consistent with suppression in Au+Au at similar <Npart>
 Matched dijet asymmetry shows no angular dependence of jet energy loss

* Upsilon Raa in Au+Au shows greater suppression of higher excited states
17 Veronica Verkest @ Moriond 2023




18 Veronica Verkest @ Moriond 2023



-« SoftDrop and jet substructure

p
: R
SoftDrop grooming g - _
criteria: Zg > eut (E) > Acut — 0'1’ ﬁ =0 - Zg > 0.1
—o
o , d ( k?
min(pr 1, Pro) g = < T>
— 0. Z, = dL
—® Pt T Pro2
1st split — kT — ngT sin AR1,2
—® Prong 1 b
: T,1
2nd split ’ -
3rd split I Rg = AKR(1,2)
Pt2
Prong 2
|
form L = ———— splitting probability : dP ~
72(1 — 2)0%E 0 w

19 Veronica Verkest @ Moriond 2023



o 10
S 1o PYTHIA-8 p+p
3 Y S A 4 2
© LHs — LHCys = 5.5 Tel . 2% _is much steeper at RHIC
e 107F} » — RHIC /s = 0.2 TeV dprdip
B and _ energies than LHC energies
5 107 anti-kr R=0.4 Jets
o .
B 10°k . e In order to have suppression
b 1 . comparable to that at RHIC, the
e 10°E * -
e . A jet pt spectrum at the LHC
2 107 | “s o would need to shift downward
Tea even further
10° pToR )
10° o
107 o (Nan/dprdn) NG
10" * - (d2N s a/dpyds) ™" /NPeriph.
0 20 40,60 80 100 120 140 160 180 200 220 AATEPTH coll
| |

“ pT, jet [GeVI C] 20 Veronica Verkest @ Moriond 2023
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Multldlmensmnal substructure

0.30

®* MultlFold

S TAR Prehmmary . p+p VS =200GeV.
— 0.25F 3 : 4 anti-kt full jets, R=0.4, ||<0.6 ] 1 % RooUnfold
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Pr JEjet

MultiFold: simultaneous, unbinned unfolding,

agreement with RooUnfold
Study substructure observables

(pT9 Qa M9 M
characterize jets

Rg, zg) at the hardest split to

Study mass and weighted jet charge —
determine initiator (gluon or quark flavor)
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> e J/y polarization in p+p

. STAR (a) : p+p Vs =200 GeV (b)
F O Jly—ete, HX, lyl<1.0 -+ ] O Jly—e'e, CS, lyl<1.0

P L ¢ o o8 inas » J/y polarization is dependent on

: production mechanism; polarization
measurements can help inform and
discern between mechanisms

1 — ® Jy—uw, HX, lyl<0.5 S -

 Measurements show polarization is
consistent with zero within errors; this
IS In agreement with the models

' (e)f (f shown
0.5 |- + - _
s 02:1736 S * [hese values are also in agreement
< oromm | with measurements from PHENIX in
—0.5 - NLO NRQCD1: lyl<1.0 []lyl<0.5 [ (direct)
| NLONRQCDZ | lyl<1.0 Elyi<05 | caceRacD: [7]lyl<1.0 | lyi<05 2020 PHENIX, Phys.Rev.D 102 (2020) 072008
) S A S S i SR L
p_ (GeV/c) p_ (GeV/c)

STAR, Phys.Rev.D 102 (2020) 092009 22 Veronica Verkest @ Moriond 2023



-+ J/y production with jet activit

s} | o) o
S 102 — STAR Preliminary  pip, s =200 GeV m S 102 — STAR Preliminary  pip, s =200 GeV
2 E‘ | Inclusive JAp — wru’ 2 = " Inclusive JAp — wru’
Q_} - p¥ <10 GeV/c, Iy 1< 0.4 Q_} - p¥ <10 GeV/c, Iy 1< 0.4
o% 10 Charged jet, R=0.4 b% 10 Charged jet, R = 0.6
© s P =3 GeVie, ly*I<1-R © : P =3 GeVie, Iyl <1- R
X i .
1| Ldt=76.0pb" ' 1| Ldt=76.0pb X
- —¥ Data - —¥ Data X
i Systematic uncertainty ' i Systematic uncertainty
» PYTHIA8, STAR HF tun y PYTHIA8, STAR HF tune}(x1.96)
10 = 8% uncertainty of luminosity nof included L E 8% uncertainty of luminosity not Included
o | | | o | | |
T 3 T 3 |- O
s . e f ~ _
C\U 1 c\s 1 ¥ .................................... * ............
N — ) —————— ~—————— .
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» (Corrected for overall scale, PYTHIA8 over-predicts J/y production in events with jets

» Different J/ys production mechanisms may be associated with different jet multiplicities

* Ongoing: compare different production mechanisms (color-singlet and color-octet models)
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* J/yy Raa shows suppression in isobar is
consistent with Au+Au at comparable
Npart

e Similar densities = similar E-loss

24

Isobar \/ =200 GeV
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* Elliptic flow measured in STAR Au+Au
consistent with zero (https://arxiv.org/pdf/
1212.3304.pdf)

* |sobar expected to have less non-flow
(contamination) due to lower mass

e Vo In ISObar also consistent with zero
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https://arxiv.org/pdf/1212.3304.pdf
https://arxiv.org/pdf/1212.3304.pdf

@-® J/yy dimuon & dielectron Raa

J/y via dielectron in STAR shows excess

J/y production at low pr in peripheral
collisions

J. Adam et al. (STAR Collaboration), Phys. Rev. Lett. 123, 132302

e Comparison with preliminary dimuon
measurements show similar trends —
enhancement at low pr Is confirmed

e These observations are consistent with
coherent photon-nucleon interactions
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Jet mass in p+Au events are consistent with p+p jet mass

STAR, Phys.Rev.D 104 (2021) 052007
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o PHENIX Rg:au erratum

2.5

- d+Au, S = 200 GeV ~—
- anti-k; R=0.3 jet, n|<0.15  PHZSENIX
ol prellm\lnary

I:szu
|

- I * An erratum to the PHENIX Rg:au
: Lol b IS being preparea
1-or I » The analysis was re-done after
i Za=N N . removing noisy towers
AR » Ra:au NO longer shows jet
C 60-88% = suppression in central events,

but still shows enhancement in
~ [+]20-40% peripheral events
B l 10-20% %
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Lajoie https://moriond.in2p3.fr/2021/QCD/ 27 Veronica Verkest @ Moriond 2023
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PARTICLE SYMBOL MASS (GEV)

PHOTON 0
NEUTRINO v 0

ELECTRON e 0005
MUON e 105
Pl 0 135
MESONS e 140
K MESONS 494
PROTON I 938
NEUTRON - n 940
PHI 1.020
LAMBDA 1.116
CHARMED D° 1.863
MESONS D+ 1.868
CHARMED LAMBDA 2.260
J OR PSI JI 3.098
FAMILY y' 3.684

UPSILON ! 04

AR Y Y’ 10.0
\" 10.4

http://physics.gmu.edu/~rubinp/courses/440-540/undergrad/LedermanUpsilon.pdf \eronica Verkest @ Moriond 2023



