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Hard Probes
-- Jets
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Jet Sub-structure 1in p+p Collisions
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Detroit Tune for RHIC

Pion UE Jet Mass
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 Anew PYTHIA 8 tune based on RHIC and CDF data, with MPI/UE parameters adjusted and PDF
updated

* Provide a good description of RHIC data at midrapidity [ sur prD 105 2022 016011
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Are Jets Quenched in p+Au?

Semi-inclusive jet suppression

SEA(7O-1 00%)
N

—
4

0.5

—@— (7/8)n< |Ap|<nt Y« STAR Preliminary
—— |Ad|<(1/8)n

Anti-kt raw charged jets

R = 0.4, |njets|<0.6
non-background subtracted
8 GeV trigger in BEMC

p+Au  /syn = 200 GeV= 200 GeV

30 35
ph (GeV/c)

T,jets-raw

* High vs. low event activity events

/dM [c?/GeV]

jet

dN

1N,

low / high EA

Jet Mass
F T T T T T T T T T 3 T T T T T T T T T
0.45F p+Au \s, =200 GeV 3 STAR Preliminary
o4b anti-k;, R'=04,In_|<1-R E3
eF. 20<P,,, <30 GeVic ES 30<p_  <45GeV/c
0.35E *0-50% EA =+ T.jet )
03E = detector uncertainty
5 2'5;_ e *50-100% EA [Jemb.+bkg. uncertainty
0.2 +
0.15F 5= = =+
0.1 e e =+
0.05F =
MWos TN
1.00%
1A
0.8
06 p) 7]

Similar level of suppression for trigger-side and recoil-side semi-inclusive jets

Similar jet mass distributions

e Jet quenching picture is disfavored in 200 GeV p+Au collisions
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* Combinatorial jets removed by requiring high-p leading constituent

Inclusive Charged Jet Rp

| STAR, PRC 102 (2020) 054913

—k— ch. jets 0-10% / 60-80% anti-k;, R=02 _| —®— ch.jets 0-10% / 50-80% |
F—— ch. hadrons 0-5% / 60-80% prn =5 GeV/c T ch. hadrons 0-5% / 60-80% R=03 .
Ll Ll Ll Ll | |
1 10 10° 1 10 10°
pe" , peh (GeVic)
T, jet T

* Strong suppression in central collisions
Consistent with LHC measurements in the overlapping kinematic range
Different p; dependence compared to inclusive charged hadrons
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Semi-inclusive y-jet vs. t0-jet 1, 5

Y+ jet 0+ jet

v" Vary parton flavor, path length
, r\/\/\/v»é VS. < g

» Different spectrum shapes

* Combinatorial jets removed statistically with event mlxmg

S 10 " STAR Prel eg<E™ .
o Mix tracks from events of similar S zéi'gé@arg 5 DO
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. . . \ﬂ w00 T 5
o Does not impose any fragmentation bias g1°F %;:H g
: ~10°¢ 1
o Enable jet measurements down to low pt and up o i ’
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F2 (iii)
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Intra-jet Broadening

O L L L Y I %_dN/de(RZO-Z)
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07/20/2022 Rongrong Ma, RBRC (Predictions for sSPHENIX)



Jet Acoplanarit
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* Significant broadening of acoplanarity distributions in Au+Au collisions for R = 0.5 jets
with 10 < pr <15 GeV/c 2 Medium wake? Scattering off medium constituents?

| K. Rajagopal, Jet Quenching in QGP, ECT* 2022 |
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Jet Sub-structure in AutAu

| STAR, PRC 105 (2022) 044906 |

HardGore e v" Suppress combinatorial jets

i
PT, constituent > 2 GeV/c

Matchedjet  — v" HardCore jet: negligible

>02GeVic —

P consiwen background contribution
constituent = tracks & towers Anti-kt Rg; = 0.1 subjets . .
................... 8 v’ Matched jet: all constituents
: down to 0.2 GeV/c
it Leading subjet
L ool SubrLeadng suet v" Study energy loss for wide
Anti-kt R, = 0.4
HardCore py. > 8 GeVle (large B5;) and narrow (small

0s;) recoil jets

zg) = min(pT,S]LpT,sp)’ 95] — AR(SJ1,5]2)

PT1,SJ1tPT,S]2
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| STAR, PRC 105 (2022) 044906 |
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0-20%
Au+Au, p+p \sy, =200 GeV
Anti-k; Ry, = 0.4, Anti-k_ Rg,=0.1

Iniﬂl+l-'(iel <1.0

HardCore Di-jets
Trigger pTie‘ >16 GeV/c
Recoil pTim > 8 GeV/c

Recoil Matched Jet 0, Selection
Ad (jet, HT) > 2m/3

p+p @ -1
Au+Au AutAu

ﬂ ®02<0g,<03

HardCore Jet 4 ;: AutAu vs. ptp

trigger  _recoil
__ PT,jet T,jet
J = trlgger

ecoil
Dt Jjet + pgl’,]et

Different A, distributions for narrow
and wide jets

Larger < 4,;> in Au+Au compared
to p+p, due to jet quenching, for

oost 1! 'y both narrow and wide HardCore jets
I M M !E“ I R B .0.9@:
0 0.2 0.4 06 o0 0.2 0.4 0.6
HardCore A, HardCore A,
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Matched Jet 4 ;: AutAu vs. ptp

| STAR, PRC 105 (2022) 044906 |
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Rp (/40-80%)

Yield Suppression of D'-tagged Jets

I T T

STAR Preliminary
Aut+Au sy =200 GeV 7

anti—kT, R=04
p_,>5GeV/c
T.D

e 0-10%

m 10-40%
[0 Sys. Unc. (Uncorrelated) ]
B 0-10% <N > Unc. A
B 10-40% <N_,> Unc. _|

Only look at jets containing a D°
above 5 GeV/c

— No combinatorial jets by definition

Unfolded with PYTHIAS
fragmentation: need to be improved

Strong suppression at 10w py ;.
hint of a rising Rcp with p

*Fragmentation from PYTHIA 8 jet
l 1 1 1 1 | 1 1 1 1
5 10 15
pT’jet [GeV/c]
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Hard Probes
-- Heavy Flavor



D R, & v,in AutAu Collisions

| STAR, PRC 99 (2019) 034908 |
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| STAR, PRL 118 (2017) 212301
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» Significant suppression of D° at high pr; v, follows NCQ scaling

—> Strong interactions between charm quarks and QGP; constrain diffusion coefficient
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. -‘L'u,:v_

W Mass Dependence of Parton Energy Loss

| STAR, arXiv:2111.14615 |

| T v ¥ 5 T T i i T T T 7]
14 Duke PHSD  b—e —
12 %b) el e =
=P i ---c—>e --c—e ¢ c—e =
| e e -
< = +\\ STAR Au+Au \s =200 GeV
SN N O R =
0.6 = @\ x ______ -T_]Lj _______ o -
R . L e -
04— - -z ______ 1] —
C @ I Amtameit ey -
0 - 1 N 1 2 M M 1 2 1 3
2 4 6 10
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* Clear mass hierarchy of HF electron Ry, = b quarks lose less energy than ¢ quarks

* b-2>e could be used for tagging b-jets
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Charm Hadrochemistry

| STAR, PRL 127 (2021) 092301

08 I"(D2+D)/(D"4D"), 1.5 < p, <5.0 GeVic
@ STAR Au+Au
0
==+ Tsinghua (seq. coal.) DS/D
06 W PYTHIAp+p
o I
© E ® e -
T 04| R
(]_) ------------ jl:l- ------------- ! --------------- E ------------------------------
> : —
02| § \ L)
2y
; ik | | | ‘VSNN = 200 QeV
0 100 200 300
<Npart>

Clear enhancements of D, and A, to D° ratios compared to PYTHIA (coalescence is important)

—> Redistribution of charm quarks in HI collisions?
Need to extend measurements down to zero py (total charm cross section) How about p+p at RHIC?

Baryon/Meson Ratio

| STAR, PRL 124 (2020) 172301

STAR _ Au+Au \sy =200 GeV, 3 < p <6 GeV/c
[ .Ac+£c ()A+0A O E'*'p_
D0+D0 2Ks T+T O
| - Catania (coal.) PYTHIA AC/D

-- Catania (coal.+frag.) VPYTHIA,CR |

| | | |
0 100 200 300
Number of Participants (Npan)
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Isobar Collisions: J/y Ry, & v,
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*  Indication of a global trend of Ry5 Vs. N, for different colliding systems and energies
—> Interplay of dissociation, regeneration and cold nuclear matter effects
* v, consistent with zero below 4 GeV/c = Small regeneration and/or small charm quark flow
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AutAu Collisions: Y Rysvs. N

art

STAR, arXiv:2207.06568 |

301-60% 10;30% 0-110% 0-60 %
12 A 200 GeV, I¥1<1,0<p,_<10 GeVie 1 ¢ All three Y states are suppressed
lnSTARoY(ls) """""" 1 * Hint of increasing suppression from
0.8} o res) . peripheral to central collisions
0l 4 v Y@S) (95% CL) | | < First observation of sequential
04 %ﬂ B suppression for three Y states at RHIC
» @%}] I . —  Upper limit for Y(3S) in 0-60%
02? N uncertains %3 i I | — >3 difference between Y'(1S) and Y'(3S)
Oy S0 100 150 200 250 300 330 = T3 Raals in betwoen
Npart
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Y RppVS. Nyt RHIC vs. LHC

12 om STAR Au+Au 200 GeV, Iyl <1

| STAR, arXiv:2207.06568 |
oo CMS Pb+Pb 5.02 TeV, lyl <24

0 * Y (1S): similar level of suppression between
2 05 RHIC and LHC
—

— Mostly due to strong suppression of excited states and
cold nuclear matter effects

S
)
—

N, uncertainty
;

— Primordial Y'(1S) not significantly suppressed

12~ Transport Model [7ISTAR[]CMS
0QS+pNRQCD JSTAR = CMS

e et - * Y'(2S): indication of less suppression at RHIC
CMS Y(2S) (95% C.L.) . . o e
in peripheral collisions

<08 i\

e b
7 06 [  Model calculations
= TR N .

041 THLY T — Y (1S): larger separation between RHIC and LHC

02 — Y(2S): tend to undershoot data at the LHC

00 50 100 150 200 250 300 350 400 ggggz;%ocdg{fzglgf JELe017) 034901
part
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Future Plans (2023+25)



STAR Beam Use Request 2022

Table 1: Proposed Run-23 - Run-25 assuming 28 cryo-weeks of running every year, and 6
weeks set-up time to switch species in 2024. For p+p and p+Au sampled luminosities assume a
“take all” trigger. For Au+Au we provide the requested event count for our minimum bias trigger,
and the requested sampled luminosity from our a high-pr trigger that covers all v,.

V/Snn | Species | Number Events/ Year
(GeV) Sampled Luminosity
200 | Au+tAu 20B / 40 nb~* 2023+2025
200 p+p 235 pb~* 2024
200 | pt+Au 1.3 pb-! 2024

* All projections are based on existing measurements
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Projection: y-jet

Suppression & intra-jet broadening

oL -.._STAR Projection y+jet: 15 < E| < 20 GeV -
\/;‘w

1 “ """ [Uncertainty projection] ™~

o .

= —_— ]

T = . .

£ < Au+Au (0-15%) ]

L=<C0.3} - Jetfluid TN antik, R=05 ]

02 I LBT - Projection including Run23+és a
SCET

10 nb™' (Run14)

0.1—III|IIIIIIIIIIIIII|IIII|IIII|I—

) 10 15 20 25 30
peh  [GeV/c]

T,jet

Jet acoplanarity

T ‘ T T T T ‘ T T T T ‘ T
Au+Au (0-15%) STAR Projection
anti-k;, R=0.5 Semi-inclusive y + jet
15 <E° <20 GeV
1°°N < 15 GeVie
T.jet
o= 10 nb” (Run14)

=== Projection including Run23+25

1 \\\Ha‘

f

recoil jet)

Ad (= " - ¢ [rad]
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Projection: Jet Substructure Dependent Energy Loss

0.8

0.7

0.6

STAR Projection

z_ I:l STAR Now _z
E— D w/ STAR 23+25' ] : —E
0.5F - e
0.43
0.3;
0.2F

0.1F

05 0.1
560

oo by b by e b by 1
0 10 20 30 40 50 60

Jet [ [GeV/c]

* Larger jet kinematic reach and finer resolution
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Projection: J/w v, and v,

0.25
[ STAR 23+25 J/y projection, Au+Au 200 GeV, 0-80% [ STAR Run23+25 J/y projection, Au+Au@200 GeV, 0-80%
- 0.3 — —e— Vv2(TPC), Run10, PRL 111.052301
0.2~ - non-flow, Run10
- V o - —e— V2(TPC), Run23+25 (20B MB + 40nb™" HT) V
< o150 4 v, (ZDC), Run23+25 (20B MB + 40 nb™" HT) 1 2 0.2~ —=— V2(EPD), Run23+25 2
z s % C
= N @ C S~
5 OF e b o7 ] t
3 f 5 o 7 o
5 C £ R YR |
L 005 g O o R e TR T T
(| C N P PPRPPPRPS initially produced
C | | ‘ 77777777777777777777777777777777 < T coalescence from thermalized cC
oF t 1 T T -0.1— - initial + coalescence
C C initial + coalescence
- B — — = hydrodynamic
_0'057”‘ | | L | | _02072‘4‘1(;8‘1‘01‘2121
0 2 4 6 8 10 12 14

Transverse momentum p_ [GeV/c]
Transverse momentum P, [GeV/c] T

* v;: probe 1nitial tilt of the medium

* v,: good precision to distinguish models (EPD can greatly suppress non-flow)

— Connection to D° v, through regenerated J/y
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Projection: w(2S) Suppression

o 10°F : : c|. . 004
= E  Run23-25 AuAu@200 GeV 60-80% - Un||keS|gn o %
- *
s (Target 208 MB) — LikeSign @ ['s.0.035
- . g/ ~
™ 104 | #J/y = 15568.0 + 155.2 - Rawslgnal < r)
g E  #y(25)=305.0 + 56.0 0.03
S~ *|
%) y(2S)*BR _
2 JyBR =002 £ 0.0036 0.025
S 100 E
31°E
O F 0.02
10°E 0.015
i 0.01
10
= 0.005
| \ Ll L

2.8‘ — 3 — ‘3.2‘ 3.4 ‘ 3.6 3.82
Mge (GeV/c?)

- Run23-25 AuAu@200 GeV (Target 20B MB)

- y(2S)"BR
- —@— Assume JvBR

=0.02

;TTT[TT

0
60-80%  40-60%  20-40% 0-20% 0-60% 0-80%

* First of such measurement in Au+Au collisions at RHIC
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Projection: Y Suppression
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* Entering precision era

* Expect a precision of 30% statistical uncertainty for Y'(3S) measurements

R, , projection

14

12}

- Au+Au@200 GeV,0-60%, Y — u+u'& Y —>e'e
* Y(AS)* Y(2S) 2023+2025 (40 nb'])
I % YAS)% Y(2S) 2011+2014+2016
*ill\(
*
S ok
B . % +
| . | |
2 4 8

10

07/20/2022

Rongrong Ma, RBRC (Predictions for sSPHENIX)

30



. -‘L'u,:v_

s
Summary

* High-impact and insightful hard probes program at STAR

— Jets: study parton shower in vacuum and energy loss mechanism in QGP
through (semi-)inclusive and substructure measurements

— Open HF: constrain spatial diffusion coefficient; change of hadronization
process

— Quarkonia: probe in-medium QCD force and medium temperature

* Bright future ahead
— Precision era
— Extended kinematic reach
— New channels
— More differential measurements
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Jet

Heavy Flavors
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Semi-inclusive y-jet vs. t0-jet 1, 5
v' Vary parton flavor, path length I haeh et
> Different spectrum shapes % =g g

* Combinatorial jets removed statistically with event mixing
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* No obvious sign of broadening for R = 0.2 jets
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Radial Profile of D°-tagged Jets
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Au+Au Collisions: Y R, A VS. pr

STAR, arXiv:XXXX |

12
em STAR Au+Au 200 GeV, lyl <1, 0-60%
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* No significant p; dependence seen

* (Can constrain model calculations

12f

T T T T T

. , . ; .
Transport Model — Heidelberg Model
OQS+pNRQCD Coupled Boltzmann Eq.

N,y uncertainty

Transport Model: PRC 96 (2017) 054901
OQS+pNRQCD: 2205.10289

Coupled Boltzmann Eq: JHEP 01 (2021) 046
Heidelberg Model: PRC 95 (2017) 024905
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