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*Jets, quarkonia produced in hard process before QGP formation (<1 fm)

Hard probes of the QGP
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Colored partons of varying QQ pairs are Debye screened by color charges
virtuality resolve structure of in the medium;
medium at different scales; excited states dissociate (» suppressed di-
jets are broadened and softened lepton yields) at different T's
2015 NP LRP Image: Agnes Mdcsy

RHIC Jet Probes , | ' . T/T¢ 1/{r) [fm]
LHC Jet Probes 6 5 )

QGP Influenc.fa 2 Y(1S)

Xb(lp)

1.2l 7/v(15) Y'(25)

Resolution [1/fm]
=

%./(2P) Y(35)
=T W AP wzs)

RHIC/AGS Users’ Meeting, June, 2021 Isaac Mooney



Initial-state E-loss

RHIC/AGS Users’ Meeting, June, 2021

(on jets)

CNM effects

Vitev, PRC /5, 064906 (2007)

Final-state E-loss
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nPDFs

'Andronic et al., Eur. Phys. J. C 76, 107 (2016)


https://doi.org/10.1103/PhysRevC.75.064906
http://10.1088/1126-6708/2008/07/102

Vitev, PRC /5, 064906 (2007)
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Eskola, Paukkunen, Salgado, JHEP 07 102 (2008)

y=0,5<pr <30 GeV/c:0.1 $£x < 0.5 for pAu
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Introduction to small systems

PHENIX, PRL 111, 202301 (2013) (POtentlal) hot nuclear matter effects

S 1.6¢ ——— .
2 1.4;— —;
:% 1.2 - e [ -
S I HH % | 3
Qo 1 . .
8 osb 1‘ a5 ! : ' e PHENIX measured different nuclear
= C Q o= o
8 os- . | o Naso E modification of y(2S) and J/y
° 04~ ¢ —=— E86GNuSea 7 - final state effect
2 - —e— PHENIX d+Au .
% 0.2~ } —— F. Arleo et al. B
oc o— . . L |-1 ]
Quarkonia time in nu1é)leus (7) [fm/c]
0'20f""'l""l""l""l""l""l--!',"'I""I""I""I"''I""I--":"'I""I""I""I'"'I""I-
0.18 F p+Au (S = 200 GeV 0-5% I d+Au Sy, = 200 GeV 0-5% I %He+Au (S = 200 GeV 0-5% 4
F -e- v, Data I E .
SR P :_aafR PHENIX observes flow in small
- == v, iEBE-VISHNU & T o
JdEpmiey systems (go]ng back to 20131)
008 £ (although disagreement with
oy M A ] STAR, see Belmont, RHIC/AGS
0.025_ .................... "I ......... I I IZ_ AUM 2020)

05 10 15 20 25 3.0 05 10 15 20 2. 3.0 05 10 15 20 25 3.0
pr(GeV ¢™) pr(GeV ¢ pr(GeV ¢

PHENIX, Nat. Phys. 15, 214—-220 (2019)
Can we test for hot nuclear matter effects with hard probes?

TPHENIX, PRL 111, 212301 (2013)
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https://doi.org/10.1038/s41567-018-0360-0
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Detectors

STAR: h,e™,yin |n| < 1,9 € 2m;3.4 < |n| < 5.0
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Detectors
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PC3  Central P

Magnet TEC

STAR: h,e™,yin |n| < 1,9 € 2m;3.4 < || < 5.0 =<

weL

TPC I
(Time Projection 5
Chamber) |
-1.3<n<+1.3
"""" ‘ [ &
7 ' ¥
/‘ ' / West Beam View East
! \‘ 7 RPC3 B RPC3
&\‘ \ l { 1\ ——d ‘ Central Magnet
|
Ml\ ’ \ S
\» g : : |
ZDC South ZDC North
o] =
MulD| -
BBC ‘
Beam-Beam Counters 1
Luminosity Monitors ¢
3.4 <Inf<5.0 \ Y  South Side View North
—1 -1<n<1 e

18.5m= 60 fi

PHENIX: /i,e™, yin || <0350 € 2Xn/2;uin1.2 < |n| < 2.2

RHIC/AGS Users’ Meeting, June, 2021 Isaac Mooney



Event activity / centrality

In STAR, two options for definition of the activity of an event away from the jet in
PA collisions

Backward EA

Sbjet/trigger
[

~ 1.8
°[C STAR Preliminary
P pmmen | U CUND
14 TT:;:;TL 2=:4 jets @ 03<UEn<10 - 03<UEn<10
12F High EA Au-going UE PHENIX uses a BBC
Pt - I . (Cerenkov, —3.9 < n < — 3.1)
osf- . p'_gomg e | IR and reports centrality
L e ¥ gy Somally comakiee! (PHENIX, PRC 90, 034902 (2014))
L | | |
10 15 20

25 reco 30
pT,Iead [GeV/C]
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http://10.1103/PhysRevC.90.034902

PHENIXjetR .

1.8F-[F) 60-88%
- ===x E-loss 0-20%
16_—+ 40-60% (Kang et al)
- 14 20-40% +
4] 0-20% Jf +
o= 1.2F b * + +

1

0.8

0.6

PHENIX, PRL 116 (2016), 122301

“..an enhancement in 40%—-88% events...is
challenging to understand as a distinct physics effect.”
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https://doi.org/10.1103/PhysRevLett.116.122301
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2016: centrality-dependent yield
suppression in central collisions
2021: similar relative centrality-
dependence to 2016; different
Pt jet dependence; no

suppression within systematics

Model including nPDF effects is
centrality-independent

Model predicts R ,,, ~ 1, low py
enhancement is not captured

Could it be a correlation between the energy of the hard process and
the centrality? (See next)

RHIC/AGS Users’ Meeting, June, 2021

Isaac Mooney

10


https://indico.cern.ch/event/985652/contributions/4296052/

STAR semi-inclusive

jet spectra

High EA: 0-30%

1 o
< g 1 ; Recoil Jets Low 53670'90%
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(H legh
102 a8
—4— B \&H'thpHugh
1072 & BBCLe,
04

Recoil charged jet on
away-side from high-Er
trigger suppressed in high-
EA compared to low-EA

Path-length dependent

STAR Preliminary —&— High/Low BBC

FTTTTTTTITTTd IIIIIIII‘ IIIIIIII’ IIIIIIII‘ IIIIIIII’

energy loss in nuclear
” environment?

But no broadening of
acoplanarity for high-EA
recoil jets +

Trigger and recoil are

) p+Au./syy = 200 GeV _
Anti-ky reconstructed charged jets —#— High/Low p
R=0.4, |77jets| <0.6 —&— High/Low (BBCyp)
1.5 8 GeV Trigger in BEMC
S S 2
1 [ e
:i“*iﬁ_f .
05 —
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pT’jetS_raW p Area (GeV/c)

RHIC/AGS Users’ Meeting, June, 2021 Isaac Mooney

modified similarly (backup)

"



STAR event activity at backward-z

£0.25
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%_‘ 8 : 10 < p'rl?,lc;oad <15 22780 + 30 Sma"er |ncreasing
(0] — .
5 020 e 15<p™ <20 2187060 lead [<iBBCEsum>
2 - e ’ i higher EA
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B —$— ’
A5—
0.15 B .
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0.1 [ statistical errors only
A e
| p+Au \sy, =200 GeV ——
L E!?>5.4GeV —g—
0.05 | anti-k; R=0.4 jets e
- | |T_|jets | <0.6 ——
B —e—
O B | | | | I | | | | | | | | | | | | | | I | | | | I | Ii | —!—'—L | |
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iBBC East Sum

BBC signal anti-correlated with jet py

Similar effect observed in PYTHIA-8 Angantyr at generator-level (Stewart, DNP 2020)

Mid-rapidity jet + large-rapidity EA anticorrelation » early-time effect
E.g. initial proton configuration: higher-x + smaller cross section; simple £ conservation; etc.

Alvioli, Cole, Frankfurt, Perepelitsa, Strikman, PRC 93, 011902(R) (2016)
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http://10.1103/PhysRevC.93.011902

pAu inclusive jet mass at STAR

pp: arXiv:2103.13286
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Low-EA jet mass is comparable to pp in systematic and statistical uncertainties
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https://arxiv.org/abs/2103.13286

pAu inclusive jet mass at STAR

o
N
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Low- and high-EA mass ratio is unity within systematic and statistical uncertainties

No significant modification to the jet mass
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pAu inclusive jet mass at STAR

Note: pt panels are ungroomed jet pr

S ! : + '
% 0.45 p+Au \/SNN =200 GeV = STAR Preliminary
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Low- and high-EA mass ratio is unity within systematic and statistical uncertainties

No significant modification to the jet mass, core of jets unmodified as well
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PHENIX y,.. — h correlations

Y + jet

5.0 <p) <9.0GeV/c X 0.5 < p" <7.0GeV/c (a) =
wp 1 D'I'. D+. =
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Hadrons recoiling from a hard
direct photon experience CNM
effects, fragmentation
potentially modified

Hadron mom. frac.:

& =log(1/zy)

Fragmentation:
Liny = Yyau! Y, Y = per-trigger

yield

PHENIX observes no significant
modification of jet
fragmentation in dAu collisions

PHENIX, PRC 102, 054910 (2020) for any Z.
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http://10.1103/PhysRevC.102.054910

Vitev, PRC /5, 064906 (2007)

CNMeeffects .

SR N EE PR
(on quarkonia)

14 B antishadowing

Initial-state E-loss

................... 1V,

Fermi-
motion

X = (pr+mpe ™/ /snn !

~  shadowing 7
RHIC J/y, y>1 RHIC J/y, y < -1 :
. [ X
Jeo | RHIC J/y mid-y e
] ] ] I I O | 1 | ] ] L1 1 II ]
10 10" *
T nPDFs

Eskola, Paukkunen, Salgado, JHEP 07 102 (2008)
y=0,1<ppr <10 GeV/c:0.03(2) S x < 0.16(1) for p(d)Au J/y
y=—=15,1<pr <10 GeV/c:0.1 £ x < 0.5 for dAu J/y
y=15,1<ppr <10 GeV/c:0.005 < x < 0.025 for dAu J/y
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https://doi.org/10.1103/PhysRevC.75.064906
http://10.1088/1126-6708/2008/07/102

Vitev, PRC /5, 064906 (2007)

CNM effects

(on quarkonia)

Image: Shuai Yang

1.4 B antishadowing Ly oo
N i Sy = expl —J dzp4(D, 7)o N}
1.0 [- )
< .o -
= i :
0.6 —
-~ shadowing
02 - X, X,
i | | | 11 1 II| I | | | [ II_|_|_
102 10! . Eg.J/y+ 7t'—>D+D+X

Eskola, Paukkunen, Salgado, JHEP 07 102 (2008)

Seo = €Xpl — denacovrel}

Image: Sanghoon Lim
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2¢
1.8~ e STAR R lVI<1 Jy—ere
160 STAR Preliminary
- PHENIX Ry, ly|<0.35 J/y—e*e
14—
T 1v ....... . -..:;'."4.#&1.’.:..._....--.-.-..’-‘.';':.‘.‘.‘.‘.‘.*.‘.;‘.... S r— I
[ A,
oc : e
0.8 i !
0.6
- Rga, NCTEQ15 Lansberg & Shao
0.4— Rya, EPSO09NLO Lansberg & Shao
0.2 - R, EPS09NLO Ma & Vogt
r Rgyas NDSQ + o, =4.2mb Ferreiro et al.
0 C 1 | 1 I 1 | 1 I 1 1 1 I 1 1 1 I 1 | 1 I 1 1 | I |
0 2 4 6 8 10 1
P, [GeV/c]

[PHENIX, PRC 87 (2013) 034904]
[EPS09+NLO, Ma & Vogt, Private Comm.]
[n"CTEQ, EPS09+NLO, Lansberg & Shao:

Eur.Phys.J. C77 (2017) no.1, 1;
Comp. Phys. Comm. 198 (2016) 238-259;
Comp. Phys. Comm. 184 (2013) 2562-2570]
[Ferreriro et al., Few Body Syst. 53 (2012) 27]

Rypy ~ 1, consistent with PHENIX at high-p, and with models including nPDFs
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PHENIX forward/backward-n J/yw R, 5

pAl pAu ‘HeAu

J/y nuclear modification measured in the di-muon channel at large rapidity in
3 systems, testing projectile and target sizes
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PHENIX forward/backward-n J/yw R, 5

Target-dependence

pAl pAu ‘HeAu

i I

J/y nuclear modification measured in the di-muon channel at large rapidity in
3 systems, testing projectile and target sizes

Al » Au: longer path through cold nucleus

RHIC/AGS Users’ Meeting, June, 2021 Isaac Mooney

21



PHENIX forward/backward-n J/yw R, 5

Projectile-dependence

pAl pAu ‘HeAu

J/y nuclear modification measured in the di-muon channel at large rapidity in
3 systems, testing projectile and target sizes

p= He: energy density dependence
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PHENIX forward/backward-n J/yw R, 5

PHENIX, PRC 102, 014902 (2020) Projectile-dependence

2-5 T T T T 1 I 1 1 1 1
n:g C Inclusive Jly | 22<y<-1.2 (@) T Inclusive Jiy 1.2<y<2.2 " (b) 1
[ Ysy=200 GeV o 0%-20%, E+Au T Ysy=200 GeV = 0%-20%, 9+Au i
2~ PHENIX 0%-20%, *He+Au —F PHENIX 0%-20%, “He+Au
gl , E] S " ul
- 1M 3 2 -
E 1] .ipi g i $ [%] “
1;-""%_[5?@1—‘_ T @ --------- _:E"""""""T;?hm ------------------ B
Pt T (el ]
0.5 [ J[ J —_fﬂmﬂm‘ﬂ o
y PR S o e e S S T S SO SO S SO T R
2 1.5 Fit: 0.89+0.03(stats.)}+0.08(syst.) T Fit: 0.96+0.03(stats.)+0.05(syst.) ]
+ E £l f
e T )
% :m%-@--ﬁ m-@--@ ------------- :}%ﬁﬁ mw @ [é] :
& s + :
T 050 # T :
0 1 2 3 4 5 6 7 80 {1 2 3 4 5 6 7 8
P, (GeV/c) P, (GeVl/c)

pAu ~ SHeAu (slight relative suppression at backward y)
-+ |little energy density dependence
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http://10.1103/PhysRevC.102.014902

PHENIX forward/backward-n J/yw R, 5

Rapidity-dependence

PHENIX, PRC 102, 014902 (2020)

o 1.6p——T——T— —— —
1.4¢ Y5.,=200 GeV

PHENIX

- EPPS16 LO (Vogt)
0.2 EPPS16 (Shao)
B nCTlEQ15 (Spao)

| nCTEIQ15 + Atl)s

EPPS16 (Vogt) + Abs
EPPS16 (Shao) + Abs —

e 0%-100% p+Au

EPPS16 LO (Vogt)
EPPS16 (Shao)
nCIJTEQ1 5 (IShao)

Inclusive Jiy  (b) F'
fsNN=200 GeV T

PHENIX

EPPS16 (Vogt) + Abs +
EPPS16 (Shao) + Abst

e 0%-100% °He+Au Inclusive Jiy  (c)

nCITEQ1 5 -|-I Abs

YS\ =200 GeV E
PHENIX =

: PR s
XU et R
..... g 4

EPPS16 (Vogt) + Abs

1 2 3 -3

EPPS16 LO (Vogt)

EPPS16 (Shao) EPPS16 (Shao) + Absj
n(?TEQ15 (IShao) nCITEQ1 5 + Abs .
-2 -1 0 1 2 3

y

Rpal (centrality-integrated) is described by models with nPDF effects, but this
alone can’t describe pAu or "HeAu

Forward (p-going): Shadowing dominant; models with only nPDFs describe data

Backward (Au-going): When nuclear absorption is included for large nuclei,
rapidity-dependent data reasonably described
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http://10.1103/PhysRevC.102.014902

PHENIX forward/backward-n J/yw R, 5

Beyond CNM effects?

2

m T T T T T
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Transport effect
either negligible (/eft)
or insufficient (right)
= is plasma phase
necessary?

The three systems’ py
-integrated R, 5 fall on

a common curve as a
function of target
nucleus thickness

-+ dominated by CNM

effects

25


http://10.1103/PhysRevC.102.014902

PHENIX forward-n J/yw R,

Centrallty-dependence PHENIX, PRC 102, 014902 (2020)
2.5_ ||||||||||||||| | T — 1 r r r 1 - 1 1°r -] T —1r r r r 1 r°r T T
- Inclusive J/y 0%-5%, p+Au Incluswe J/\|1 5%-10%, p+Au IncIusnve J/\|/ 10%-20%, p+Au
- 2 =200 GeV o 1.2<y<2.2 =200 GeV o 1.2<y<2.2 =200 GeV o 1.2<y<2.2
i !; HENIX ! HENIX ! HENIX ]
1.5:— (a (b [{)] [%] (C)_:
o A S— JUL BT S— > ;
: m@% i %] @m@ iRl :
0.5F = @@WM 1ol -
u EPSO09NLO+Transport (Du & Rapp) EPSO09NLO+Transport (Du & Rapp) EPSO09NLO+Transport (Du & Rapp) -
g S ——————————+—— —
o [ Inclusive J/y 20%-40%, p+Au Inclusive J/y 40%-60%, p+Au Inclusive J/y 60%-84%, p+Au 1
n:“ o ﬁ=200 GeV o 1.2<y<2.2 ﬂs_NN=200 GeV o 1.2<y<2.2 fs =200 GeV o 1.2<y<2.2 —_
C PHENIX PHENIX [,]t] PHENIX
E%] [%] [Jf] 0
& ]
EPS09NLO+Transport (Du & Rapp) EPSO09NLO+Transport (Du & Rapp) EPS09NLO+Transport (Du & Rapp)
o— N 1 . 1 . | . | . 1 . 1 2 1 . | : | 1 | X | 1 | : | . | PR | X | L 1 L | L | . | . | L 1 L

o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
P (GeV/c) P (GeV/c) P, (GeV/c)

Forward: Highly centrality-dependent; consistent with unity for peripheral
collisions, heavily suppressed for low pt in central

Transport model (including plasma phase) at central (dominated by shadowing
at low-pr) shows further suppression in data than predicted
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[STAR: PLB 735 (2014) 127] [STAR.' PLB 735 (2014) 127]
[PHENIX: PRC 87 (2013) 044909] [PHENIX: PRC 87 (2013) 044909]
[R. Vogt NLO pQCD CEM: PoS ConfinementX 203 (2012)] [JHEP 1303, 122 (2013)]

Y+ Y + Y"X-sec & R, 5, measured at mid-rapidity through di-electron channel
with increased statistical precision (296 nb-1) a few years ago

Indication that models with nPDFs / initial state E-loss not enough to describe Y
X-sec or suppression w/r/t pp
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Conclusions

In jets, observed modification in yields with centrallty seem to be due to anti-
correlation of soft, forward activity with high- Q process at mid-rapidity.

More jet substructure observables to come, different cone sizes, ...
Jet substructure unmodified in small systems;
Centrality/EA-dependence of jet yields possibly due to “bias” in centrality
measure
Heavy quarkonia measurements are more sensitive than jets to CNM effects,
and are now able to distinguish between models with various CNM (and even

HNM) effects due to increased precision and statistics.

nPDF effects are the dominant contribution at forward rapidity, but for
negative rapidity nuclear absorption in large nucleus contributes as well

Quarkonia production qualitatively described by CNM effects in small systems;
Model refinement may be necessary for Y
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Bonus

PHENIX y(2S) nuclear modification

= 2.5 | I I
<é_‘ -2.2 <y <-1.2, Inclusive
= B R, VES), prA Y2006V o e NIX
2 iy, p+Au |5, =200 GeV N —
® R J/W, prAu ysyy © preliminary

(Phys. Rev. C 102, 014902)
[ ] w(2S) EPPS16 (Shao et al)
1.5 EZ3 w(2S) nCTEQ15 (Shao et al) ]

NEW (Smith, Charm 2021) [+:|

| | |
0 4 6 8

(N

)

coll

w(2S) and J/y different centrality dependence
NnPDF effects not enough to describe suppression on Au-going side
Must be final state effect: QGP or comovers!
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Bonus

PHENIX y(2S) nuclear modification

= 2.5 [ | |
< 2.2 <y<-1.2, Inclusive
' B R, y(2S), ptAu |5,=200 GeV —~—
2~ @ R, Jy, prAu {5,200 GeV PHI?/\\<F= NIX
(Phys. Rev. C 102, 014902) prefiminary
[ ] w(2S) Transport Model (Du & Rapp)

1.5 EZ3 1)y Transport Model(Du & Rapp)
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Transport (including plasma phase) is close
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STAR semi-inclusive jets

Acoplanarity and trigger v. recoil
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No broadening of acoplanarity for high-EA recoil jets

SEA(O-SO%)

SEA(70-1 00%)

—@— (78)n< |Adl<n
- | A0l<(1/8)

Y% STAR Preliminary
p+Au N = 200 GeV= 200 GeV
Anti-kt raw charged jets

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

1 ,,,,, * ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ﬁhﬁ,,,,
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: —
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T,jets-raw

Trigger and recoil are modified similarly

# No evidence for QGP-like path-length dependent energy loss
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STAR semi-inclusive jets

EA-selection

E éTAR Preliminary gavents w/8 G-eV BEMC Trigger
. ? 60000 —+— (BBC East Small)(p)

STAR data * EA lhw" —s (p)(BBC East Small)

< 50000 [ _

* EAgge & EA, . positively SR
correlated 40000 [

* Can compare high-EA 30000 £& & § -
events to low-EA events T —CEag
using:

* EAgpc 1 :os o N |
. EA 0000 5
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.BOth:EABBCnEATPC 0.5.:" 11|1|1111||11=1
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P crarged N1, 11 & 1801 e[(3/8)m,(5/8)7)
.1"'.-:1 AR * David Stewart ~ DNP 2020 5
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nPDF effects for bottomonia
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Eskola, Paukkunen, Salgado, JHEP 07102 (2008)

y=0,1<pr <10 GeV/c:0.08(6) S x S 0.19(3) for p(d)Au Y
y=—-15,1<pr <10 GeV/c:0.26 < x $0.59 for dAu Y
y=15,1<ppr <10 GeV/c:0.013 < x < 0.030 for dAu Y
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