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Recommendations in 2015 LRP: RHIC

There are two central goals of measurements planned

RECOMMENDATION | at RHIC, as it completes its scientific mission, and at the
The progress achieved under the guidance of the 2007 LHC: (1) Probe the inner workings of QGP by resolving
Long Range Plan has reinforced U.S. world leadership its properties at shorter and shorter length scales. The

in nuclear science. The highest priority in this 2015 Plan

complementarity of the two facilities is essential to this
is to capitalize on the investments made.

goal, as is a state-of-the-art jet detector at RHIC, called

® With the imminent completion of the CEBAF 12-GeV sPHENIX. (2) Map the phase diagram of QCD with
Upgrade, its forefront program of using electrons to
unfold the quark and gluon structure of hadrons and
nuclei and to probe the Standard Model must be
realized.

® FExpeditiously completing the Facility for Rare
Isotope Beams (FRIB) construction is essential.
Initiating its scientific program will revolutionize our
understanding of nuclei and their role in the cosmos.

® The targeted program of fundamental symmetries
and neutrino research that opens new doors to
physics beyond the Standard Model must be
sustained.

® The upgraded RHIC facility provides unique

’l ]]e 20 1 S capabilities that must be utilized to explore the RH IC |S the Only faC|||ty |n the
properties and phases of quark and gluon matter in
LONG RANGE PLAN the/high;emperaturesofthiiar/yuniverseandto Wor‘ld deS|gned SpeC|f|Ca”y to
B explore the spin structure of the proton.

0@

experiments planned at RHIC.
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Recommendations in 2015 LRP: RHIC

< RECOMMENDATION |
‘ J' - "" The progress achieved under the guidance of the 2007
2 a r Y

Long Range Plan has reinforced U.S. world leadership
in nuclear science. The highest priority in this 2015 Plan
is to capitalize on the investments made.

® With the imminent completion of the CEBAF 12-GeV
Upgrade, its forefront program of using electrons to
unfold the quark and gluon structure of hadrons and
nuclei and to probe the Standard Model must be
realized.

® FExpeditiously completing the Facility for Rare
Isotope Beams (FRIB) construction is essential.
Initiating its scientific program will revolutionize our
understanding of nuclei and their role in the cosmos.

® The targeted program of fundamental symmetries
and neutrino research that opens new doors to

- . physics beyond the Standard Model must be
il DA sustained.
s ® The upgraded RHIC facility provides unique
’ l h e 2 () ] S capabilities that must be utilized to explore the

properties and phases of quark and gluon matter in

. LO N G RA N G E P LA N the high tempgratures of the early universe and to
for N U C L E A R S CI EN C E explore the spin structure of the proton.
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There are two central goals of measurements planned

at RHIC, as it completes its scientific mission, and at the
LHC: (1) Probe the inner workings of QGP by resolving
its properties at shorter and shorter length scales. The
complementarity of the two facilities is essential to this
goal, as is a state-of-the-art jet detector at RHIC, called
sPHENIX. (2) Map the phase diagram of QCD with
experiments planned at RHIC.

This talk will focus on hard probes (1)

See talk RHIC Highlights/Future Il by
Prithwish Tribedy for (2)

RHIC is the only facility in the
world designed specifically to
create and study the QGP



Some RHIC Highlights Since 2015

v Run 2016:

RHIC: Increased luminosity and versatility of collision species
¢ dAu e n e rgy Sca n Heavy ions - time evolution of Au+Au Heavy ions - comparison of species combinations
b / N - 2016 AUHAU e Au+Au reference
i La St R u n fO r P H E N IX E P E —+— symmetrig species

= 1000 / = gy | === asymmetric species

- 2014{Au+Au L '

z iy
v’ Isobar Runs /

s / = | -

'E A :’-; /2015 pt+Au
v' Beam Energy Scan |l i o 7 3 /e

2 / g 100 | 2315 5‘;‘7‘1 ”/ 2008 d+Au

. = 400 1/ L. e .
/ 2 2 ¥4 2018 Zr+Zr + Ru+Ru e
SPHENIX construction | : / : )@,
%:. 5 ) /2011 Au+Au/ 2010 AdtAn g 50 } 7 ‘0 2014 h+Au
// / // L 200TAw+AN S ~
e e , == |
0 2 -+ 6 8§ 10 12 14 16 18 20 22 0 2 4 6 8 10
Time [weeks in physics] Time [weeks in physics]

The geometryof a

quark-gluon plasma

Plots/slides in this presentation denoted by experimental logos:

SPHE@ PH/>><</EN|X STAR

>

Impactful physics results 2022HotQCDTownHall — M. Connors 4




RHIC Detectors in 2023

Event Plane Detectors

OHCAL
Inner Time Projection Chamber STAR
MAGNET Forward Silicon Tracker
IHCAL Small Strip Thin Gap Chamber
SEPD — Forward
EMCal, HCal
e

MVTX

MinBIAS

i -

2022HotQCDTownHall = M. Connors



RHIC Run Plan 2023-2025

2023 2024 2025
Au+Au p+p/p+Au Au+Au

Year Species Vsyy Cryo SPHENIX L, ., STARLg .,

(GeV) Weeks (|z]<10cm)

2023 Au+Au 200 28 6.9 nb1 20 nb? Commissioning and calibration

2024  p+p 200 28 62 pb! 235 pb* | Reference for HI measurements
p+Au 200 0.11 pbt 1.3 pb? Cold QCD measurements

2025 Au+Au 200 28 25 nb1 20 nb1 High Statistics Au+Au

“The PAC urges BNL Management and the DOE to do everything possible to ensure
sufficient beamtime to accomplish the physics goals in Runs 23, 24, 25 set out for
sPHENIX in the 2015 NSAC Long Range Plan.”

STAR Beam Use Report sPHENIX Beam Use Proposal

PAC Meeting June 2022: https://indico.bnl.gov/event/15148/
PAC Recommendations: https://www.bnl.gov/npp/docs/2022-npp-pac-recommendations-final.pdf

2022HotQCDTownHall — M. Connors 6


https://indico.bnl.gov/event/15148/attachments/40846/68568/sPHENIX_Beam_Use_Proposal_2022.pdf
https://indico.bnl.gov/event/15148/attachments/40846/68609/STAR_BUR_Runs23_25___2022%20%25281%2529.pdf
https://www.bnl.gov/npp/docs/2022-npp-pac-recommendations-final.pdf
https://indico.bnl.gov/event/15148/

Probe QGP a

sPH E@
el
/ \\ “‘

'lhé 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

New instrumentation at RHIC in the form of a state-of-
the-art jet detector (referred to as sPHENIX) is required
to provide the highest statistics for imaging the QGP
right in the region of strongest coupling (most perfect
fluidity) while also extending the kinematic reach at
RHIC (as illustrated in Figure 2.13) to overlap that for
jets at LHC energies. Upgrades to the LHC luminosities
and detector and measurement capabilities are keys to
providing a complete picture, as are new experimental
techniques being developed to compare how light
quark jets, heavy quark jets, and gluon jets “see” QGP.

t Multiple Scales

- -
- -
-

Jet structure
Vary momentum/angular
scale of probe

Y(3s) Y(2s) Y(1s)

Quarkonium spectroscopy
vary size of probe

2022HotQCDTownHall = M. Connors

u,d, s
O
g c b

Parton energy loss
vary mass/momentum of probe




Kmematlc Reach

} T T T LI T | LI T | T T T T | T T T T
@ - SPHENlX BUP 2022 0-10% Au+Au, Years 1-3 -
1= 62 pb™' samp. p+p ]
21 nb'rec. Au+Au s
- or 32 nb'samp. Au+Au |
0.8~ -m directy ]
- —— jet ]
06 . l ]
0.4:— A—A—A—A—A—A—A—A—A—A—A—A AA.{..%..%..%.]. —:
0 L 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I_
0 10 20 30 40 50 60 70 80
p. [GeV]

SPHENIX will provide

* significant extension in kinematics and
overlap with LHC

2022HotQCDTownHall = M. Connors



Kmematlc Reach

D,
SPHE}RIIX

} T T LI | LI | L | L ,g_\
@ " SPHENIX BUP 2022 0-10% Au+Au, Years 1-3 - E:
1 62 pb ' samp. p+p n T
- 21 nb rec. Au+Au = s
C or 32 nb” samp. Au+Au | <
0.8~ -m~ direct y — o<
- —— jet ]
06 . l -
0.4:— A—A—A—A—A—A—A—A—A—A—A—A AA."‘..JI‘..{..%.]. —:
0 i 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I_
0 10 20 30 40 50 60 70 80
p. [GeV]

SPHENIX will provide

* significant extension in kinematics and
overlap with LHC

* jet cone size Ry, comparisons at low p;
where differences at LHC experiments exist

2022HotQCDTownHall = M. Connors

1.8

1.6

1.4

1.2

0.8

0.6

0.4

#J#ﬂ il | %} f ep

SPHENIX BUP 2022
0-10% Au+Au, Years 1-3 —]

—= SPHENIX R =05
— ALICE R® =0.6

~e~ ATLAS R™ =05, R,
- CMSR"=06

| 10°
Py [GeV]



Kmematlc Reach

< rrrrprrrT T T T T T e T :N;
' —SPHENlX BUP 2022 0- 10% Au+Au, Years 1-3 - I
1L 62 pb”' samp. p+p N T
- 21 nb" rec. Au+Au — g
N or 32 nb'samp. Au+Au 3
0.8~ -m~ direct y — o<
- —— jet |
0.6 o l -
0.4 A—A—A—A—A—A—A—A—A—A—A—A AA.{.lll — e =
. ‘I“|“|“|‘ - - - ~.
L i / \
0.2~ -
0:....I....I....I....I. .I....I....I....: \ /
0 10 20 30 40 50 60 70 80 N 7 5.
. _ p, [GeV] Tt 8
SPHENIX will provide
* significant extension in kinematics and
overlap with LHC
* jet cone size Ry, comparisons at low p;
where differences at LHC experiments exist

* precise v, for low p; jets
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1,8_ L T T T T T T T I_
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Photon-Tagged Jets SApR

Preliminary STAR results for m%/y- Vair

tagged charged jets indicate ratio

is lower in Au+Au than p+p

)

=0.5 (

R=0.2/R

T, jet

0.1

|IIII|IIII|IIII|IIIII—
s 104 jet Au+Au(015/)11<E °<15GeV

| STAR Preliminary n-jet
= b b b I

—||||||||||||||||||||||—
v+jet Au+Au (0-15%): 15 < E‘T”g <20 GeV

—
g
— —

v-jet

—_|IIII|IIII|IIII|IIII|1_—

5 10 15 20 25
peh [GeV/c]

T,jet

Quark jets dominate photon
tagged jet samples

HotQCDTownHall — M. Connors
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Photon-Tagged Jets

iSTAR

Preliminary STAR results for m°/y-

tagged charged jets indicate ratio
is lower in Au+Au than p+p

)

=0.5 (

R=0.2/R

T, jet

o
—

0.1

|IIII|IIII|IIII|IIIII—
s 104 jet Au+Au(O15/)11<E °<15GeV

\ ------ p+p — - PYTHIA-8 Monash
v —
- \\\
—————— -_— — — |
- . 0
STAR Preliminary n-jet
SRR RN N =

—||||||||||||||||||||||—
v+jet Au+Au (0-15%): 15 < E‘T”g <20 GeV

—
|
— —

v-jet

—_|IIII|IIII|IIII|IIII|1_—

5 10 15 20 25
peh [GeV/c]

T,jet

IAA

0.3

0.2

0.1

HotQCDTownHall — M.

vdir

Quark jets dominate photon
tagged jet samples

R STAR Projection y+jet: 15 <E° <20 GeV -

— = -

E Au+Au (0-15%) E

u anti-k;, R=0.5 _
------ Jet-fluid

[ Projection including Au+Au Run23+25 and p+p Run24 N
Au+Au Run14 10 nb™ and p+p Run9 25 pb™ (based on QM2022 results)

LBT
SCET

—III||||l|||||’II]|‘III|‘||II‘I—

5 10 15 20 25 30
p%‘et [GeV/c]
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TN
PH-<ENIX

0 40/ Au+Au @ is= 200 GeV |

(2007+2010+2011) (a) ® 5<p <7 GeVic

¢

III

 “Golden Channel” for studying

£ PHENIX ,/L“ 5 energy loss in the QGP
: ‘/ | TemTT™™ =« Photon tags initial hard
: Bermcoeve - scattering kinematics

F 1 2= P/ P
Tt R e YN Da2)/Dy(d

* Medium response effects

* Because of y/mt° RHIC is ideal
el CoLBT Hydro,0 < <Ta0Ne for measuring direct photons

. 1. 2 2.

PRC 102, 054910

-
- o N
I|]ll||l||l llll‘llll'l]llll |
S
——
s
|
—
~N==
4 o,
I|]|II|IIII III||IIII|1||I|| |
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(1/0)doldz

Photon-Jet Imbalance

2.
— 2.0(2) Rad.+Col. ] —g =202
— o — )+
204 3'0'_ PorPb CNM
.
2.5+ hol>
| g
1.5 4 !
8 20]
O e
1.0 R 1.5
@) J
~
— 1.04
0-5_' N |
0.5 4
0-01 0.0-
o] RHIC
-0.5 T T T T T T T -0.5 y T y T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5
ZJY ZJY

X;, may be more sensitive at RHIC
directly probes energy loss

2.0
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Photon-Jet Imbalance

2. .
1 = @ Y dir
— ) (0]
2.0 H 3'0__ PorPb CNM
2.5 Ep|>:72/2?rG;\=/0.3
1.5 4 5 204
o e
1.0 1 B 1.5+ X — p /p
O i — .
~
051 = 101 Jy Tiet/ MTy
0.5 4
0-01 0.0
o] RHIC “er
-0.5 T T T T T T T -0.5 T T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Z
J:
! JY > 4 [ T T T | T T T | T T T | T T T

X;, may be more sensitive at RHIC

3.5

1/N, dN/dx,

directly probes energy loss 05

Photon tagged jets are a key

component to the sPHENIX 1

program

5 e 32 nb" samp. Au+Au (0-10%) ‘

- SPHENIX Projection

- JEWEL 2.2.0, T = 260 MeV
f_ Years 1-3, pYT > 30 GeV

— ® 62 pb'samp. p+p

1.5f— —¢——¢—+=+=
. +
E - ++
0.5
- - e
0_ m_*_l PR I S TN I SR SO N N |_’_|—u='=_
0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Acoplanarity of Photon-Jets  3ap=

LONG RANGE PLAN
for NUCLEAR SCIENCE . The simplest way to “see” pointlike quarks

and gluons within QGP is, as Rutherford would have
understood, to look for evidence of jets, or partons
within jets, scattering off individual quarks and gluons as
they plow through QGP. As the top-right panel illustrates,
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Thermal Mass Gluons

Excess yield at large B 1
angles in Au+Au B
compared to PYTHIA 3510-1
1%t signature of z.ﬁgsﬂ
medium-induced ° ﬁfm_z
acoplanarity in the =
central Au+Au

collisions 10°

2022HotQCDTownHall = M. Connors

T T T | T T T T | T T T T | T T T
- AU+AU (0_150/0) STAR PrOJeCtK)n —
— o
- anti-k,, R=0.5 Semi-inclusive y + jet .
- 15 <ET° < 20 GeV .
i 10< prTej::’Ch <15 GeV/c )
F~ =o= 10 nb™' (Run14) " =
E === Projection including Run23+25 E
o
| L _
— Il Il Il | Il Il Il : Il | Il Il 1
1 1.5 2 2.5
Y recoil jet
Ap(=¢ - ¢ ) [rad]
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Jet Substructure -enef)

. g SPHENIX Projection, Years 1-3
techniques to explore 2 10— JEWEL 2.2.0, T =260 MeV =
: 5 Al P >40GeV, z,,=0.1,p=0 .
substructure of jets z  f . = pip :
: T i o Au+Au (0-10%) i
Groomed jets explore the ] S |
[} _._
evolution of the parton shower I
1— B —
- —— ]
: Rg : B —— _
pm B N
. R ce o b by b by by b by
o mn@yi,Pi2) TR 01 015 02 025 03 035 04 045 05
S pLatpuo P2 || S Jet z,

Jet grooming one of many
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Upsilon R, ,

Y(3s) Y(2s) Y(1s)

Current STAR results use combined STAR/PHENIX p+p

14
L Au+Au@200 GeV,0-60%, Y — w'w& Y — e'e ‘
L2 & YS)* Y(@2S) 202342025 (40 nb™)
% YAS)* Y(2S) 2011+2014+2016
o b ) e i S:'TAR
= i
~
.8 08|
I~ I
. 0.6
o 1
*
m 04 *7%| *7{;
02 * 7% Jlr e
0 L | | |
0 2 4 6 8 10
P, GeV/c
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Upsilon R, ,

Current STAR results use combined STAR/PHENIX p+p

1400 -
qo sPHENIX Simulation 1
Y(3s) Y(2s) Y(1s) ‘;’ 1200 0-10% AU+AU S = 200 GeV —|  mm
[} 24 billion events 1
=1000 -

%
sPHERIX I

Separate 3 Upsilon states at SPHENIX o _ ]
Potential to discover Y(3S) suppression at RHIC (T s
< [T AR RSN SRR R 14
o [ sPHENIX BUP 2022 e Y(1S5) | L Au+Au@200 GeV,0-60%, ¥ — p'w & Y —e'e ‘
. gfars_j -3, ‘;60"’:‘? A;;Aub_1 : zgg; i L2175 YAS)* Y(2S) 2023+2025 (40 nb™)
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0.8~ — o e SO O A 7STA' i
. i S I
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. * STAR Prelim. Y(2S+3S) |} i g 06l 7L
- ‘i’ tothe + ¢ 1 B L) o
0.2— _
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Quark Mass Dependent Energy Loss

Al
PH Z ENIX arXiv:2203.17058 e
2.5r PHENIX .
i Au+Au, min. bias
B V'Sun=200 GeV
s N
0 — PHENIXc e
) L —— PHENIXb - e ¢
o T |
o 1-55 STARc — e |
qu :\\ o STARb—>e | @
o - ~
mé -

o
(S

iSTAR

Measurements enabled by Upgrades at

PHENIX and STAR

Beauty is less suppressed than charm

Studies of charm via D° suppression and v,

1 PRC 99 (2019) 034908

1.5
1 -

0.5 Ky o

&
tas

¢
cas®

—aD ALICE 2.76 TeV

(@ Au+Au\s,, =200 GeV 0-10%

2 4 6 8
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Anisotropy Parameter,

PRL 118 (2017) 212301
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Heavy Flavor in SPHENIX

2,
SPHE}RIIX

* Streaming readout enables huge MB data for unbiased HF
measurements in p+p collisions

<
<
\y

High precision non-prompt D suppression and flow at RHIC

1.6

0.2F

1.4
C 6.2 pb’str. p+p, 21 nb”' rec. Au+Au
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1=

088

0.61
5
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SPHENIX BUP 2022, 0-10% Au+Au, Years 1-3

. — B-meson
‘ = B—D°
— Prompt D°

------

& 0.25
>

- sPHENIX BUP 2022, 0-80% Au+Au, Years 1-3

0'2:_ 21 nb' rec. Au+Au, Res(¥,)=0.5

0.15

0.1

L B B L
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B-meson (mT scaling)

2 4 6 8 10
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b-tagged Jets at RHIC

2,
SPHE}RIIX

* Sensitivity to collisional vs
radiative energy loss

e Complimentary to LHC jets,
accessing lower p; region with
larger heavy quark mass effect.

Py at
Vr””ary b,
effe)( -
) 5“/11:111{
D/S
Corgt drop (g Dore ;‘t
Oto Cq ) Ch
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faster bottom quarks
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RAA

b-tagged Jet Projection

* First b-jet measurement at RHIC
* Power to constrain medium coupling parameters in models
1 _27 T T | T T T T { T T T T { T T T T T T T T T T T T T T T ]
- SPHENIX BUP 2022 - - S
15 b-jet Anti-kT R=0.4, 0-10% Au+Au, Year 1-3 — ) g 12} SPHENIX BUP 2022, Year 1-3 {
- p+p: 62pb” samp., 60% Eff., 40% Pur. . Secondars A ° Lo brietAntik R=0.4,15<p <30 GeV, z,>0.1,p=0 |
- . - % _ A _ N econdary & — -]
0.8) Au+Au: 21nb"rec., 40% Eit., 40% Pur N Veriex /s &P = @ pp:62pb" samp., 60% Eff., 40% Pur.
N ] Lo fix biet 8—e—@®  Au+Au: 21nb’rec., 40% Eff., 40% Pur.—|
: : at b-quark ® - E
- - Primary /= C —— ]
O-4f ] Vertex b y 4 —— -
- [ LIDO, arXiv:2008.07622 [nucl-th] B’ Distance o - —n— i
0.2 pQCD, Phys.Lett. B726 (2013) 251-256 . ¢ biet  Approach r ¢ -
B p_,gmgd.:z-d ] < B-hadron (DCA) :....|....|....|....|....|....|:.!.:F!;
N i rrarer gnd=22 - ' or photon 81 7015 02 025 03 035 04 045 05
15 20 25 30 35 40 45 Jet z,
p, [GeV]
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From PrOJectlons to Measurements

| S a4
Y, WA “":~§'\\ * Outer/Inner Hcal and Magnet installed

. Emcal installation underway SPHE
\a|r§|r\!s‘talled as: f9/16/ R A

N e

[exoic |
|

-
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sPHENIX from Construction to Assembly

o
SPHE}RIIX
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sPHENIX from Construction to Assembly

SPHE}RIIX
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sPHENIX from Constructlon to Assembly

Fully assembled TPOT module at BNL
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SPHENIX from Construction to Assembly
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Completing Scientific Mission Means

Completing its scientific mission does not end
when heavy ion collisions at RHIC cease

Wealth of data to analyze!

e ?s;i After the 2016 RHIC run, PHENIX has submitted over 50 papers for
- P publication and 40 PhD students completed their theses.

e .-
-

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

f"“» s o .

Ow
There are two ¢ gasurements pl.
aCRHIC, as it completes its scientific missionan:

LHC: (1) Probe the inner workings of QGP by re
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Completing its scientific mission does not end

when heavy ion collisions at RHIC cease
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There are two ¢ measurements pl.
aCRHIC, as it completes its scientific missionan:

LHC: (1) Probe the inner workings of QGP by re

PH-<ENIX

Recent PHENIX theses include impactful
results that inform our understanding of
small and large collision systems

Wealth of data to analyze!
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After the 2016 RHIC run, PHENIX has submitted over 50 papers for
publication and 40 PhD students completed their theses.
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Completing Scientific Mission Means

The 20 1—5
LONG RANGE PLAN
for NUCLEAR SCIENCE
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There are two ¢ measurements pl.
aCRHIC, as it completes its scientific missionan:

LHC: (1) Probe the inner workings of QGP by re

Completing its scientific mission does not end
when heavy ion collisions at RHIC cease

Wealth of data to analyze!

publication and 40 PhD students completed their theses.

Data and Analysis Preservation (DAP)

To ensure reproducibility of published results:
— Standardized analysis notes
— All analysis code, macros, relevant files stored in HPSS
— Upload published data to HEPData

|Ideal Goal: re-analysis possible “forever” by “everyone”

— Tools: Docker/REAna; Github and Zenodo; CERN OpenData
for the general public; RIVET

Find out more at the Analysis tab on the phenix website:
https://www.phenix.bnl.gov/

N
PH-<ENIX
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https://www.phenix.bnl.gov/

Summary

Highlighted Results/Projections:

— Unique capabilities of the RHIC facility/Achievable precision

— Upsilon 1S and 2S suppression observed/3S suppression to be discovered at RHIC

— Jet quenching results/precise acoplanarity, imbalance & substructure measurements
— Bottom less suppressed than charm/b-jet measurements =

SPHEQRIIX

Goal:

— Achieve the goals established in the 2015 LRP to complete
the scientific mission of RHIC

Need:

— Continued RHIC operations necessary to collect p+p, p+Au
and Au+Au data to achieve required precision with sPHENIX

— Continued support beyond RHIC running necessary to
complete the analysis of the necessary datasets to fulfill the

goal envisioned in 2015 NSAC LRP . o i\
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