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Heavy ion physics with RHIC

Key ingredient of
nuclear physics:
Change the nucleus

RHIC energies, species combinations and luminosities (Run-1 to 18)
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Spin physics

—W A; results Now published!
—J /¢ An results Now published!
—n Ap results New!
—h™ Ay results Just submitted!

Large systems

—Single particle Raa results, multiple species and collisions New!
—n%-h correlations in Au+Au New!
—Spectra of charm and bottom in p+p Now published!

—v» of charm and bottom in Au+Au

Small systems

—¢ meson nuclear modification factors New!
—Drell-Yan measurement in p+Au New!
—Longitudinal dynamics in small systems Now published!
—Small systems geometry scan Now published!

—Direct photon measurements in p+Au
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Intermission

Spin physics
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Now publlighed!

R. Belmont
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Sensitivity to light sea
quarks

Consistency between
PHENIX, STAR, global
fits
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New!
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n A is consistent with zero (but noticeable structure)
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Dramatic improvement in statistical and systematic uncertainties over previous result
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Now &gglished! Phys. Rev. D 98, 012006 (2018)
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Nuclear target dependence on J/v) Ay
What's the origin of the asymmetry at low p7 in p+Au?
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Just submitted! arXiv:1903.07422 (submitted to PRL)
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Clear and strong dependence on nuclear target size Al/3 (a=1.21)
Very similar depence on N (8=1.19)
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Spin Summary

W A; now published

New results on n Ay
—Dramatic improvement in statistical and systematic precision over previous results

—Results consistent with zero

J/¢ Ay now published
—Illustrates important of changing nuclear target in spin physics

—Why is J/¢ Ay non-zero in p+Au?

h™ Ap just submitted to PRL
—Clear dependence of asymmetries on nuclear target, both AL/3 and N
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Large Systems
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Identified particle Rax in large systems

New! .
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w and ¢ mesons behave similarly in Cu+Cu, Cu+Au, Au+Au
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Identified particle Ras in Cu+Au
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Identified particle Ran in U+U

New!
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70-h in Au+Au

New!
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c —eand b — ein Au+Au and p+p

Phys. Rev. D 99, 092003 (2019)
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HF electron spectra, all centralities and using all available data
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c —eand b — ein Au+Au and p+p

Now published! Phys. Rev. D 99, 092003 (2019)
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HF electron spectra, all centralities and using all available data

New p+p reference data; new publication with Ras on the way!
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c —eand b— ein Au+Au
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c —eand b— ein Au+Au
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Large Systems Summary

R. Belmont

Single particle Raa independent of collision species when selecting for similar Npare

Neutral mesons Raa very similar in Au+Au despite different strangeness content
—Strangeness very important at low p7 but not at high pr

Correlation measurements show away-side broadening
—Indicates large-angle radiation of high-pt partons

Measurement of ¢ — e and b — e spectra in p+p
—Publication with new Ras coming soon

First measurement of bottom flow at RHIC
—~Refinements and publication forthcoming
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Intermission

Small Systems
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Identified hadron nuclear

New! 2 2
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Identified hadron nuclear modification factors in p+Au

¢ meson in p+Au

¢ shows similar

modification to 7 in

p+Au despite different

mass and strangeness

content
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Identified hadron nuclear modification factors in 3He+Au
New!
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Identified hadron nuclear modification factors in 3He+Au

New!
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Drell-Yan from angular correlations in p+p
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arXiv:1805.04075 (PRD)
arXiv:1805.02448 (PRD)

Drell-Yan well-described
by NLO pQCD
& PYTHIA
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Drell-Yan from angular correlations in p+Au

New!
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J /1) nuclear modification in small systems

New!

Rp+A

R. Belmont
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J /1) nuclear modification in small systems

New!

Rp+A

R. Belmont
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p+Al — p+Au—big change when increasing nuclear target size
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J /1) nuclear modification in small systems

New!
2 , - 2 . _
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p+Al — p+Au—big change when increasing nuclear target size
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J /1) nuclear modification in small systems

New!
2 -
< Inclusive J/y \s,,=200 GeV
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p+Al — p+Au—big change when increasing nuclear target size
p+Au — 3He+Au—small change when increasing projectile size
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Longitudinal dynamics in small systems

Now published! Phys. Rev. Lett. 121, 222301 (2018)
_CC 45 PHENIX Small Systems s =200 GeV
B2 #00 He+Au 0-5%
S 40 d+Au 0-5% p+A|, p+AU, , 3He‘|‘AU
Z . p+AU 0-5%
© 35 . p+Al 0-5%
o p+p PHOBOS

Wounded Quark Model [Scaled]

30 3D Hydrodynamics [Scaled]

Good agreement with wounded quark model

Good agreement with 3D hydro

et by b by by by 19
O—3 -2 -1 0 1 2 3

n
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Longitudinal dynamics in small systems

Now published! Phys. Rev. Lett. 121, 222301 (2018)
0.07F - T T E
o p+Al |5, =200 GeV 0-5% p+Au Y5, =200 GeV 0-5% d+Au |5,,;=200 GeV 0-5% | *He+Au |5,,,=200 GeV 0-5%
> 0.06- PHENIX 1 1 4 ]
* = Va (Eprz.amcs 1)

0.05F — v, 3D Hydrodynamics
© dN/dn[Scaled]

oos ¥ E
]
oo % E
002+ E
| ]
gl [

Om-.lj—}—AI* +-H__

vy vs 17 in p+Al, p+Au, d+Au, and 3He+Au
Good agreement with 3D hydro for p+Au and d+Au
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Testing hydro by controlling system geometry

Now published! Nature Phy5|cs 15, 214-220 (2019)
5
030 &
(g, (e, T o
0.6, 2 8 , £ 2
r 1> 025 %
t : o
r i £
r ] e
B E 0.20
F 1E
; 1> 0.15
i £ 0.10
L ] 'E'
= 0.05
>
202466420246 -6-4-20246-6-4-20246 000

x [fm] x [fm] x [fm] x [fm]
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Testing hydro by controlling system geometry

Now published! Nature Physics 15, 214-220 (2019)
0.18[— L I B S B B B B B B 0078 T T I T T T T T T T
FoVsw= 200 GeV 0-5% PHENIX 1 T Vsw = 200 GeV 0-5% PHENIX 1
0.16— 3 Ul r 3 ]
L dia : 0.06] & diAu E
0.14 -@ p+Au . I 7 I -e-p+Au ]
012 I - 0.05:* + + + I
Lo ] . 3 0041 V3 § ' ? i
> C [ ] ] > C 3
0.08~ u ° 7 0.03 .
oo M8 ; : .
r B 0.02— -
ooa- " ® | z l I l z
[ @ ] L ]
o0z Vo & oo By 1 ;
ol ‘0.‘5‘ L :\L L ‘1"5‘ I R \2.\5\ L :3 ol \0§5\ L \ L \ \ L \ L \ \ L é
P, (GeVic) p (GeV/c)

vo and vs ordering matches €, and €3 ordering in all three systems
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Testing hydro by controlling system geometry

Now p&l}li

R. Belmont

V2

shed! Nature Physics 15, 214-220 (2019)

L B L B B B ¥ L L L L L L B ¥ S L L L L L L BN LN LI

PHAU {5, =200 GeV 0-5%  (a)  d+Au |ls,, = 200 GeV 0-5%
1 PHENIX

(b)  *He+Au Ys,, =200 GeV 0-5%  (c) ]

—@- v, Data

—4— v, Data

= v, SONIC

= =v,iEBE-VISHNU

05 1 15 2 25 3 05 1
pT(GeV/c)

and v3 vs pT described very well by hydro in all three systems
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Testing hydro by controlling system geometry

Now pgl}Iished!

R. Belmont

Nature Physics 15, 214-220 (2019)
T T T T T [ e e e e e T
0.18FP+Au sy, = 200 GeV 0-5% a d+Au ys,,, = 200 GeV 0-5% b I °*He+tAuys, =200GevV0-5% ¢
-@- v, Data PHENIX
—4— v; Data

== v, SONIC
E0= v, IEBE-VISHNU

v» and v3 vs pr described very well by hydro in all three systems
Initial state model qualitatively agreed with data...
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Testing hydro by controlling system geometry
Now pBBIished! Nature Physics 15, 214-220 (2019)

T T T T T e e e [ e [ e e e e T e
PHAU Sy =200 GeV 0-5%  (a) I d+Au |5, = 200 GeV 0-5% () 3
-@- v, Data _E_ PHENIX
—4-v; Data ]
==, soNIC

*He+Au Ys,, = 200 GeV 0-5%

(©)

0.12F == v, iEBE-VISHNU
< 0.
0.08
0.06
0.04
0.02
™05 1 15 2 25 3 05 1 15 2
pT(GeV/c) pT(GeV/c)
v» and v3 vs pr described very well by hydro in all three systems
Initial state model qualitatively agreed with data...
But recently discovered issue with calculation reduces pr scale by factor of 5
—http://www.int.washington.edu/talks/WorkShops/int_19_1b/People/Mace_M/Mace.pdf
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Testing hydro by controlling system geometry

Now p&l}li

R. Belmont

V2

shed! Nature Physics 15, 214-220 (2019)
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PHAU {5, =200 GeV 0-5%  (a)  d+Au |ls,, = 200 GeV 0-5%
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(b)  *He+Au Ys,, =200 GeV 0-5%  (c) ]

—@- v, Data

—4— v, Data

= v, SONIC

= =v,iEBE-VISHNU

05 1 15 2 25 3 05 1
pT(GeV/c)

and v3 vs pT described very well by hydro in all three systems
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Photons in small systems

5r S = 200 GeV, [n] < 0.35
L [=] p+Au, 0-100 %
4r
5 3 o
T o0 PH ENIX
o L preliminary
2 }
1r ‘ 1 l + S =
o
0 2 8 10
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Photons in small systems

Sy = 200 GeV, || < 0.35
[=] p+Au, 0-100 %

VS = 200 GeV, |n| < 0.35
[=] p+Au, 0-5%

. .
i r I {
2 % 2% 1
P PH <ENIX o0 L PH <ENIX
o L preliminary o [ l H’ preliminary
2- 2-

-

o oL v
2 4 6 2 4 6 8 10

p, [GeVic] p, [GeVic]

=
e
R S
R
L
=
-
==

o
(o]
[any
o
o

Thermal photons in p+Au?
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Photons in small systems

- IS\ =200 GeV, |n| < 0.35 a S = 200 GeV, n| < 0.35
- [=] p+Au, 0-100 % i [=] p+Au, 0-5 %
4 — Thermal, Shen et al 4 ‘ — Thermal, Shen et al
r pQCD, Shen et al i I ‘ """ pQCD, Shen et al
5 3 >3 7
< < 0 W
o0 PH <ENIX 0 . PH <ENIX
o L preliminary o [ l preliminary
2r 2r +
L L, ‘ [ n *
1r ‘ [ T """""""""""" - e F e -
o oL v
0 2 4 6 8 10 0 2 4 6 8 10
P, [GeVI/c] P, [GeV/c]

Thermal photons in p+Au? Theory from Phys. Rev. C 95, 014906 (2017)
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n yields

arXiv:1805.04084, accepted by Phys. Rev. Lett.
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¥ Pb+Pb, \/ﬁ = 2760 GeV
B Au+Au, \sy, = 200 GeV
® AutAu, \sy, = 62.4 GeV B
8] Au+AU, {5y = 39 GeV o
v Cu+Cu, \sy = 200 GeV
O p+p, Vs =200 GeV

PHENIX

N, Scaled prompt photons

p+p fit, Vs = 200 GeV
—pQCD, Vs = 2760 GeV
—pQCD, Vs = 200 GeV
—pQCD, Is = 62 GeV
1 1111 11

| ! ol ! !

10 102 10°
dN,y/dn | ~

PHENIX highlights at RHIC & AGS AUM 2019

Common scaling for Au+Au
and Pb+Pb at different
energies; very different from
Neoy-scaled p+p

Slide 30



102

[EnN
o

T

/dy (p_> 1.0 GeV/c)
|_\
o

dN,

1073

10™

R. Belmont

n yields

[EnN
o
N
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%1 Pb+Pb, {5y = 2760 GeV PH-<ENIX
R AuvAu, {5y = 200 GeV preliminary '
® AutAu, \sy, = 62.4 GeV
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—pQCD, Vs = 2760 GeV
—pQCD, Vs = 200 GeV
—pQCD, Is = 62 GeV
1 1111 11

| ! ol ! !

10 102 10°
dN,y/dn | ~

PHENIX highlights at RHIC & AGS AUM 2019

Common scaling for Au+Au
and Pb+Pb at different
energies; very different from
Neoy-scaled p+p

p+Au and d+Au in between
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Small Systems Summary

R. Belmont

Modification of ¢ very similar to that of 7° despite differences in mass and strangeness
content

First measurement of Drell-Yan in small systems at RHIC
—Hint of enhancement but no firm conclusions

Comprehensive set of measurements of longitudinal dynamics
—Good support for wounded quark model and 3D hydro

Geometry scan results published in Nature Physics
—Only hydro can describe all the data

Photon enhancement in small systems
—Important additional evidence in support of QGP droplet formation in small systems
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Additional Material

Additional Material
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Identified hadron

New!
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R. Belmont
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A U+U SET1, N =934 9 > KK
v UsU SET2, N =999 (S = 192 GeV
~— lyl<0.35
PH ENIX
preliminary

scaling uncertainty from p+p —9.7%

1 2 3 4 5 6 7 8
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4 U+USET,N_ =96 9> KK
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scaling uncertainty from p+p —9.7%
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¢ - K'K
\syy = 192 GeV
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6 7 8
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¢ - K'K
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6 7 8
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¢ meson in U+U
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Identified hadron nuclear

1.8 9-K'K in U+U & Au+Au @ 192 & 200 GeV
4 U+U, 020%, N_ =330
161 v AusAu, 0-10%, N..,=325 (PRCB3, 024909)

1.4
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iw |
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£185 9K in UsU & Au+Au @ 192 & 200 GeV.
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modification facto

2185 9-K'K in U+U & Au+Au @ 192 & 200 GeV
4 UsU, 20-40%, N _ =159
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0.2
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Identified hadron

18- 4 9oKK
v n0->yy (PRC98, 054903)
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Small systems flow

frerrrrrrryrrrrrrr e T T T T T T Tty rprr e T T T T T T T T
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T b 1 +
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Small systems flow—heavy flavor

e L B S DL ELEL L S LI LIS BRI S IURLELE B
0.3t 0-20% d+Au \s,,=200 GeV - 0-20% d+Au \s,=200 GeV E
[ e " from open heavy flavor decays I ¢ p from open heavy flavor decays ] Charged

0.2 kS

— [ = Charged hadrons I = Charged hadrons 1

% 02f20<n<-14 $14<n<20 {hadrons

z L SysGlobal =1.9% T SysGlobal =1.9% ]

¥ 015f t R ]
R 1 iheavy flavor
w 0.1 I ] y
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S S I S BN TN AT AT IR AEPAIT IS, I
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Nonzero v, for heavy flavor in d+Au
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Small systems flow—heavy flavor

L B S LA B SN IR L I LI EURILE
0.3t 0-20% d+Au \s,,=200 GeV F 0-20% d+Au |s,=200 GeV E
02 [ e " from open heavy flavor decays I ¢ p from open heavy flavor decaystharged
~  [=Charged hadrons I = Charged hadrons 1
:?’ 0.2;-2.0< n<-1.4 {}1.4< n<2.0 {hadrons
v Sys  =1.9% TsSys  =19% ]
(= r Global T Global 1
& 0.151 ¢ + - + .
o’ o E {heavy flavor
= Eo I ]
005" py T ENIX + {muons
r preliminary T
0 T T ]
R IR EPEITN ETIEP PEITINE: AT AT NI AT NS
0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
P, [GeVic] P, [GeVic]
Nonzero v, for heavy flavor in d+Au
3.220, 2.160 for vo > 0 at backward, forward (99.9%, 98.5% one-sided)
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Small systems geometry scan

Phys. Rev. C 97, 064904 (2018)

S B o e o o B L e  RRAE R R EEEs sy eEay T
0.25:_p+Au at ysy, =200 GeV 0-5% (a) _:_ d+Au at |s,, =200 GeV 0-5% ) I He+Au at Sy = 200 GeV 0-5% (c)

[ —=— T+t Data ]
[ —e— p+p Data ]
0.2F ~ PP 8 m

= Tt"+Tt superSONIC ] d+A u

p+P SuperSONIC

~0.15
>
o1 p+A - m
0.05¢ PHENIX
C' ................... [ i EATTE PN FERNE AR RN SRR NS SRR FRN
05 1 15 2 25 3 05 1 15 2 25 3
p( eV/c) pT(GeV/c)

Identified particle v» vs pr in p+Au, d+Au, and 3He+Au
—NMass ordering well-described by hydro
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d+Au beam energy scan

200 GeV

62.4 GeV

Phys. Rev. Lett. 120, 062302 (2018)

39 GeV

19.6 GeV

T 53 LAkl ALY LAARY RARM RARM LM
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d+Au beam energy scan

Phys. Rev. Lett. 120, 062302 (2018)

200 GeV 62.4 GeV 39 GeV 19. 6 GeV
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O B0 a0 35 0 45 5 10 1550 2550 35 40 A6 5 1 0 180 e 40 45 A0 45 510115 20 25 503540 48
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tracks tracks tracks tracks

Measurement of v»{6} in d+Au at 200 GeV and v»{4} in d+Au at all energies
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d+Au beam energy scan

200 GeV

62.4 GeV

Phys. Rev. C 96, 064905 (2017)

39 GeV

19.6 GeV
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Event plane v» vs p7 measured for all energies
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d+Au beam energy scan

Phys. Rev. C 96, 064905 (2017)

200 GeV 62.4 GeV 39 GeV 19.6 GeV

~ L I I I I I I I I I L I L I R I L I I I L I L R I RN R R LR " Ll LN LR AR LARS LN RRRE AR RARS I
>
d+Au s, =200 GeV 0-5% d+Au {s,, = 62.4 GeV 0-5% d+Au s, =39 GeV 0-10% d+Au ys,, = 19.6 GeV 0-20%
0.4F + + +
Inl <0.35 == SONIC v, PHENIX Extrapolated
0.35F @ V,{EP} F = supersoNICv, + F Resw;M) B
0.3F Global Sys. = +0.3% 3+ Global Sys. = +1.8% 1 Global Sys. = +3.6% + Global Sys. = ;3;;/; E
0.25F + +

Event plane v» vs p7 measured for all energies

Hydro theory agrees with higher energies very well,
underpredicts lower energies—nonflow?
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d+Au beam energy scan

Phys. Rev. Lett. 120, 062302 (2018)

> 0.1 ‘ 10 < NFYTX < E
0.09; d+Au, 10 < Ntracks <30 é
E o I
0.08F . =
FVTX . =
'Select 10 < Niyae < 30, 0.07F o -
integrate 0065 | e o 7
AMPT sees similar trend 0.05F % ________________________ " 5
Fluctuations? 0.04§ é
m°t BeSSIT"G"’_‘USSEa’l‘_ _ 0.03 PHENIX Data AMPT E
ot small-variance limit = =
0.02| v {230 ... {230 3
Need to understand E o W,{2} A2} E
fluctuations better 0.01F w V{410 - {410 E
ot ) ! ! ! ! | ! -

20 30 40 50 607080 10° 2x10°

\s.. (GeV)

R. Belmont PHENIX highlights at RHIC & AGS AUM 2019 Slide 38



Small systems nuclear modification
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- PHENIX 2.5<p_<5GeVic i 2.5<p_<5 GeVic
L preliminary L
1.5F EPPS16+PYTHIA 1.5F II EPPS16+PYTHIA
C el A - r .
T ' | L e R ilig
0.5F 051
 Al-going p-going - Au-going p-going
C- A N R R N R O' P R R R R
3 2 4 0 1 2 3 3 2 4 0 1 2 3
n n

Forward modification consistent with nPDF effects (EPPS16)
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Small systems nuclear modification
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R. Belmont
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High-p1 modification consistent with nPDF effects (EPPS16)
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Small systems nuclear modification

< 35 p+Al - h*+X S=200 GeV S 35 p+Au - h*+X Sy=200 GeV
@ 3 0-5% centrality x 3 0-5% centrality
e -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
25 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)
PH-<ENIX
preliminary 15 H EI [ﬂ

15 Hﬂ]HHH_H

0.5 ost #O88E g B

=2 4 6 8§ 10 =2 4 6 8 10
P, (GeVic) P, (GeVi/c)

Stronger effects in central collisions
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Small systems nuclear modification

< 35 p+Al - h*+X S=200 GeV S 35 p+Au - h*+X Sy=200 GeV
@ 3 0-5% centrality x 3 0-5% centrality
e -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
25 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)
PH-<ENIX
preliminary 15 H EI [ﬂ

15 Hﬂ]HHH_H

0.5 ost #O88E g B

=2 4 6 8§ 10 =2 4 6 8 10
P, (GeVic) P, (GeVi/c)

Strong enhancement for backward at intermediate pr—why?
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Small systems nuclear modification

< 35 p+Al - h*+X S=200 GeV S 35 p+Au - h*+X Sy=200 GeV
@ 3 0-5% centrality x 3 0-5% centrality
e -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
25 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)
PH-<ENIX
preliminary 15 H EI [ﬂ

15 Hﬂ]HHH_H

0.5 ost #O88E g B

=2 4 6 8§ 10 =2 4 6 8 10
P, (GeVic) P, (GeVi/c)

Strong enhancement for backward at intermediate pr—why?
Don't forget: particle species dependence of Cronin! There must be final state effect(s)...
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Particle species

dependence of “Cronin enhancement”
Phys. Rev. C 88, 024906 (2013)

d+Au sy, = 200 GeV

T4+

+ K+K*

¢« O =

p+p

f 1
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I -l + ]
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T T
20-40%
CLL "

R. Belmont
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J /1 nuclear modification in all systems

15
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c€ and bb from angular correlations in p+p

dN/dAg [rad ]

arXiv:1805.04075 (submitted to PRL)
arXiv:1805.02448 (submitted to PRD)

x107° x10°°
16¢ = —
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8- p,>3GeVic, 1.2< Il <2.2 [ p,>3GeVe, 1.2<h1<22 5 X)L @
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Pair creation at LO, flavor excitation and gluon splitting at NLO
PYTHIA suggests bb dominated by pair creation
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bb from angular correlations in p+p

R. Belmont

bb cross-section measurements
at p+p (s=200 GeV at RHIC
== FONLL MC@NLO — stat. error
— NLO(Vogt) === POWHEG — stat. @ sys. error
c PHENIX, dimuon
this analysis
- PHENIX, B — J/y
hd PRC 96, 064901
o PHENIX, dielectron
PRC 96, 024907
- PHENIX, e-h correlations
hd PRL 103, 082002
® STAR, e-h, e-D° correlations
PRL 105, 202301
‘H\\‘\\\\‘\\\\‘\\\\‘HH‘\\\\‘H\\‘\\H‘\\H

12 3 456 7 8 9 10
0,5 [1b]

arXiv:1805.04075 (submitted to PRL)
arXiv:1805.02448 (submitted to PRD)
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Data/ Theory
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bb cross-section consistent with previous measurements, larger than FONLL
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Collectivity in large systems

Phys. Rev. C 99, 024903 (2019)
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Collectivity in large systems

Phys. Rev. C 99, 024903 (2019)

1.2 e e e
2 L PHENIX Au+Au (s, = 200 GeV -
s 1| h* 1<n|<3 -
- — MC Glauber, cumulant based estimate
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Collectivity in large systems

Phys. Rev. C 99, 024903 (2019)
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Collectivity in large systems

Phys. Rev. C 99, 024903 (2019)
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Can extract (v») and o,, separately using forward-fold
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Collectivity in large systems
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Can extract (v3) and o, separately using forward-fold

Phys. Rev. C 99, 024903 (2019)
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