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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 New!

—1, of charm and bottom in Au+Au

Small systems

—n%h correlations in 3He+Au 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

Large Systems
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Identified particle Rax in large systems
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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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70-h in Au+Au

R. Belmont
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70-h in Au+Au
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70-h in Au+Au

New!
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Depletion at high pr,

enhancement at low pt

o
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c —eand b — ein Au+Au and p+p
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c —eand b — ein Au+Au and p+p

New!
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HF electron spectra, all centralities and using all available data
New p+p reference data; new publication with Ra4 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 and low pr enhancement
—Indicates momentum shift and 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
—NMay be consistent with zero, refinements and publication forthcoming
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Intermission

Small Systems

R. Belmont Overview of heavy ion physics at PHENIX Slide 11



e Slar -
E AWEY/YNear A He3Au, p : [5-7] GeVic Aé i(R) Ay Near constant fit: 0.876 + 0.061

13 R = Yxau Txau TTxau ®  He3Au, D : [7-9] GeVic o 1.3 Vhesau _ YHeaau Vhesau A pfi[5-7] Gevic

JAWaYy  Near dA 5-7] GeVi = E(R — —Away N T
L way/YNear : dA: g {7—9} G:wz \21.2;( Dina Yam N e plh[7-9] Gevic
E ™ E th. - -] | -

1 1i 2 [o 6-1, 1-2, 3-5, 5-7] GeVic 2 1 1i p;":[06 1;(1 2,3-5,57] Ger\(ﬁc
8 E Near: |A<P|<§- Away: leKg ‘L EE_ - E { { Near: |Aq)1<§, Away: \A(pn\<§
1F 4 f T oaf I

09 1 % % 09F- ? % L] w e

08F- 08f

= 07

v, subtraction not applied 06 v, subtraction not applied
\[Sy = 200 GeV, 0-20%, 1-h* ;fr'é'nmEu:% 0.5 |[Syy = 200 GeV, 0-20%, 1€-h* PHI “ENIX
E = reliminan

o4 Lo L oab o L ‘p““y‘

) 0.2 0.4 0.6 0.8 ) 0.2 0.4 0.6 0.8

1 1
z;'= plypl 2. L pop’

High-z1 depletion with low-z enhancement resembles large systems
How to understand? Need detailed theory calculations

R. Belmont Overview of heavy ion physics at PHENIX Slide 12



Drell-Yan from angular correlations in p+p
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arXiv:1805.04075 (PRL)
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!
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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!
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J /1) nuclear modification in small systems

New!
2 -
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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)
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Longitudinal dynamics in small systems

Now published! Phys. Rev. Lett. 121, 222301 (2018)
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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! arXiv:1805.02973, in press (Nature Physics)
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Testing hydro by controlling system geometry

Now published! arXiv:1805.02973, in press (Nature Physics)
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v» and v3 ordering matches €, and 3 ordering in all three systems
—Regardless of mechanism, the correlation is geometrical
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Testing hydro by controlling system geometry

Now published!
0.2

arXiv:1805.02973, in press (Nature Physics)
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vo and v vs pt described very well by hydro in all three systems
—Strongly suggests QGP droplets in hydro evolution
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Testing hydro by controlling system geometry

Now pgtilished! arXiv:1805.02973, in press (Nature Physics)
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vo and v vs pt described very well by hydro in all three systems
—Strongly suggests QGP droplets in hydro evolution

Initial state model does good job for v, but misses strong geometry dependence of v
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Photons in small systems
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Photons in small systems
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Thermal photons in p+Au?
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Photons in small systems
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Thermal photons in p+Au? Theory from Phys. Rev. C 95, 014906 (2017)

R. Belmont Overview of heavy ion physics at PHENIX Slide 21



n yields

arXiv:1805.04084, submitted to Phys. Rev. Lett.
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n yields
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Small Systems Summary

R. Belmont

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
—Hydro does better than initial state

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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Testing hydro by controlling system geometry

0.181
0.16 1
0.14 1
0.121
.
~ 0.101
&
£0.081
0.06 1
0.04
0.02 1

R. Belmont

VSwy =200 GeV 0-5%

g —t

Gluons

p+Au

//'/ #- d+Au

> —— 3He+Au
05 1.0 15 2.0 25 3.0
pr [GeV]

0.081 Vsyn =200 GeV 0-5%
—#— p+Au
007 & d+Au
0.06] —¢— 3He+Au
Gluons
20.05
70.041
0.031
0.024
0.014
05 10 15 20 25 30
pr[GeV]
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Testing hydro by controlling system geo

R. Belmont

0.084 V syv =200 GeV 0-5%
’ —#— p+Au

0.07{ & d+Au
0.06] —o— 3He+Au
= 0.05 - Gluons

70.04
0.03
0.021
0.01+

05 1.0 15 20 25
pr [GeV]
v3 ordering is not quite right
—CGC: p+Au < d+Au < 3He+Au
—Data: p+Au ~ d+Au < 3He+Au

3.0

0.07F" ]

0.06[
[ -ePptAu
0.05F

0.04F

0.01F

.
L8

0.03F

0.02f

+3He+Au
- d+Au

H%

1

- (o =200Gev 05% | pENIX

'

.,.llnll *

+

oJ,

.5 l
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Small systems flow

AL B B AL B T
0.3t 0-20% d+Au \s,=200 GeV F 0-20% d+Au |s,=200 GeV ]
0.25F =+ 1
— [ = Charged hadrons I = Charged hadrons
% oof 20<n<-14 F14<n<20 3
v L Sys =1.9% T Sys =1.9%
(= r Global T Global
c\,/, 0.15j + + T + ]
@ C ] T
Lo T + .
;;Q r T +
[ ~— T .
005 pHTENIX s
r preliminary T
S N R B B B ST T R I I S
0.5 1 1.5 2 25 0.5 1 1.5 2 2.5
P, [GeVic] P, [GeVic]
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Small systems flow—heavy flavor

Tt
I 0-20% d+Au Vs,.,=200 GeV
L e u from open heavy flavor decays
[ = Charged hadrons

I -20<n<-14

[ Sys o =1.9%

- + t f

—
PH-<ENIX
preliminary

F 14<n<20

O B o o O o L B B 0 L O
F0-20% d+Au {s,,=200 GeV .
e p from open heavy flavor decays
= Charged hadrons

Sys =1.9%
Global

T

R. Belmont

05 1 15 2 25

P, [GeVic]

0.5 1 15 2 25
P, [GeVic]

Nonzero v, for heavy flavor in d+Au
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Small systems flow—heavy flavor

S S N o e S e L e S R
0.3t 0-20% d+Au \s,=200 GeV F 0-20% d+Au |s,=200 GeV E
0.2 7- u from open heavy flavor decays ,, e p from open heavy flavor decays Charged
— [ = Charged hadrons I = Charged hadrons 1
- F-20<n<-1.4 T14<n<20 E
7 0.2
v [ Sys =1.9% T Sys =1.9% ihadrons
(= r Global T Global 1
& 0.15F + $ + T + E
G of + {heavy flavor
> Fo T ]
005" pHENIX E3 jmuons
r preliminary T ]
07 T I B
S I B BN BN . ST I N S L. B
0.5 1 1.5 2 25 0.5 1 1.5 2 25
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)

I R B o o B B e e s e e e T
0_25:_p+Au at ys,, =200 GeV 0-5% (a) _:_ d+Au at s, =200 GeV0-5%  (b) I *He+Au at VSyy = 200 GeV 0-5% (c)

[ —=— 10+7t Data m

0-2'_ —e— p+p Data
[ = 1T+ superSONIC

p+p superSONIC

~0.15}
> :
0.9

0.05f

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

Identified particle v» vs p7 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

JLLLi LA L L AR
> avau S =200 GeV d+Au \s,, = 62.4 GeV d+Au v's';=39 GeV d+Au \s,, = 19.6 GeV
012F o F T PHENIX ] 1<nf<3 ]

0.1 e, + + ] *Vo{2} ]
0.08 i S 20 Ty
0.06F + + B ]
0.04F + + ] ]
0.02F + 1 1 ]
(a) (b) (c) (d)
G ...................................... PETE PRTTIATETA FRTTE IRTTIATTE FRTRI ARTTIAPRTY FRTR: AUT1 FETR1 AYRTE PRTTI ATPRY ATRTE ARTTIATRTI ATATE [UTE ATN1 FTRTI FTRTE FRTRY AYUTE ITRTE FRTRY ITRTE FUTTE IATY
50 15 50 2530 354045 5 10 15 20 2530 35 4045 5 1015 20 25 30 3540 45 5101520 25 30 35 40 45
Niracks Niracks Niracks Niracks
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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

> [74+Au |5, = 200 GeV 1 d+Au |s, =624GeV | | d+Au |s, =39GeV | d+Au s, = 19.6 GeV
0.12r o T T PHENIX T 1<pn<3 ]
o e 1 i i *Vo{2} ]
o : T o 1 I 4 = v,{4} ]
0.08 """--~........._.____,_ B ) -—-—-—-.~—.] s+l
0.06F + R S ottt 1
CRTTEL IR L
0.04f +++ + t t 1 1
0.02F 1 I I
(€] (b) (©)
O B 15 50 2530 35 40 45 510 15 20 25 30 35 4045 510 1520 25 30 354045 510 15 20 25 30 354045
NFVTX NFVTX NFVTX NFVTX
tracks tracks tracks tracks

Measurement of v2{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

~ e T T T T T T I T T T T T e T e O T T T
z o4 d¥AU Vs, = 200 GeV 0-5% 1 d+Au 5, = 62.4 GeV 0-5% 1 d+Au |5, =39 GeV 0-10% 3 d+Au \s.. = 19.6 GeV 0-20%
“F mi<o3s PHENIX Extrapolated
0.35F e V,{EP} =+ F kS Res(lvl(‘”'d) E
03F Global Sys. = £0.3% 3 Global Sys. = +1.8% ¥ Global Sys. = +3.6% 1 Global Sys. = +43850;/0 E
0.25F + + + B
0.2F F + + +-- E
0.15F + + + B
. > "® i o o * . +
01F . + P + . £ * E
& L
° o ®
0.05f . E . + . + o
1 1 1 1 Il 1 1 1 (Ia) ...I...I...I...I...I...I...I...I...I......I...I...I...I...I...I...I...I...I......I...f...I...I...I...I...I...I...I(..).
02040608 1 12141618 02040608 1 12141618 02040608 1 12141618 02040608 1 12141618
P, [GeVic] P, [GeVic] P, [GeVic] P, [GeVic]
Event plane v, vs pr measured for 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

~N T T T T T T T T L L L L R L L L L R L R R L R R L I I LR S IR I IR IR IR UL L LR I |
z o4 d¥AU Vs, = 200 GeV 0-5% 1 d+Au 5, = 62.4 GeV 0-5% 1 d+Au |5, =39 GeV 0-10% 1 d+Au fs,, = 19.6 GeV 0-20%
Inl <0.35 == SONIC v, PHENIX Extrapolated
0.35F @ V,{EP} [ == superSONICv, + F ResWiI<) E
03F Global Sys. = +0.3% 3 Global Sys. = +1.8% ¥ Global Sys. = +3.6% 1 Global Sys. = +43850;/0 E
0.25F - + 3 E
0.2 - + E

1 1 1 1
02 04 06 08 1 12 1.4 1.6 1.8
[ [GeVic]

02040608 1 12141618

P, [GeVic]

0204 0608 1 12 1.4 1.6 1.8
P, [GeVic]

Event plane v, vs pr measured for all energies

Hydro theory agrees with higher energies very well,
underpredicts lower energies—nonflow?

R. Belmont
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d+Au beam energy scan

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

o 0l TR —— E
0.09; d+Au, 10 < Ntracks <30 é
0.08 =
FVTX = =
Select 10 < N, = < 30, 0.07¢ E
integrate 0.06 E
AMPT sees similar trend 0.0S% é
Fluctuations? 0.04§ é
Not Bessel-Gaussian 0.03f PHENIX Data AMPT =
Not small-variance limit E E
0.02 w {2}0 ... v {2}0 —
Need to understand E ° 2{ } 2{ } E
fluctuations better 0.01= w {40 {430 E
ot | ! ! ! ! I ! |

20 30 40 50 607080 102 2x10?
5., (Gev)
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Small systems nuclear modification

< 2-5_ < 2.5_
o | prAILhTX|5,=200 GeV o [ PrAu-h*X s, =200 GeV
ok 0-100% centrality ok 0-100% centrality
- PH ENIX 2.5<p <5GeVic i 2.5<p_<5 GeV/c
[ preliminary C
1.5F # EPPS16+PYTHIA 1.5F II EPPS16+PYTHIA
. :
Le--- Lpmmmemmmeeeeees |
0.5F 0.5F
r Al-going p-going r Au-going p-going
G- P T R R | 1 0' P T R R R B
83 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
n n

Forward modification consistent with nPDF effects (EPPS16)
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Small systems nuclear modification

<
o
nd

R. Belmont

[ p+Al-h™+X |5,,,=200 GeV
o5l 0-100% centrality
3 e -2.2<n<-1.2 (Al-going)
ok o 1.2<n<2.4 (p-going)
1 53_ PH <ENIX
~r preliminary

0.5 EPPS16+PYTHIA, -2.2<n<-1.2
EPPS16+PYTHIA, 1.2<n<2.4
" 1 " 1 " 1 " 1 "
Y2 4 6 38
P, (GeVl/c)

10

<
=%
o

"I p+Au—hX 5,=200 GeV
25 0-100% centrality
e -2.2<n<-1.2 (Au-going)
2 o 1.2<n<2.4 (p-going)

LI

- SRR

EPPS16+PYTHIA, -2.2<n<-1.2

EPPS16+PYTHIA, 1.2<n<2.4
1 L 1 L 1 L

4 6 8 10
P, (GeVic)

High-p1 modification consistent with nPDF effects (EPPS16)
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Small systems nuclear modification

35 < 35 <
m‘é p+Al - hi+X |5, =200 GeV [IEE p+AU - h*+X |5,,,=200 GeV
3 0-5% centrality 3 0-5% centrality
e  -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
2.5 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)

2 PHENIX 2 HHH

15 prellmlnary 15
Hﬂﬂﬁﬂﬂ.ﬂ .

........ R N P

05 pdd HE g 3] B 05 E@@E‘l@@ g 8 8
b2 4 6 s 10 b2 4 & 8 10
P, (GeVl/c) P, (GeVic)

Stronger effects in central collisions
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Small systems nuclear modification

35 < 35 <
m‘é p+Al - hi+X |5, =200 GeV [IEE p+AU - h*+X |5,,,=200 GeV
3 0-5% centrality 3 0-5% centrality
e  -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
2.5 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)

2 PHENIX 2 HHH

15 prellmlnary 15
Hﬂﬂﬁﬂﬂ.ﬂ .

........ R N P

05 pdd HE g 3] B 05 E@@E‘l@@ g 8 8
b2 4 6 s 10 b2 4 & 8 10
P, (GeVl/c) P, (GeVic)

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

35 < 35 <
m‘é p+Al - hi+X |5, =200 GeV [IEE p+AU - h*+X |5,,,=200 GeV
3 0-5% centrality 3 0-5% centrality
e  -2.2<n<-1.2 (Al-going) e -2.2<n<-1.2 (Au-going)
2.5 o 1.2<n<2.4 (p-going) 2.5 o 1.2<n<2.4 (p-going)

2 PHENIX 2 HHH

15 prellmlnary 15
Hﬂﬂﬁﬂﬂ.ﬂ .

BE
osf FUIEEE g g ost #9888 5 B

b2 4 6 s 10 b2 4 & 8 10
P, (GeVl/c) P, (GeVic)

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)

2r T 0-20% pie 20-40%
; d+Au |/s,, = 200 GeV _, o *
1.5j o T+T*
< [+ K+K*
o 1:. " P+p n Enlﬂll #
[ o 0
05F & ¢ ]
et b
40-60% T 60-88% ]

2 34 5 0 1 2 3 4 5 6
pT(GeV/c) p
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J /1 nuclear modification in all systems

1.5
Inclusive J/y \'s, =200 GeV )
2t 1.2<y<2.2 (p/d/*He-going) Small systems:
2 H: .[I p+Al, p+Au,
I | Al mw 3
'I @ PHENIX d+Au, *He+Au,
| preliminary
Large systems:
0.5 ép+Al % HH I g y
$p+AU i Iﬂ - Cu—+Au,
L @(31+Au [!] [‘H i
¢’He+Au $Cu+Au $Au+Au §U+U i) AU+AU, U+U,
ob—— el 193 GeV ‘
345 10 20 10% 2x10°

Npart
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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)

6x10° - 0°
"PHENIX pp —ccX — X 325 "PHENIX pp >bBX — 1t X
[~ @ p+p Vs =200GeV = [ ® p+p {s=200GeV .
A POWHEG o__ = 0.316mb . L - POWHEG o, =3.94ub (B [N}
12 mmeyTHiave 0., = 0.343mb % 2 - PYTHIAVE o, = 3.50ub '\4/ i
C PYTHIAVS (pair creation) < PYTHIAvE (palr creation) B ‘\XD B X
1 = PYTHIAVS (flavor excitation) 2 L PYTHIAVS (flavor excitation) bb bb
L PYTHIAVE (gluon splitting) 'C 15 [ PYTHIAVE (gluon splitting) (x = B
[ C \Z
8- p,>3GeVic, 12<hf1<22 [ p,>3Gev/e, 12<i1<22 ~ g
r 15<m“ [GeV/c}] <25 g @ “Imen Tl L 35<m . [GeV/c] <10.0 D \¥J>\‘Ba
6 Global Uncertainty 12. 1 Global Uncerlalnly 12.0% /{X
E ) (v D (w
4* 4 -
: 05 4/
2- [ &
n s r -
0,' G,
TER I N T N S S Y MR \\\‘1\\‘\\1\‘\\\\l\\\‘\\\‘\
0O o5 1 15 2 25 3 0 05 1 15 2
Iq)“ ; q)M 2I[rad] |q> - q> I[rad]

Pair creation at LO, flavor excitation and gluon spllttlng 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

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

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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Fl2 : g
~|0 —— *. 5
o] I . A P L
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bb cross-section consistent with previous measurements, larger than FONLL

Overview of heavy ion physics at PHENIX

Slide 35



Collectivity in large systems

arXiv:1804.10024 (submitted to Phys Rev C)
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Collectivity in large systems

arXiv:1804.10024 (submitted to Phys Rev C)
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Collectivity in large systems

arXiv:1804.10024 (submitted to Phys Rev C)

_6
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Collectivity in large systems

arXiv:1804.10024 (submitted to Phys Rev C)
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Can extract (v2) and o,, separately using forward-fold
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Collectivity in large systems
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arXiv:1804.10024 (submitted to Phys Rev C)
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Can extract (v3) and o, separately using forward-fold
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