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Overview

» PHENIX has been busy

Spin

High-pr

Heavy Flavor

Collectivity in Small Systems
Direct Photons

» Since the last User's Meeting

vV vy vy VvYyy

» 15 publications published or in referee review
» 7 Theses have been defended.
» 70 talks at 23 conferences have been given.
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< @ WHZouwe . )
ptpat 15= 510 GeV 53 PHENIX A} (201242013), p!>16 GeV
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arXiv:1804.04181 submitted to PRD
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o » Asymmetries from global fits
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== DNS Kretzer
10 -1 0 1
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< [ pp - 1#X [n|<0.35 Vs=510 GeV
003 : §
p+p F e T (PhysRevD.93.011501)
L DSSV'14 for T
0.02— —— DSsV'14 for 1
. . [ —— Dssviaform®
» First charged pion A;; measured [ Rel m uncerainy
0.01—
at 510 GeV : Wt
. R O:i . 4 +_4
» Ordering of asymmetries ; t ]
sensitive to the sign of Ag ool .
I 6.5% pol. scale uncertainty not shown preliminary
O v b v b b by 1
4

12 14
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J/1p Ay in polarized p+A

3% scale uncertainty not shown

3% scale uncertainty not shown
_02‘1....|....|....|....|....|....|....|....|....|.... 0.95

0 05 115 2 25 3 35 4 45 0 05 115 2 25 3 35 4 45 5
P, (GeV/c) pT(GeV/c)

p+p p.‘ p+Au
arXiv:1805.01491 submitted to PRD
0.25¢ 0.25¢
0zr © PP @ 02F o p+p (b)
0.15§— p+Al 0_15§— p+Al
o " PrAu otk p+Au
0.05F + 0.05F
. oF ¢, b * Z.qf d\+ d)l*
< “F + I ; ® T T,
-0.05F + -0.05F }
-0'1;_ Backward A" '0'12_ Forward A"
-0.15F PHENIX p+p, p+A — JAp + X -0.15F PHENIX p+p, p+A — J/y + X
0 25_ VS = 200 GeV, y €[-2.2,-1.2) 0 25 sy =200 GeV, yE[1.2,2.2]

O

» J/¢ An # 0 for low pr p+Au, some novel mechanism?
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Spin

Charged Particle Ay in p+A

1.4<m|<2.4 1.25<pT<7.0 GeVic

0.06 N
—=— p'+ p— h"+X (s=200GeV
—+— p'+Au— h*+X |5,,,=200GeV %
0.04

0.02

LI s B

SR
#

o | % E§+@JL %W% » Positive charged hadrons have
P @ non-zero asymmetry at forward

-0.021 . L
; e (proton-going) rapidity.

o0 preliminary » Smaller asymmetry in p+Au for
r <p.>=1.6,1.7,2.1, 2.8, 3.7 GeV/c (x_>0)

-0.06 L ScTaIe uncertainty : 3% (not shown) : XF > 0 . ]- .

cona b b b b Lo e n Luwn

02 015 -01 005 0 005 01 015 02
X
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Spin

— p+p(A)—>h++X 1.4<n|<2.4
[ 0.1<x<0.2 <p >=2.9GeVic
va, _ AR
N =y
col (N )

coll

B=1.19

+Au HZEN
prau PHENIX

preliminary

p+Au
20-50%

—e— PHENIX Data and SAS"'
Ay

31
A/3

Charged Particle Ay in p+A
p+p pell) p+Au
z ¥ £ 0.06
<C 0.06~ p+p(A)—h +X 1.4<mn|<2.4 <
0.05L 0-1<X¢<0.2  <p >=2. QGeVIc 0.05
0,04 — A" = —1,3)—u 0.04
r + 1.00(stat) +0.40 0.03
0'03_ P*P a=1.21 :‘0.42§:t:t; :0.30533 0.02
0.02r~ PHT;Ele 0' o1
| preliminary 01—
0.01- prAl ]
G_ p+Au I
-0.01 -0.01
+ —e— PHENIX Data and 5AS™
002 [ b -0.02
P T I I IR (U R B -0.03
0.03=——3 4 5 6

+0.68(stat) +0.30(sys)
-0.39(stat) -0.27(sys)

p+Au
0-20%

» Ay decreases with medium length and number of collisions.

N. Grau (Augustana)

R

6/14/18

8/ 44



High pr

High pr.
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High pr p+A Broadening

7% — h Correlations in p+A

T 1g T T T T ERS E T T T T
<L E prAU p+p ERES 15 prAU p+p
> - = > E =
% 10 e SN'{”Q 200 Gev ® 001x<015 = SN'{,@ 200 Gev ® 001x<015
= 202 E 5<pT <9 GeVic B 00.15<x.<0.25 (x10%) = 10~ g<pT <%Gevlc B 0 0.15<%.<0.25 (x10
Z E —Ippl ¢ 0025%<05(x10%) § Zo° 2T p (AT + 0 0.25<%<0.5 (x107)
98, F 2 *2 b w05oel(a0d) T 8,107 3 03 + 0 05<x<L (x109)
107 = 10° me-h
— p+p Gaussian fits Py 3 e
. PH ENIX —= PH “ENIX
p+Au Gaussian fits preliminary 3 preliminary
10°E E
107 § ] E
= 3 . ¢
10k k ? i - 0@ w *
o F L ! | 3 oF A i L\ 3
107 4 -2 0 2 4 6 105 -4 =2 0 2 4
[ [GeVic] [ [GeVic]
~assoC Pout - pT,assoc sin A(ZS
pr
2 <] PT ,assoc
ﬁtrlg trig XE = — COS Aqb
S .
T br-TE PT trig

» Near- and Away-sides have non-perturbative Gaussian core related to
j7 and intrinsic kT and power-law tails due to hard gluon radiation.

p+p data arxiv:1805.02450 (submitted to PRD)
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High pr p+A Broadening

Away-side Broadening in p+A

~Tpg<ll 2M_p (AT
2003 3 003
015 T 3
o4 Vh2006eV + PHENIX g
o ’ 5<P:'g<9 GeVic preliminary
§ 0.05¢ 0-100% 4 —
[} Obee e @eeenneennnenennneiznnn Loel. * ................ 4 prAl
Eg -0.05¢ + } 1 Pr
o N e e
< L 1 N -
e ' } » Near side shows no
3 0.05- T
3 p+Au
= ‘BN B ] change.
008 1 1 > Away side pout increases
O T ] for d+Au.
0.10.20304050607 0.1020.304050.60.7

Xg
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High pr p+A Broadening

Away-side Broadening in p+A

., 0.2 T T

L2 _ ° p+AI 0 15<x_ <0 25
» Choose two xe bi E r \{7[”—9200 Gev | p+Au 0. 15<xE<O 25 )
E DINS =015 5P <9GeVic o p+Al0.25<x <0.5 -
measure for 0-40% and =~ =% | 2—"<A(p<3 0 PFHAU0.25<X.<0.5 ]

_ (v =Y i

» Increase of = ]
non-perturbative widths = 0.05~ % ¢ N
with Ngoy. | + |
. . 07 ]
» The increase is on the | |

order of 10's of MeV. 005 | | | |
13 : 2 4 6 8 10
» Can we rule out A/ Negy

multiple scattering

picture? p_. p+Au
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High pr Isolated ~-h

Direct v-h Correlations in Au+Au

- PHENIX Run 10 Au+Au |5, =200GeV
| l<0.35 v, -h 20-40%

V.
& —bFlow  5<p <7x2<p__ <3 GeVic
L o, Ttrig Tassoc
byFlow
, 3 + +
A &l B +
@) o

I . |
2 3

'80=¢,-, Irad]

o

Ery = 10%E, + Offset

» Isolation cut in Au+Au
preferentially selects photons

Cent Rcone | Offset [GeV/c]

0-20% 0.1 2.0

20-40% | 0.2 4.0 out of the event plane —
40-60% | 0.2 20 opposite sign on v» modulation
60-92% | 0.3 1.0 in some pr bins.

6/14/18 13/ 44

N. Grau (Augustana) PHENIX Highlights



Direct ’)/—h Iaa

High pr Isolated ~-h

Ty 0-20% A0 - n|<— v.-h 20-40% |AG-7] </
F i dir 2
— g:::gserp :; PHENIX Run 10+11 Au+Au
gger p, =:
2 :kmggerp B L Su=200GeV |[<0.35
3 {Fu«nggsrp <15
=t ol
- - é- SHRRET I
Tt Y
- e o : # i
0 1 i
L Ty h 40-60% Ao - 7c|<— Y, h 60-92% m-n[<g
" — z, Average ol
2+ = gy e
PHENIX
3L 2 é L preliminary
1 : |

04 06 08 1
<zT

Au+Au

Per — Trigger Yielday+au

= I
(zr) = (PT,assoc/PT ) AA Per — Trigger Yield,4p
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High pr

Direct ’)/—h Iaa

AA

Average |

>

(2,<0.28)
Tz, >0.28)

2
-h A <1|: —»—0.09<2,<0.28
Va Ia¢ -l —o— 0.28 <z, <0.80
1.5—
4 m h m Il
1 %J E i

e
o
I
o

f
B

=)
[T

PHENIX Run 10+11 Au+Au
(5 =200GeV [n|<0.35
i
PH ENIX

preliminary

S =)
I I

N
I
k==
=
==

by
% 50 100 Np136 200 250 300
art
“Head” region: low-z fragments

become enhanced relative to the
suppressed high-z fragments.

N. Grau (Augustana)

Isolated ~-h

Au+Au
1.2 PHENIX Run 10+11 Au+Au 1
{5=200GeV [1j<0.35  Yar"AOTI<3
1 —e— 028<2,<0.80
reliminal Ry, P >5GeVic
_50.8 P i I:I PRL 101, 232301 (2008)
506 m
204 E
0.2~ H
0—<4||\\||\\\\|f|\\||\\ PRI B
0 50 100 150 200 250 300
NmI
» Combing Run-10 and Run-11 +

A

Isolation Cone increases S/B
resulting in a more precise
determination of /44.
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High pr Forward Hadrons

Charged Hadrons in Muon Arms in p+Al and p+Au

< 2.51 < 2.57
o : p+Al—=h"+X |s =200 GeV o : p+Au—h“+X |s =200 GeV
ol 0-100% centrality ol 0-100% centrality
- PH-“ENIX 2.5<p <5 GeV/c L 2.5<p <5 GeV/c
[ preliminary [
1.5F i EPPS16+PYTHIA 1.5F II EPPS16+PYTHIA
0.5F 0.5
r Al-going p-going  Au-going p-going
G' P R T R Y B c' P R B R B B
83 2 - 0 1 2 3 =83 2 -1 0 1 2 3
n n

p-‘ p+Au » EPPS16 describes p-going, not large enhancement in
Au-going.
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High pr Forward Hadrons

< 35¢
o L . -2.2<n<-1.2, p+Au (Au-going)
o 3 ¢ -2.2<n<-1.2, p+Al (Al-going)
L o 1.2<n<2.4, p+Au (p-going)
L 3 1.2<n<2.4, p+Al (p-going)
2'5? h*, 2.5<p <5 GeVic
2- PRYENIX H » Very large enhancement at
L gf Pretminey H H H intermediate p7 increases with
i H@m@ = centrality.
Iy 0 ey o
o.sE Bl » Enhancement in ion direction
05 10% global sys. uncerainty larger than Cronin enhancement
0 2 4 6 8 10 12 14 at midrapidity.
<N >
part
o4l Pl
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Heavy Flavor

Heavy Flavor.

u (Augustana) PHENIX Highlights 6/14/18 18 / 44



Heavy Flavor p + p Bottom and Charm

Dimuon Continuum in p + p

1805.02448 submitted to PRD

I~
3 (a) Unlike-sign pairs . p+p 200 GeV = E@
o in South muon —— Cocidall sum © £ * PP 200GeV
o~ arm acceptance [ —— comb. BG g C 6B
= o, 10°: -+ corr. hadrons
£ ---n £ E — ~ comb. BG
g . . T, /N § L —— Cocktail sum
T P 5 10%5
2 E
mass{GeV/c’] H

—
—
— Y(1s+2s43s) 10

in South muon
arm acceptance \

1 N 4

2rm

= o

0123456738910
m, . [GeV/c?]

2 4 6 8 10 12 14
mass[GeV/c?]

data/cocktail
data/cocktail
o

» Dimuon continuum well described by cocktail.

p+p » Bottom dominates: high-mass, like sign.
» Drell-Yan dominates: high-mass, unlike sign
>

Charm S/B largest: intermediate mass, unlike sign
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Heavy Flavor p + p Bottom and Charm

1805.02448 submitted to PRC

g T%PHEle © p+p (5=200GeV | = r
DN 10—1:/ —= NLO(Vitev et al.), u=Q_| % ;_PHENIX * p+p Is=200 GeV
2 NLO(.Qiu) 1 Qo2 o PYTHIAVE
z I 135 4, -ky=1.1GeV/c
E c r “. -kfac.=1.23
T 10?% El L -,
ag C (a) u| o
F 1 210
r i 13 F
10 Drell-Yan — u*u qg F
E 12<ly™1<22 o [
[ Global Uncertainty 12.0% § 107¢ k) ‘
10’45‘”\”"H\H‘m”?‘_ F
57  Drell-Yan — u*u ‘
5 [ (b I
S T 5L 2
g il dopd 107 4.8:;1W[IG;\1/c]22<s_2
2. K *7ﬁ+ fT\ 777777777 F 2<ly <Z.
] L F Glo‘bal Ur"lcerta‘inty 1%0% |
s [ ]
= 0 z 3 r 7 0 1 2 3 4 5 6
8 YW e s 0 127 14 +
mass[GeV/c?] p, [GeV/c] p p
» Drell Yan mass and pT spectrum well described by NLO and PYTHIA
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Heavy Flavor p + p Bottom and Charm

and bb Production

» At leading order, QQ produced
back-to-back in azimuth.

» NLO diagrams can have very @ s'cgf:a’:ﬁ::'a"” () t'cgf:a’;f;:'a"m

different azimuthal dependence

» PYTHIA event record contains
information about NLO
diagrams.

(c) Flavor Excitation (d) Gluon Splitting
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Heavy Flavor p + p Bottom and Charm

Dimuon Azimuthal Correlations

1805.02448 submitted to PRC
x107° x10°°

— 16 =
g PHENIX (@) pp —ccX — ww X ‘B, PHENIX (b) pp —bbX — p=u= X
= 14- p+p Vs = 200GeV 2,771 e pep is=200Gev
= [ == POWHEG o, =0.316mb - [ -~ POWHEG o, =3.94ub -
3 12 mmPyTHIAG o =0.343mb S oL - PYTHIAVS o, = 3.59ub
T r PYTHIAV6 (pair creation) ] F PYTHIAV6 (pair creation)
E 1 Q[ 9 PYTHIAVG (flavor excitation) E [ PYTHIAV6 (flavor excitation)
T E I PYTHIAVG (gluon splitting) T 1 5; I PYTHIAVG (gluon splitting)
8 p,>3 GeVic, 1.2 <l <22 T p,>3 GeVic, 1.2 <l <22
[ 15<m, [GeVic <25 3" @ "o=mulll [ oas< m,, . [GeV/c?] <10.0
6; Global Uncertainty 12.0%!!‘ ) 1? Global Uncertainty 12.0%
ar ' g
r 0.5
2- L
0~ \' ---- ! | ! \ \ 0; ! ! ! ! \ \
0 05 1 15 2 0 05 1 15 2
Iq) - ¢ I[rad] |¢ - ¢ I[rad]
p+p » At RHIC energies, gluon splitting a small component of charm
and bottom production
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Heavy Flavor

Dimuon Azimuthal Correlations

1804.04075 submitted to PRL

p + p Bottom and Charm

u_g ™ @pp —ccX]| ML (b) pp —cc X u_3 'E\ (c)pp —cc X
Vs = 200 GeV Vs = 200 GeV N\ Vs = 200 GeV
0.8 ™ + Data best fi 0.8 best fi 0.8 » + Data best fit
AN Data fit, 68% C.I Data fit, 68% C.I AN Data fit, 68% C.I
\_ Data fit, 95% C.I. Data fit, 95% C.I. \_ Data fit, 95% C.I.
0.6 \® PYTHIAV6 Tune A 0.6 o PYTHIAV6 Tune A 0.6 \® PYTHIAV6 Tune A
N
AN
0.4 0.4 0.41 AN
AN
N
0.2 0.2 N 0.2 AN
LD A W \ Gy
N (d) pp — bb X N (e) pp — bb X N (f) pp — bb X
N\ (s = 200 GeV N\ (s = 200 GeV N\ s = 200 GeV
0.8 \\ + Data best fit 0.8 \\ + Data best fit 0.8 \\ + Data best fit
Data fit, 68% C.I. Data fit, 68% C.I. Data fit, 68% C.I.
E \\ Data fit, 95% C.I. E \\ Data fit, 95% C.I. E \ Data fit, 95% C.I.
0.6 \® PYTHIAV6 Tune A 0.6 o PYTHIAV6 Tune A 0.6 \* PYTHIAV6 Tune A
AN \\
0.4- AN 0.4r 0.4- AN
N
N
0.2 0.2 0.2 AN
L L Q rul L L L L L L \\
b 02040608 1 D o020s40608 1 b 02040608 1
Fec Fec Fee

p+p

» Combine pp with ey (PRC 89 034915) and ee (PRC 96 024907) in a
Bayesian statistical analysis.
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Heavy Flavor Heavy Flavor e

c,b— e in Au+Au

Invariant yield of ctb - e

[N

“5 o e ] min. bias ;
» Utilize the full statistics of the g; 07 -, %ZQE?J?SK%
2014 VTX data T e e 2007
E oo e, cent 40-60% x 10
» 4x statistics of 2010 dataset ‘% o,:".:?n-_‘_:“’ e i
» Decomposition into ¢ and b 2 e . e, o w
separately using the DCA is ., e, T i
ongoing. ’O"e.‘_ e
—~—— . =
R TR
p, [Gevic]
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Heavy Flavor cand b vy

— e and b — e v in Au+Au

£ [ AutAl, (57200 GeV
3 L — Data
3 min. bjas, |y|<0.3 Au+Au
104 — Re-fold
% Py 2.0-3.0 GeV/ — Chal
[ PH EM — Botigm o1 o
[ pretimitary § [ Min. bias AutAu [5,,;=200GeV § “°[ Min. bias Au+Au |5, =200GeV
o [} ground § [ IDCAI<0.02(cm) : charm enriched § | 0.03<IDCAI<0.1(cm) : botiom enriched
5 d= £ 4 £
E -
5 2 © o @
L c 0.g]~ I bottom 08l
photonic
r o I hadron WHFe
2 Lo osf 06| Eoherm
10° i3 photonic
E M hadron
F oaf s -
L PHIENIX
L preliminary
2] 02l
101
Bt | I b v N .
-0.15 -01 -0.05 0 0.05 0.1 0.15 4 45 5 1o1s 2 35 4 45 5
DCA, [em] P [GeVic] P, [GeVic]

» Select regions of DCAT enhance b and c.

» Subtract off other measured background v» i.e. from charged hadrons.
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Heavy Flavor cand b vy

c —~eand b— e v in Au+Au

> 52[ Min. bias Au+Au |s,=200GeV ~——
o 02 NN Y
F PH:-<ENIX
0.25 [ —e— e*from charm decay preliminary
'y .. L
I L . . — 0.15—
S [ Min. bias Au+Au |s,,=200GeV F
[3) [ ev,from open heavy flavor £
02 ? 01— |
r—e— |DCA|<0.02 charm enriched C 11
[ e 003<|DCA|<0.1 bottom enriched 005~ it :
0151 F
0-1j l p 005" LR T Y S T R TR B
L T § T P, [GeV/c]
e -
[ o @
005~ © % I l e 2
- l l * ; 0_2} Min. bias Au+Au |(5,,=200GeV PRYENIX
r [ ——e— e*from bottom decay preliminary
or s 015
t  PHENIX L
[ preliminary ol
oY Y I O U N I RN B N as
’ 1 15 2 25 3 35 4 4.5 5 r
P, [GeVic] 008 :
M8 » Charm and Bottom v, > 0! ST
2 . s 05 1 15 2 25 3 35 4

45
P, [GeV/c]

N. Grau (Augustana) PHENIX Highli 6/14/18 26 / 44




Collectivity.
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Collectivity Au+Au Cumulants

Multiparticle Cumulant Analysis in Au+Au

Au+Au
arXiv:1804.10024 Submitted to PRC
& 01 e F e T T 0.08 AWA“FWZ‘(‘)E&\‘/Wmw PN
E U+AU |'S, 4} 3 C U+AU \|'S, = e o V. ni>2; J
009 qini<a™ o Va2 Ani>25] 007F h* 1<ini<d o4 4
0.08 = PHENIX 3 £ PHENIX o V{6} E
E & ] 0.06 . E
0.07 & 3 E E
0.06 E 0.05 E
0.05F E 0.04F =
0.04F E 0.03[ 3
0.03F % E E d E
W&% 3 0.02 ¢ -
0.02 E 4 ]
0.01! Sys. Uncert. 6% @) 3 0.01 Sys. Uncert. 6% E
T T P P T T H\H‘E T T T N P P P T T
01020 30 40 50 60 70 80 100 10720 30 40 50 60 70 80 90 100

Centrallty (%) Centrality (%)

» Use FVTX (1< |n| <3) tracks.

» Requiring |An| > 2 reduces non-flow contribution to v».
> V2{2} > V2{4} ~ V2{6} ~ V2{8}.
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Collectivity Au+Au Cumulants

Multiparticle Cumulant Analysis in Au+Au

Qo.szf‘_‘w_‘w ;
® [ ® PHENIX 1<hi<3 ]
0'15;*STARII 1 E
C NI ]
E ] 1/4
01 i E > w3{4} = (—c3{4})V* so v3{4}
0055 s } l | E is complex valued, likely
o o * 0t ‘ H 1 dominated by fluctuations.
0 * | g
£t * | 1 » Attempt to unfold
005 AutAu |5, =200 GeV event-by-event fluctuations
0 assuming Bessel-Gaussian, does
Centrality (%) not WOI’k.
Au+Au » Forward fold instead.

arXiv:1804.10024 Submitted to PRC
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Collectivity Au+Au Cumulants

Multiparticle Cumulant Analysis in Au+Au

: ————— e : ——
§ o006 (a) 1 z (b) g (c).
XN & é 06 B
0.02 : 1 EIE‘
0.04f 1 - QN 0.4 b
& . > v, results from
03] PHENIX Au+Au200 GeV | 0.01- 4 H H
N = oz . folding consistent
Pl vl L L with cumulants.
(] 10 20 30 4((): 15{\)ty 0 10 20 30 43 S?W
» Can extract w3
> O r r T ) T T T T T z .
e & oot ) 1 @ and fluctuations.
o015 E ¢ 2
4
ﬁ ey : » o, /v3 =052, a
0.0 ) 0.005] 4 ¢ ||m|t Of
PHENIX Au+Au 200 GeV .
s 8 SemGamsnst Bessel-Gaussian,
B t20(stay . .
— o tntany L L indicated large
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Centrality Centrality Centrality

variance.

Au+Au
arXiv:1804.10024 Submitted to PRC
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Collectivity Collectivity in Small Systems

Geometry Scan Motivation

t=1.0fm/c t=1.7fm/c t=3.2fm/c t=4.5fm/c

» Changing target varies initial
geometry: circular — elliptical
— triangular.

y [fm]
Temperature [GeV]

» If momentum anisotropy drives
collectivity expect

y [fm]
Sbbhhonvsro bhhonvso bhhonvso

V;He—&-Au > V§+Au > V5+Au -
N -
V3He+Au > Vg—i-Au > V3[‘J+Au

6-4-20246-6-4-2024 6 -6-4-2024 6 -6-4-2024 6
x [fm] x [fm] x [fm] x [fm]

» If geometry drives collectivity
expect

d+Au

~ p+Au
=~ V2

>V,

3He+Au d+Au .  pt+Au
V3 > V3 ~ V3

3
v, He+Au
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Collectivity Collectivity in Small Systems

Asymmetric System Geometry Scan: Unidentified Hadrons

P+AU  GiAu  3He+Au
submitted to Nature Physics

v °'18;‘ [fm=2008eV05% BHENIX | o . U3 007 5 a00devos% | pHENIX B 1
0.16— r B
-+ ’He+Au I I . 006 -4 “He+Au 3
0.1aF -m d+Au I 'l 1 F = d+Au 1
ook -o- p+Au i I 5 0os. @ P+Au I 1
i i o ] aerv 1805.02973 , ,F ]
o1 ] | EDVRTS) sy 00 I I ]
008" I 17 T oosk I E
0.06- u . ® 1. g I ]
r q 0.027 —
ooa= " ¢ I . I . l ]
002" ] ﬁ M oo W gl E
e:“mH‘\HH\HH\HH\HH:. e:“os‘H‘\HH\HH\HH\HH:
6‘ d‘ q b 89‘ -
pr (GeV/c) pr (GeV/c)

> v, ordering follows eccentricity — origin is geometry not momentum
anisotropy.

N. Grau (Augustana) PHENIX Highlights 6/14/18 32 /44



Collectivity ~ Collectivity in Small Systems

Asymmetric System Geometry Scan: Unidentified Hadrons

p+Au d+Au  3HetAu
arXiv:1805.02973 submitted to Nature Physics

L L B L B L | L L L B B ¥ L L L B LI B L B

p+Au |sy, =200 GeV 0-5% (@) F d+Au \s,, =200 GeV 0-5% () £ °He+Au VSTN =200 GeV 0-5% (c)
-@- v, Data PHENIX
—4- v, Data

= v, SONIC
= = v, iEBE-VISHNU F

> ra 1. JL S P PR
05 1 15 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3
pT(GeV/c) pT(GeV/c) pT(GeV/c)

» Hydro does surprisingly well — small droplets of QGP formed even in
p+Au.
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Collectivity ~ Collectivity in Small Systems

Asymmetric System Geometry Scan: |dentified Hadrons

p+Au d+Au  3He+Au
arXiv:1710.09736 accepted for PRC

AR RARRE RAARE RARRE RS RARAN RARS LALRS RARAE ARRN RS REARE RARRS RRAN RRRLE LARAN RALRS RARAE RARR LS A
0.25FP+Au at |, =200 GeV 0-5% (a) I d+Auat |s\, =200GeV0-5% (b) L *He+Au at |, = 200 GeV 0-5% (c) ]
E+n‘+n’Data
0.2; —e— p+p Data
[ = a'+a superSONIC

[ == p+p superSONIC
«0.15
> [

0.1

0.05}

el b b b L T
05 1 15 2 25 3 05 1 15 2 25 3
pT(GeV/c) pT(GeV/c)

» Hydro also compares well to identified particle vo measured at low pr.
» Predicts vJ' ~ v} at high pr.
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Collectivity ~ Collectivity in Small Systems

Asymmetric System Geometry Scan: |dentified Hadrons

p+Au d+Au  3He+Au
arXiv:1710.09736 accepted for PRC

2 Aprrr T T e e
22'p+Auat\{sT,N 2OOGeV05% (@ T uat |s,, =200 GeV 0-5%  (b) T | *He+Au at \s,,, = 200 GeV 0-5% (c) ]
» 2r = B sonic E
c 1.8F s IEBE-VISHNU 3 3
-9 F . AMPT (no hadron rescattering
o 1.6f -+ E
o E 3 E
<\‘1.45
21.2: E E
g 1; ] > =3
& 0% ; e + ;
~0.6f 3 S ]
0.4¢ PHENIX 3
0.2 E E
0 1 1 | I FETEE EEETE SEETE FRETE SRR FEEL SNET FERTE FRETS SEEE FEETS SRR R
05 1 2 25 3 05 1 15 2 25 3 05 1 15 2 25 3

(GeV/c) pT(GeV/c) pT(GeV/c)

» Hydro also compares well to identified particle v measured at low pr.
> Predicts vJ' ~ v} at high pr.
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Collectivity ~ Collecti Small Systems

Heavy Flavor v, in d4+Au

d+Au
e T T T T T e A I B B
0.3t 0-20% d+Au {s,=200 GeV F 0-20% d+Au \s,=200 GeV E
0.2 F e u from open heavy flavor decays 1 e u from open heavy flavor decays |
~ = Charged hadrons T = Charged hadrons

; 0'2;-2.0<n<-1.4 T 14<n<20 E
v : SysGlobﬂl =1.9% + ] SysGlobal =1.9% ]
:2 0.15 + = + -
@ F 1 ]
& o T E

=3 E 1
> E + E

005 pyTENIX E

r preliminary ]
0F 1 ] ]

0.5 1 1.5 2 2.5

P, [GeV/c] P, [GeV/c]

» Charged hadrons in muon arm acceptance flows.
» v > 0 for heavy flavor muons 3.220 (backward) and 2.160 (forward)
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Direct Photons

Direct Photons
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Direct Photons

Direct Photons in Cu+Cu

(a) Cu+Cu MB (b) Cu+Cu 0-40%

—&— Cu+Cu
L 1 5 Au+Au 40-60%
—S= Tpaxp+p Normalizedto N_
Au+Au 40-60%: N =56.0

Cufen TA‘};’,);’) ft 15 curcu 040%: Nooy=66.4
1ol T Ae T 4T xppfit L EP 4

» Excess of virtual direct photons
compared to Nyj-scaled p + p.

» Excess spectra similar between
0-40% Cu+Cu and 40-60%
Au+Au with similar geometry.

> Inverse exponential slopes of
excess: 285+53(stat)+57(sys).

P YYPEFRTP OYTR PR EYTYPYPPRVPYY Yot ¥TA YSTE YESYRYRTRFYRVL PR YOI OO
1152253354456 1152253354 455
P, (GeV/c) P, (GeV/c)

arXiv:1805.04066 Submitted to PRC
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Direct Photons

Direct Photons in A+A

—_

A+Alp+p — Vgt X
# Pb+Pb, {5,y = 2760 GeV
B Au+Au, |Sy, = 200 GeV
® Au+Au, |Sy = 62.4 GeV
9] Au+Au, s = 39 GeV
¥ Cu+Cu, (S =200 GeV
© p+p, 15 = 200 GeV

PHENIX

N, scaled prompt photons
p+p fit, Vs = 200 GeV
—pQCD, Vs = 2760 GeV
—pQCD, Vs = 200 GeV
—pQCD, Vs = 62 GeV

10

(Augustana)

10? 10°
dN,/n | 1]

R

Comparison of direct
photons over many
collision centralities,
energies and species
scales with (dN/dn)1%5.

Implies a common origin
to the source of excess
photons?
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Direct Photons

Direct photons in p+Au

E- i°c/dp® [mb GeV2c?]

_‘
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Direct Photons

Direct photons in p+Au

5t {Su = 200 GeV, [ < 0.35 St [Su = 200 GeV, ] < 0.35
E [®] p+Au, 0-100 % [®]p+Au, 05 %
ar 4r ‘
> 3} —~— 3 3; I+ N
Tl PHENIX Tl + PHENIX
o L \ preliminary 04 L + l preliminary
2r 2r |
5 l T | 1
1r ! ‘ ’ = 1r T frree £
Lo B v v v Lo v v
00 2 4 6 8 10 00 2 4 6 8 10
P, [GeVic] P, [GeVic]
p+Au > Raa > 1 systematically for most central p+Au. Origin?

» More evidence of thermalized QGP in p+Au?
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Direct Photons

Direct Photons in A+B

PAA) +p(A) = v, + X Y en a=125
%] Pb+Pb, ﬁ_2760 GeV PH:>><<<E NIX

8 AutAU, {5y = 200 GeV preliminary

® Au+Au, {Sy, = 62.4 GeV
81 AutAu, Sy = 39 GeV _0'".'—

¥ Cu+Cu, {8y = 200 GeV wE
# d+Au, Sy, =200 GeV
* p+Au, sy =200 GeV
O p+p, s = 200 GeV

-
o

iy

i
3

N, scaled prompt photons
p+p fit, Vs = 200 GeV

—pQCD, s = 2760 GeV
—pQCD, Vs =200 GeV
—pQCD, Vs = 62 GeV

10 102 10°
dN,,/dn |n=‘0

S F
> C
@ L
I =
Q £
A 107

- =
o C
> 102
o £
Z 0oL
© E

» p+Au and d+Au points
between p 4+ p and A+A.

» Different origin for

p(d)+Au excess
compared to A+A?
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Summary

Summary

» PHENIX continuing to analyze high quality data making important
contributions in
» Spin
> Increasing the W measurement to higher 7.
» Finding novel asymmetries in p+A collisions.
> High-pr
» Two-particle away-side broadening in p+Au compared to p+p
» Narrowing in on energy redistribution from modified isolated direct

~-hadron correlations in Au+Au
» Large enhancement of Au-going hadrons from 2.5-5 GeV in the muon

arms in p+Au compared to p+p.
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Summary

Summary

» Heavy Flavors
» Dimuon (and eu and ee) azimuthal correlation identify dominant
production mechanism of heavy flavor in p+p
» Full statistics of 2014 Au+Au data allow first measurement of ¢ — e
and b -+ e v > 0.

» Collectivity

» Geometry scan (p+Au, d+Au, 3He +Au) indicates geometry the
source of collectivity
» Heavy quarks flow, too!

» Direct Photons

» Excess of direct photons near 1 GeV in 0-5% p+Au collision.
» Scaling of A+A direct photons yields “turns on” at small collision
systems.
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Hadron Rp4 in p4-Al

0.5

Rpa

25

15

[

AAARNRARE —RARERARANRARAELARRNLAREE AR

0.5

Backup

High pr

L AARE AR RRARE RARN

PHAl - h*+X |5 =200 GeV
0-5% centrality

e -2.2<n<-1.2 (Al-going) E

o 1.2<n<2.4 (p-going)

p+Al-h*+X yfs, =200 GeV
5-10% centrality

o 1.2<n<2.4 (p-going)

o -2.2<n<-1.2 (Al-going) |

pHAl - h*+X |5=200 GeV

10-20% centrality

o 22an<l

o 1.2<n<2.4 (p-going)

.2 (Al-going)

p+AI . h*+X |5,,=200 GeV

20-40% centrality
e -2.2<n<-1.2 (Al-going)
o 1.2<n<2.4 (p-going)

T —

p+Al - h*+X y/5,,=200 GeV

40-72% centrality
e -2.2<n<-1.2 (Al-going)
o 1.2<n<2.4 (p-going)

8 10
P, (GeVlc)
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Backup High pr

Hadron Rpa in p+-Au
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