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Selected Recent PHENIX Highlights

* Spininp+pandp +A

o Gluon polarization: 7% J/Y A,

o Transverse spin effect, 7% single muon from HF decay, J/y
o New exploration: Forward neutron A

s Collectivityin small systems/lower energies

o Flowin p/d/?He + Au
D

o d+Auenergyscan

; -»b?
¢ Heavy flavor production ):5*3 “‘I]' » - ‘.
P HL Lt

o Ryya, 0f ¢/B — e in mid-rapidity
o B— J/y atforward-rapidity, R4,
o Relative modification ¢(2S)/1/(1S)
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e

» only spin-polarized proton collider.
W «  Discovery of Quark Gluon Plasma, non-zero gluon polarization, ...
. Reached x40 of designed luminosity.

o Two major experiments as of 2016:

: * Pioneering High Energy Nuclear Interaction eXperiment (PHENIX)
e P s * Solenoidal Tracker At RHIC (STAR)

.........
e L
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up-Quark

down-Quark

strange-Quark

Antiquark

Gluon

Spin 1/2

S\ ORAN

Spin 1

Know very little [ Phys. Rev. Lett. 113, 012001 (2014) ]
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Hunt for the gluon spin: 79 A;, @ 510 GeV

DSSV14:10.1103/PhysRevLett.113.012001

* Higher energy and more statistics pushed gluon sensitivity to 02 b QP =10Gev?
smaller x ~ 102 XAg [
. . . . 01 = ]
 Favor positive gluon polarization in x ~ 102 [
* Finalized PHENIX 11° double spin asymmetry published in L ) B
2016 — IRHIC gel _
01 e AL
 Additional constrains in global fit on gluon helicity beyond N
DSSV14 0.2 i et
10 10 10 x 1
10.1103/PhysRevD.93.011501 10.1103/PhysRevD.93.011501
i pp — %X [n|<0.35 - pp — %X [n|<0.35 Vs=510 GeV
| W 510 GeV: Runi2-13 0.02 =
0.02 510 GeV: rel. lum. uncertainty Rel. lum. uncertainty
- ® 200 GeV: Run6-9 (PRD90,012007) | 6.5% pol. scale uncertainty not shown
- 200 GeV: rel. lum. uncertainty f— , .
L 510 GeV'/ 200 GeV pol. scale uncert. 6.5%/4.8% 1 - DSSV’14 with 90% CL band
- A 0.01
< 001 | - "
- PHENIX | w B L g | PHENIX —
0 0 I T -
| Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF 1.1 (dotted) -
1 1 1 1 I 1 | 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1
0 0.05 0.1 0 5 10 15
Xr (=2p/ Vs) p, (GeVic)
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Hunt for the gluon spin: J/Y A,

* Forward (1.2 < |n| < 2.4) J/U asymmetry couples better-
known region (x~10-1) and much less constraint region (x~10-3)

e Consistent with current gluon polarization band mainly from

light-quark process — Universality test

* Demonstrate additional constraint (under assumptions) with

refitting the NNPDFpoll.1

10.1103/PhysRevD.94.112008

s, 042 @
© o4 PHENIX p+p 510 GeV
CJy = ptun,|=1.2-2.4
0.08 - pHENIX 2013 Data
L __ PYTHIA+NNPDFpol1.1 20 range
0'06:_ assuming aff‘”’””‘ =1 I
0.04}
0.021 L
Of— + l
'O.O:lll|llll'l'"I""Illllllllllllll
20 1 2 3 4 5 6 7
P, [GeV/c]
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Hunt for transverse spin effect: HF single muon

* Use transverse spin (left-right asymmetry ) to

0.15
e Forwa rd heavy ﬂavor muon E(a) p+p — U +X at Vs =200 GeV —— Twist-3 model 1 (D) ]
. . . 0.1[-PHENIX 1.25<p <5.0 GeV/c =~ -==== Twist-3 model 2 (D—p) _7
e Cross section hints higher than FONLL - -
calculation 0.05 - =
* Transverse spin asymmetry consistent with ~ OE [ ]
D— u models using tri-gluon correlation < 7F s,
functions. Larger data set of Run15 data being 0.05 =
analyzed = ]
102 - 0.1 <p,>=2.1,1.5,1.5,2.1 GeV/c —
; » 3.4% polarizati | tainty not sh ]
104 P+P — (W"+)/2+X at /s=200 GeV O T S A P A A T
' R « PHENIX 1.4<|y|<2.0 "-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
> 10° ---- FONLL charm X
o \ s FONLL bottom 0.15 . -
.g 1076 &, —  FONLLc+b - (b) p+p— ut+X at /s =200 GeV —— Twist-3 model 1 (D—y) ]
= F 0.1-PHENIX 1.25<p <5.0 GeV/c === Twist-3 model 2 (D) 7
I 21 I - —
g " : ]
© .. 0.05 .
nﬁ 108 - .
10°° R <z 0 ; ;
107° . | . | . | . | . I -0.05 :_ _:
s+ T+ 1 T 1T+ ] - .
o A HH e Data/FONLL — 0.1 <p>=2.1,1.5,1.5,2.1 GeV/c .
= 3 ] C (3.4% polarization scale uncertainty not shown) ]
é 2 BBBEEEE@D] & [*]_ _015_|||||||||||||||||||||||||||||||||||||||_
1 "-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
0 | 1 | L | 1 | 1 | 1 XF

1 2 3 4 5 6 7
P; (GeV/c)

10.1103/PhysRevD.95.112001
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Hunt for transverse spin effect: m° and J/y production

o 0 Ay @ x;~0: transverse spin effect is small for p + p, p+ Al and p + Au

* Forward J/Y Ay: indication large unexpected effect in p + Au at lower p; region

* Evidence that alternative mechanism playing important roles at p + Au at lower p;

J/1 production?
001 p+A—n%+X, l<0.35 (¢Backward) pT © ——><—. p or Au (Forward-)
i 3.4% polarization
| uncertainty not included
L o008 ' ! —~—
= 0.005 L o PHENIX f op PH "ENIX
(GD-’ pMp o™ +Al o™ +AU o e pAu preliminary off © pAu preliminary
< i 0.05:— o.os:—
] S — S : :
A 1 t Cf } + N
= I S z of * Sz of (b
o - < < T
Z-0.005 ~— -0.05F 0.0
< - PHENIX C
. preliminary o1 Boin I Ry X
B | | | r Y5y, = 200GeV, pf1.2, 2.2) N \Sy = 200GeV, Inp<f1.2, 2.9)
-0.01~ E— E—— : [P TS FTI UYL PRV ITTE FRUEY FRVTY FYVVE PV PART OO PO T T TETTI PRI FETTE FITTE FITTE FITTE FROTE O
1 .10 102 0 05 1 15 2 25 3 35 4 45 5 0'1"0 05 1 15 2 25 3 385 4 45 5
Atomic Number [A] Pr{GeVIE) Pr{GeVie)
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New exploration: Neutron transverse asymmetry in ZDC

. * Inclusive A in
arXiv:1703.10941 pT™+ p/A > n(@ZDC) + X, |n|>5.9

0.4~ ® ZDC inclusive
| PHENIX * Show surprisingsign change and
4 g:*jog n+X at {5,=200 GeV enhancementin asymmetry
3% scale uncertainty not shown * Indicatesthata process additional to rt-
I a,-Reggeon interference model
0.2/~ v becomes dominantin “zero”-degree
< | ‘ neutron productioninthep + A

e collision. More in Mitsuka,
Eur.Phys.).C75:614,2015

-9
| ! | ! ! | ’]‘ EJ-[;+,O'|
0 100 200 p —o— >N
A (atomic mass number)

Inclusive Ay ~ had * had + had * + * had +

Office of
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New exploration: Neutron transverse asymmetry in ZDC

arXiv:1703.10941

0.4 o ZDC mcluie Require BBC veto (3.1<|n|<3.9)
 PHENIX o ZDCOBBC-tag Enhancing QED-type process
p'+A — n+X at \s =200 GeV JE—— o ®
~ %>0.5,03<6<22mrad FPBCeto EBC —— BBC ————3 — B8C —/-7D@
3% scale uncertainty not shown P " —/
0.2 & N A §Y* % A_%_’A ?
- | 000 Guemeds ot .
< t <pn | p——-=a—pn
\\ P A N*, ...
I 4 \ Inclusive Ay
. P Al Au ~had * had + had * EM + EM * had + EM * EM
B e
I & y ‘\I Require BBC coincidence (3.1<|n|<3.9)
-9 \ Suppress QED-type process
| 1 | | I | | I |
0 100 200 ‘

A (atomic mass number)

?sg e TBBC —/-n D0
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Testing hydro by controlling system size

Standard picture for A + A:

 The QGP behaves like nearly ideal, highly opaque liquid
* Reasonably described by viscous hydrodynamic models

What about small systems? And lower energies?
* Use collision species and energy to control system size, test limits of
hydro applicability

Office of

U.S. DEPARTMENT OF
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-II systems : p/d/3He + Au flow
a®

o ;
p+ Auo d+ Auq He + Au°

- 10.1103/PhysRevC.95.034910 o2 0-5% /s=200 GeV h*
< L I O B B < - UL DL T T LI R LI L B LB
T w p+Au 200 GeV 0-5% ] > B 0-5:/o Vs, =200 GeV .
02 o 4\au200Gev 0.5% " = *HetAuv, v, (PRL115,142301) V2 X
0.18C = ‘He+Au 200 GeV 0-5% L e d+Auv, v,
[ E== SONIC p+Au 0.15— — SONIC *He+Au
0.16 B== SONIC d+Au - — SONIC d+Au a
[ =— SONIC *He+Au i P?%XQE_NIX i
0'14;_ . | preliminary i
0.12 — 0.1— _
[aV) L |
<5 c . L ]
0.1 - i
0.08— - i
C ] 0.05—
0.06] - i
0.041 - .
0.02- PHENIX - of
07 “‘0‘5‘ = ‘.‘1‘ = ‘1‘5‘ = ‘2“ = ‘2‘5I = Iél = I:;s _I 11 1 | L1 1 1 | L1 1 1 | L1 1 1 | | I | | | I S | |_
) ’ GeV/ ’ ) 0.5 1 1.5 2 2.5 3
pr(GeVie) p, [GeVic]

Vy: 3He+Au = d+Au > p+Au v3: 3He+Au > d+Au

* Well reproduced by hydrodynamic model calculations

* Indicating initial geometry is the source of final state anisotropy

Office of

Qerience
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Small systems : d-Au energy scan

62 GeV

Central Trigger
Enhancement!

* Dedicated centrality trigger

10° b

* Observationofv,{4}ind + Au at all energies

 Strong evidence of collectivity

)
TG T

Minimum Bias
Trigger

BBC Charge South

200 GeV 62.4 GeV 39 GeV 19.6 GeV

12t ,d+Au Vs, =200 GeV (a) L  d+Au ys, =62.4GeUb) L = d+Au ys,, = 39 GeV (C) = ]
F % « V{2 T "V 1< <3 ]
X A2} 1 A4} PHENIX i ;
i '.... T preliminary i
0.08" e I - - :
[ Seses | ]
L : (73 L] J
0.06f T b, ]
[ '}++ LALLLLA T L L ’ 9%_confidence level that
0.04F R A4} repl for 10 < N, < 20]
0.02F .
0:| 11 ||||.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII |III IIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

51015202530354045 5 1015202530354045 5 1015202530354045 5 1015202530354045
Niracks Niracks Niracks Niracks
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Small systems : d-Au energy scan

200 GeV 62. 4 GeV 39 GeV
03 d+Au |5, =200 GeV 0-5% T d+Au (5., =62.4 GeV0-5%  F d+Au |5, = 3QGeV010/’ ‘ i Hydrotheory dagrees with

vy

[ ml<0.35 = SONIC v, . .
higher energies very well,

0-25;- e V,{EP} superSONICv2 PH:“ENIX
under-predicts lower energies

wes  AMPT v,{Nucleon Plane} prellmlna ry

* At low p;: AMPT (green) similar
to hydro

1 1.5 2
P, [GeV/c]

T

k3 d+Au fs— 62. 4 GeVO 5/
+ __P.Bozek, W. Broniowski

0.07F — AMPT v,{Parton Plane} 3 7 Phys. Lett. B747 (2015) 135

R PHIENX 1, At 200 GeV, AMPT and hydro
: ] models describe data well

EAAAAMIMAsALSAAIL AL RasaREEE R
1 d+Au |5, =39GeV0-10% () ]

» At lower energies, AMPT only
describes very well at mid
and forward

EPARTMENT OF Off’ce of ) NL
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PHENIX Silicon detectors and Heavy Flavor Results

Raa(c —e,b —e)

2'2; min. bias Au+Au, [5=200 GeV o e T

21 Data 2004+2014, lyl<0.35 preliminary
1_8; ¥ c+b — e (Phys.Rev.C 84,044905) é
160 07 Bbiamahesiemens -
145 3
1.2 \ é

il :
0.8 é
0.6 3
0.4 é
0.21 é

Gim‘\H‘m‘H\mmmmmumm;

-

2 3 4 5 6
P, [GeV/c]
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Raa(c —e,b —e)

“transvers DCA”

2.2 =
[0-10% Au+Au, |[s,=200 GeV PHCENIX
2|~ Data 2004+2014, lyl<0.35 preliminary

1.8 % c+b — e (Phys.Rev.C 84,044905)

F —c—e, g+p from e-h correlations
16, .o Phys.Rev.Lett.105,202301
140 /

r \

1.21 |
1
0.8

© o
(ORI

TN A ‘;i;ﬁTTT’T’m Ly

TTT

©

2 3 4 5 6 7 8
P, [GeV/c]
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T ‘
[ Au+Au, |s, =200 GeV _ i
| Minimum bias, lyl<0.35 Data

10° " Data 2004+2014 — Re-fold =
E N~ J— 3
- PH ENIX Charm 1
L preliminary — Bottom i
> | _ [2.50-3.00 GeV/c] Background —|

2 10 “b/csb)=0.43 ackground —

> = 7

[e] [ -

o C i

10

-
L B T e AL
el

: rJhJJl” {
o i
g il PR L
& o I I]J T ]
o ]
g 2 E
015 01 =005 0 005 01 0.
DCA; [cm]

Larger suppression for D — e
observed in 0-10% events
compared to Min-Bias sample

Indication of less suppression

forB— evs.D— ein 0-10%
events
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PHENIX Silicon detectors and Heavy Flavor Results

2.2 25

[ min. bias Au+Au, |s=200 GeV B TE e ] I 0-10% Au+Au, \S,=200 GeV Phys.Rev.Let,100,192301,
2 Data 2004+2014, lyl<0.35 preliminary | [ Data2004+2014, lyl<0.35 B e (T

s —c—e puYE)
1.8 # c+b — e (Phys.Rev.C 84,044905) PH-<ENIX Phys.Rev.C,78,014904

C i 7: 2? —b —e preliminary D — e (SUBATECH) |
s 18 oT° EREanhememen 4 5 8- o SUBATEGH
o F—b—>e. ys.hev.Letl 105, ] o L Phys.Rev.C 90,034910 |
" 145 - 0 = \ D — e (DGLV) N
: \ B 1.5 \ B—e(DGLV)~  _|
o ] o N \\ . ]
s 12 . ¢ B \\\ /// ]
| 1 ] | B \ ]
o) B ] A
< 0.8 — < - N
= F ] o= + S
0.6 - L N _
0.4F : 7 0.5 N
= | P ==
0:1 L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l 1: 071 L1l ‘ L1l ‘7777777777»7\77\7\77\7‘*/\/\/\//\7‘ L1l ‘7\7\7\7\7“ L1l 17
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8
P, [GeV/c] P, [GeV/c]
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[ AusAu, s=200Gev | oo T

Minimum bias, lyl<0.35
10° = Data 2004+2014 — Re-fold
N -
PH ENIX Charm
preliminary — Bottom
> [2.50-3.00 GeV/c] Backgroun
g 10 b/(c+b)=0.43 ackground
3
[e]
(]
10

N

L \\\‘\“HH‘ \\HHH‘ \\HHH‘ T T TTTIT

(Data - Re-fold)/o,,
o

|
N

041 005 0 0.05 01 0.

S
o

Reasonable agreement (within
uncertainties) with models
including strong coupling
between heavy quarks and the
QGP medium (D(2nT) < 4)

Coming soon: reduced
uncertainties and broader pT

range once full datasets from
2014 + 2016 are analyzed
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pen-HF FVTX results:
-b production via non-promptJ/y

DCA

[DCA|

(data-fit)/o,
TTTTTm
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IL;" ~
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R=£
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Result

TT IIIIII|

.

T IIIIIII|

T IIIII|T|

PHENIX p+p
B — J/y extraction .-

!

PHENIX p+p .- ~".-*"

~>Jhy extraction

NLO pQCD

(Vogt; Eur.Phys.J.ST 155:213-222,2008)

! bl L ! !

LHCD.p+p)
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(a) MC —— det.response

10°

dN/d DCAR [em]!

—-B— Jly ® det.resp.

02 0.3
DCA, [em]

| FB—) Iy

=0.025+ 0.008 |

Ha)-2.2<y<-1.2 p+p
- e Data-BGy,,
£ [ Total Fit

E = Prompt J/y
- ---BG

R fem]!
<

corr

2,
IIII
0
[oe}
L
<

dN/dDCA

—_
(=)

I |

PHENIX

v b b Ly

03 =02 =01 0 oI

0.2 0.3
DCAy [cm]
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First open-HF FVTX results:
Open-b production via non-promptJ/y
arXiv:1702.01085

5 5 arXiv:1702.01085
< 4PHUENIX  |Sp=200 GeV
,
mo 3+ o CutAus B—>Jy p >0 @ %)
oL = CutAu— Prompt J/\p P, >0 3 0015 /_/“‘
EPSO9 for B— J/\u | < | ——
7 _ B ——————
I
B 0005
-1 . 1 : ! .
o 0 2 4 6 10
3X107' B B-meson p [GeV/c]
— | Il | l L 1 L | l 1 | 1 | l | Il 1 Il | | L | 1 | 1 | 1 L
20" T ! 2 3
Cu—> &Au  rapidity

* PromptJ/Y numberis not preserved in final interactions:
* breaking/meltingin medium

* Non-promptJ/Y R a, cOnsistent with nPDF EPSQ9 initial state effects
* Acc. x Eff. down to zero-p; by detectingdecay alongz

* Next: Run14 Au+Au and single muons

Office of
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Relative suppression of (2S)/W(1S)

* Relative suppression of forward ¥'— u*u in
multiple collision system with assist of FVTX

 Final state breakup due to co-mover effect?
Factorization violating soft color exchanges, Ma

et. al. arXiv:1707.07266

—
<

counts/(50 MeV/c?)
> 3

200 GeV p+Au
1.2<y<2.2 (p-going)

ww mass (GeV/c?)

U.S. DEPARTMENT OF Ofﬁce of
& ENERGY 2T

Ok

arXiv:1707.07266

10.1103/PhysRevC.95.034904

z PHENIX {5,5=200 GeV
e -
3| 2
Y 1 R 3
e, [ .UTTTTT T T
N I |
< _ %
+
[}
% 0.5
—_— ¢ *He+Au
& = ¢ p+Au =—p+AU CO-mover
= = i ® p+Al =—=p+Al co-mover
°c o, &d+Au PRL 111 202301 (2013)
O L ! . L 1 L 1 1 |
_2 O 2
apidity
p/d-> A
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IEvqution of the PHENIX Interaction region

PHENIX experiment SPHENIX An EIC detector

* 16y+ operation » Comprehensive central »  Path of PHENIX upgrade leads
+ Broad spectrum of physics (QGP, upgrade base on BaBar magnet to a capable EIC detector

Hadron Physics, DM) »  Rich jet and beauty quarkonia » Large coverage of tracking,

170+ ohvsi th 24k physics pro%ram calorimetry and PID

70+ physics papers wit - na?ture of QGP . »  Open fornew

citations » Possible forward tracking, and collaboration/new ideas

* Last run in this form 2016 calorimeter = Spin, CNM

arXiv: 15030619 ?jnucl-ex]

>
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Summary

¢ Rich resultsimpact our understanding of proton spin and the QGP

¢ In 2016 PHENIX took the last DAQ run. Multiple golden datasets. The
collaboration maintains high productivity in analysis and publication

¢ Excitingopportunitiesat the PHENIX IR with the sPHENIX project and
future EIC detector

Cumulative Citations of PHENIX papers

Published PHENIX papers in each year 24000
22000
16 /
20000 /
N 18000 /
12 16000 /
14000
10 /
12000 /
8 10000 /
6 8000 /
6000
4 /
I 4000
2 /
2000
0 0 / : ; . . .
8 8 g 8 3 8 8 5 8 8 2 o 94 a2 3 & 8 P T S S S BT - I
::::::::::::::::: ’bQ & ’DQ N ’bQ & ’DQ ,b(‘
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