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PHENIX ceroaoHs

s PHENIX 3akoHuun ceoto paboty B 2016 roay,
HO ocTaBun boraToe Hacnegue

RHIC energies, species combinations and luminosities (Run-1 to 16)
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OtkpbiTHEe SQGP

¢ B 2005 roay Bce komnaboparun, padotaroniue Ha RHIC, cnemanu 3asBieHue
00 OTKPBITHH HOBOI'O COCTOSIHUS — criibHOB3auMozercTBytomieit KI'TI (sQGP)

v’ ObIcTpast TepManu3anus (T, << 1 ¢pm/c)

v’ MeanbHas KHIKOCTh (1)/s ~ 1/47); cuabHO-CBsI3aHHAsI, HE ra3

v £ >153B/dm3, T, ~ 300-400 MeV; mpeBbiieHb! yeinoBus 11st (Ha30BOTO mepexoa
v dN,/dy > 1100, BbIcOKast ITIOOHHAs IUIOTHOCTB, Cpe/ia HE MPO3padHast

¢ 3agsiaenne PEHMKC o0ycnoBieHO 00HApYKEHUEM B U3MEPEHUEM:

v’ addexTa rameHus cTpyi

v 3ITMITHYECKOTO MOTOKA, €r0 N, - MACIITaOUPOBAHHS
v/ BBIXO/Ia MSTKHX IIPSIMBIX (DOTOHOB

v’ MOJIaBJIEHNE KBAPKOHHMS

* 3a 10+ et pe3ynbTaThl/3aKIIOUCHUS HE OBLIH OIMPOBEPTHYTHI, B TOM YHCIIE U C
3ammyckoM kosutauaepa LHC
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Jet quenching

PHENIX Au+Au, s, =200 GeV, 0-10% most central

2 # direct y (PRL109, 152302) § Jiy 0-20% cent. (PRL9S, 232301)
i #7° (PRL101,232301)  @w 0-20% cent. (PRC84, 044902)
i (PRC82, 011902)
8- # ¢ (PRC83, 024904)
N §ip (PRC8S, 024906)

b ez, (PRCS4, 044905)
# K= (PRC88, 024906)

' |

16 20

18
pT(GeV/c)

d*N** | dp,dn
<Nbinary>d2Npp /dedn

RAA(PT) =

Raa > 1 —enhancement
Raa = 1 — no modification
Raa < 1 —suppression

“ Bbixog agpoHoB cunbHO noaaeneH (R,,=0.2!) no 20 MeB/c B ueHTpanbHbix A+A

% OTcyTcTBME NOAABNEHNSA AN Vyirect 1 @OPOHOB B p+A = 3P EKT KOHEYHOIO COCTOAHUS
% OguHakoBoe nogaeneHue ans ferknx agpoHoB —> MapTOHHLIA YPOBEHb

s Taxxernble C-KBapKW UCMbITbIBAKOT CYLLECTBEHHbLIE QHEPrETUYECKME MOTEPU

*» CpaBHeHue c Teopueit: € > 15 MaB/dm>; dN/dy > 1100

- Obpasyrwasicsa cpeda obrnadaem 8bICOKOU 2/Tl0OHHOU M1I0MHOCMbIO
- HayvanbHas nnomHocme sHepauu >> Heobxodumou 0risi pa3oe8o20 repexooda

CemuHap OOBO



Elliptic flow (v,)

: CO CBOMCTBaMu uaearnbHOW XNOKOCTU C OMEHb Mariou
BA3KOCTbIO (n/s ~ 1/4n)
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Maunble cucremsl (p/d/He+A) —
KOHTPOJIbHbIA IKCIIEPUMEHT?

Phys.Rev.Lett. 91 (2003) 072303 % [lepBoHayanbHas naes ons Manbix
xez L B o e i e L s e CMCTeM
SE (S =200 GeV — KOHTPONbHbIE 3KCNEPUMEHTbI

4

% p/d/He+A — cynepnosnuma N+N
CTONKHOBEHUN 3a UCKNYeHnem adpdpeKkToB
HayarbHOro COCTOAHMA N 3 EKTOB
XOSI04HON S4epHON MaTepun

.: ; + + .

charged hadrons
B R, , d-Aumin. bias
@ R,, Au-Au0-10% central

% OTcyTcTBME NogaBneHns ansa agpoHoB B
d+Au adoeKT raieHma cTpyu
10 OTBETCTBEHEH 3a NOAAaBMEHME BbiXoaa
pr (GeVic) aApPOHOB B LieHTpanbHbIX Au+Au
B3aUMOOENCTBUSAX

xllllllllllllllllll lllllllll]lllllllll

s [losiBneHune HoBbIX 3kcnepumMmeHTanbHbiX gaHHbIX HA RHIC n LHC nokasano,
YTO Marsible CUCTEMbI BbIXOOAT Aareko 3a npeaenbl NPOCTO KOHTPOMbHbIX
n3mepeHumn
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Flow
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Geometry engineering and energy scan

¢ ITorck KOIEKTHBHBIX 3P (EKTOB BO B3aUMOACHCTBHAX MaJIbIX CHCTEM
¢ CBs3b IIOTOKOB C TEOMETPHEH 00JIACTH MIEPEKPHITHUS sJiep —> geometry scan

¢ CBs3b IIOTOKOB C INTOTHOCTHIO PHEPrUu —> energy scan (d+Au)

. )
Js[GeV] | P+P P@ P'@ dfé) 3He®

o
bl o %

39 2016 Data
20
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Geometry engineering — charged hadrons

¢ Geometry engineering is a unique capability of the RHIC

SHe+Au d+Au
2014 o 2008
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o S
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% v; CHe+Au) > v; (d+Au)
U ﬁd _I LI L I LELLEL | LI I | LI I LB LI UL L =]
0.2~ = p+Au 200 GeV 0-5% ]
; Phys. Rev. C95 (2017) ]
018 u d+Au 200 GeV 0-5% =
B PRL 114 (2015), 192301
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0.15
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eszu < eszu ~ 82HeAu

» v, & v, for charged hadrons in central p+Au, d+Au, *He+Au at Vs = 200 GeV
* v, CHe+Au) ~ v, (d+Au) > v, (p+Au)

i PH :
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0.1

= *He+Au v, v, (PRL 115, 142301)
s d+Au v, ¥
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Geometry engineering — v, model comparison

PRC 95 {'.?ﬂ??) 034910 PRL 114, 192301, (2015) PRL 115, 142301, (2015)
:"'.'l':;-I'E'r'“'x“v'z'|""|"“|"”1l" “"'|""|"”l"“l””|""1'|'"_::“"lr”'l"'rlillllllF'|"'1|III|
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0.2f- :.?PNGIrCEGNIG d+Au 1 "He+Au )
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=IIml:us.-- :
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SONIC:
«  MC Glauber initial conditions
¢ 2+1d Hydro evolution, n/s = 0.08
« Cooper-Frye hadronization at T= 170 MeV
« Hadronic rescattering (B3D package)

Super SONIC: SONIC + pre-equilibrium flow

AMPT (a-multiphase-transport model):
MC Glauber initial conditions
« Strings melt to partons
« Partonic transport (partonic cross section cpart = 1.5 mb)
« Haronization - parton coalescence
« Hadronic rescattering (ART package) 10




Geometry engineering — v,/v; model comparison

D.2 gHSheF?' e’é”é’s 014906 (2017 | — TEBEVISHNU v, ® & PHENIX v, data
Y2 e L) (O17) | {EBE-VISHNU v A A PHENIX v; data
0-151 659 p+Au 0-5% d+Au = o M| 0-5% He+Au.
0.1| JRCE ,.
= MC-Glauber
0.05¢} !
0.9 e R e (wg ]l i
0 05 1.0 1.5 20 25 0.6 0.5 1.0 1.5 2,0 25 0.0 65 1.0 1.5 2.0 2.5 3.0
pr (GeV) pr (GeV) pr (GeV)

« iEBE-VISHNU:

«  MC Glauber initial conditions

« 2+1d Hydro evolution starting at t = 0.6 fm/c, n/s = 0.08
« Hadronization at T = 155 MeV

« Hadronic rescattering (UrQMD 3.4 package)

/

¢ v, & v; well described by hydrodynamics (as well as spectra)

s System dependence described by hydro
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Geometry engineering — identified hadrons
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“* Mass ordering for v, is observed
% Ordering is more prominent in d/*He+Au
CemunHap OPB3 12



Geometry engineering — v, model comparison

[ —=— n"+n Data
I —e— p+p Data

= = '+ IEBE-VISHNU (no rescattering) _T_

_III||||||II||||||||||||||||||||||__
0 25[Lp+Au at s, =200 GeV 0-5% (a) T
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0 25FP+Au at ys =200 GeV 0-5% (a) I

d+Au at |s, =200 GeV 0-5%  (b) ]
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> T
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Hadronic rescattering models

IEBE-VISHNU: UrQMD
SONIC: B3D
AMPT: ART

| % Mass ordering at

low py1s well
described by hydro
and AMPT models

| % AMPT is not

adequate at higher
pr (B/M)

“* Mass ordering at low py is not sensitive to hadronic rescattering in hydro models
and 1s totally driven by rescattering in AMPT model

¢ Mass ordering at higher p is driven by hadronic rescattering in hydro models and

by partonic coales

cence in AMPT

13



Geometry englneerlng n, scaling

012 peAuat (S =200 GeV 0-5% (a) T d+Auaty{Sy=200GeV0-5% (b) T ‘He+Au at|Se =200 GeV 0-5% (c)

010__ m T
o p+p

i1 ST g

L

PHENIX ¢ .
AT NN N T T s A I NN F R N R I NN AN NN TN SRR NN NI RN RE RN E N

0204060810121416 0204060810121416 020406081.01.21416
KE; ((':‘:e\/;’c);’nq KE; (GeV/c)/nq KE; (GeV/c)/nq

** Measurements for identified hadrons follow the n, scaling within uncertainties

% Better agreement in d/*He+Au collisions
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Geometry engineering - summary

Final State Anisotropy = Initial Geometry + Final State Interactions

Mechanisms of transformation of initial geometry in final state momentum
anisotropy is not unique

The mass ordering, n -scaling show similarity to A+A and indicate a
collective behavior in small systems

CemunHap OPB3 15



Energy scan — charged hadrons

o4 ||||||||||||||||||||||||||||||||||||||::III|IIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIII::IIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIII::IIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII-
g of. O+AU {5 =200 GeV 0-5% 1 d+Au {EL = 62.4 GeV 0-5% I d+Au EL — 39 GeV 0-10% 1 d+Au |5 = 19.6 GeV 0-20%
“F ml<0.35 + 2 I T PHENIX 1 Extrapolated
035C ® v, {EP} h* o + + F Res(z;™)
0. Global Sys. = =0.3% d u _f_ Global Sys. = =1.8% _f_ Global Sys. = =3.6% _:_ Global Sys. = ?85‘3?
0.25 T T I
200 GeV 1 62.4 GeV i 39 GeV 119.6 GeV
- i T } +—::—
0.15 T T T
- [ ] .E: - - ‘EE . ‘ * EE
0.1 " . - - T . T *
] P T * 3
0.05 - - T - T

@ f (b 3 cr 3 (D
R R R R WA I R ¥ S TR I T O N F S N B Y B R A - - N - B R R
P, [GeV/el P, [GeV/cl P, [GeV/icl P, [GeViel
FVTX CNT I
d+Au
2016
EP V2 O o
4 -3 -2 -1 n=0 1
200 GeV
d <Au 62.4 GeV
o 39 GeV
¢ How does the flow depend on collision energy? (19.6 GeV
% Significant v, signal at all 4 energies (20, 62.4, 39, 19.6 GeV)!
+* Results are not corrected for non-flow contributions (neither included in
systematic uncertainties)
CemunHap OPB3 16



Energy scan — v, model comparison

:« LI LA l'l' P | 'I I'|l [Ilf‘ifll I rrn 1
0 d+Au |rs— zuu Gev 0-5% 1 d+Au FL 62 4 Gev u 5% 4 d+A|.| rl' 39 Gev o-um 1 d+Au |'s_ 19 6 Ge\r u zo% |
“F mi<03s h* )_) E = SONIC v, PHENIX Extrapolated

0.3 ® v(EP} ) F o— superSDNIC v, + + Res(w;™"

200 GeV

Global Sys. = =0.3%

¥ Global Sys. = 1.8%

62.4 GeV

[ Global Sys. = =3.6%

139 GeV

+ Global Sys. = *35%

:19.6 GeV |

48%

| -
.
. £ +
>
_ ©F (@)
020406 08 1 1.2 1.4 1.6 1.8 A 02040608 1 1.2 1.4 1.6 1.8 02040608 1 1.2 1.4 1.6 1.8
P, [GeV/c] [GeWc] P, [GeV/c] P, [GeV/c]
COONN AR Rl R I LR AR Al ) Rl AR SAN LA REA 2 B RAS: AES AN AN LALE RARNRARLN RARSILAAS LLAS LAA: JAA0 RARE LAAJ RARS RALA RARN RALS RARIGARS |
> o4 d¥AU Vs, = 200 GeV 0-5% b d+Au ﬁﬂz.q GeV 0-5% d+Au ﬁﬂg GeV 0-10% d+Au ys_=19.6 GeV 0-20% |}/
“F mi<0.35 ht ,,) b === AMPT v {Parton Plane} PHENIX Extrapolated
0.35F e v,{EP) F m— AMPT v,{EP} I + Res{w,™"
o.5f. Global Sys. = +0.3% d+Au 1 Global Sys. = +1.8% ¥ Global Sys. = +3.6% 1 Global Sys. = f&sﬁ
0.2 + i k3
200 GeV F 62.4 GeV 39 GeV 19.6 GeV
0. ¥ +
0.15 +

0. : -
0.05 = -
{ﬂ] 3

L wlaasl | P o}

“02 040608 1 921118 is
[GeWc]

¢ Hydro in good agreement at 200 & 62.4 GeV; under predicts data at 39 & 19.6 GeV

¢ Comparison to AMPT:
AMPT v, {Parton

P, [GeV/c]

Plane}: < Flow

ARARERINATU ERRANNTE FERRRRTY AU FWws o
0.2 04 0608 1 1.2 14 16 1.8

P, [GeV/c]

AMPT v, {EP}: — Flow @ Non-flow

—> Strong v2 signal even at 19.6 GeV ...

iboaa b lesa Lo bena e buas b ooty
02040608 1 1.2 14 16 1.8

02040608 1 12 14 16 1.8
P, [GeV/c]

interpretation is complicated by non-flow



Energy scan — v, model comparlson

0.35

0.

0.2
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Inl < 0.35 h:t J
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- d-Qu )

Global Sys. = £0.3%

200 GeV
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1 Global Sys. = +1.8%

- 62.4 GeV

e
E deAu r" 62.4 GeV 0-5%
PHENIX

1 Global Sys. = :3.6%

139 GeV
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d+Au r" 39 GeV 0-10%
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[ Global Sys. = =0.3% h* T Global Sys. = =1.8% F Global Sys. = =3.6% E
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s AMPT well describes rapidity
dependence at central and
forward rapidity

¢ Measured signal is inconsistent

with non-flow only! (according
to AMPT)

¢ Non-flow is greatest near the
region where the
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I.
2.

Energy scan — summary

Evidence of collectivity even at 19.6 GeV

Interpretation of results is complicated by non-flow

CemuHap OOBO
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Energy loss

CemuHap OOBO
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Nuclear modification, R, , in p/d/*He+Au

2 ©

n’, ml<0.35, s, = 200 GeV

[ ® p+Au, 0-100%, prelim.

o0

® d+Au, 0-100%, PRL98, 172302

Global uncertainty 9.7

[ ® *He+Au, 0-100%, prelim.

15 B
a | [
& &l i
£ J, |___,,--,n.,.___ S
LS o T é é& I
= i L
o - L TN ' + _ [
05l PHENIX s L
preliminary
D-|||||||||||||||||||||-|||||||||||||||||||||_|||||||||||||||||||||
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
p. [GeVic] p. [GeVic] p. [GeVic]

“* Enhancement at py ~ 5 GeV/c, system size dependence

** Is there a hint of suppression at high p?

CemuHap OOBO
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b ]

R, in p/d/*He+Au, centrality dependence

i

1.5

70, i<0.35, |/s,,, = 200 GeV
PHIENIX Gopal uncertainty 9.7%

preliminary

Hpmu

0.5

¢
* p+Au, 0-20%, prelim. {

10 15
P, [GeV/c]

1.5

.-TD, Inl<0.35, .III'S_NN =200 GeV
PHEI%NI}( Global uncertainty 9.7%

—  preliminary

Hp:l+.|!-"'.u

0.5

* p+Au, 40-60%, prelim.

10 15
P, [GeV/c]

Hp+ﬁuu

Hp+ﬁn u

1.5

: ;-[ﬂ, h'||-=:l'.}.35, III'S_NN - zﬂu Gev

[ pHYENIX Global uncertainty 9.7%
L preliminary

L o .'...‘

0.5

' 1

* p+Au, 20-40%, prelim.

v =

=

5 10 15
P [GeV/c]

1.5

"Tn: |1‘||-=U.35, III'S_NN =200 GeV
pH?E NIX Global uncartainty 9.7%

preliminary

0.5

;;&-"".d LA

oy

» p+Au, 60-84%, prelim.

ARy

5 10 15
P [GeV/c]
CemuHap OOBO

Nuclear modification in

centralities:

* Centrality determined
similarly as for large
systems (PRC90,034902)

* p+Auresults show large
centrality dependence
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b ]

R, , in p/d”He+Au, centrality dependence

[
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Nuclear modification in

centralities:

* Centrality determined
similarly as for large
systems (PRC90,034902)

* p+Auresults show large
centrality dependence

* d+Au results agree with
p+Au at high-p;
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R, , in p/d”He+Au, centrality dependence

Nuclear modification in

centralities:

* Centrality determined
similarly as for large
systems (PRC90,034902)

* p+Auresults show large
centrality dependence

* d+Au results agree with
p+Au at high-p-

* 3He+Au results agree
with p+Au and d+Au at

high-p,

* At moderate p; an
ordering is seen in most

central collisions
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Nuclear modification, R, , in p/d/*He+Au
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Conclusions

“* Strong evidence for initial geometry translating to hadronic momentum
anisotropy through final state interactions

“* Both hydro and AMPT similarly describe v, and mass splitting at low p
but the origin of the effect is quite different

¢ Energy loss is not yet conclusive

CemunHap OPB3
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Model Comparison

SONIC:

MC Glauber initial conditions

2+1d Hydro evolution, n/s = 0.08
Cooper-Frye hadronization at T =170 MeV
Hadronic rescattering (B3D package)

SONIC + pre-equilibrium flow

IEBE-VISHNU:

MC Glauber initial conditions

2+1d Hydro evolution starting at t = 0.6 fm/c, /s = 0.08
Hadronization at T = 155 MeV

Hadronic rescattering (UrQMD 3.4 package)

Bozek - Broniowski:

MC Glauber initial conditions
3+1d Hydro evolution

MC Glauber initial conditions

Strings melt to partons

Partonic transport (partonic cross section ocpart = 1.5 mb)
Haronization - parton coalescence

Hadronic rescattering (ART package)
CemunnHap OPB3 28
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CNT - Charged particle tracking
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PHENIX setup

2012 PHENIX Detector
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Relativistic Heavy-Ion Collided (RHIC)

Luminosity evolution of hadron colliders
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p+A
Proton Projectile
Nucleus Participants

IP Glasma- initial energy density only in region
where nucleons overlap, much smaller eccentricities

MC Glauber - initial energy density of
participants, large eccentricities from fluctuations

Hap O®B3
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