Hydrodynamics in Small Collision

Systems from LHC to RHIC

Chun Shen
Brookhaven National Lab

BRMEN
June 20, RHIC & AGS Annual User’s Meeting 2017 NATIONAL LABORATORY




visTi 1SI final detected
Relativistic Heavy-Ion Collisions o final detected
Kinetic o
freeze-out

Hadronization
Initial energy 1
density

Bre. hadronic
egu'“b'".'um viscous hydro , |
yhamics cascade free streaming
collision evolution

t~0fm/c T ~1fm/c t ~ 10 fm/c T ~ 101 fm/c



Small collision systems



Interpretation: Strong final state effects

CMS Collaboration, Phys. Rev. Lett. 115, 012301 (2015)
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e \Measurements of anisotropic flow coefficients
iIndicate strong multi-particle interactions in both
small and large collisions systems
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Global observables in small systems

H. Méantysaari, B. Schenke, C. Shen, P. Tribedy, arXiv:1705.03177

IP-Glasma + MUSIC + UrQMD:
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e Hydrodynamic simulations reproduce particle mean-
ot and anisotropic flow coetticients fairly well
Indication of a strongly coupled QCD matter?
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Small systems with different geometry

.
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e Hydrodynamic response converts spatial gradients
iINto measured momentum anisotropy

Indication of a strongly coupled QCD matter?
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Small systems with different geometry
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e Hydrodynamic simulations predicted vz in d+Au
collisions at 200 GeV

Indication of a strongly coupled QCD matter?
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pid vo(pT) mass splitting in small systems

C. Shen,dJ. F. Paquet, G. Denicol, S. Jeon and C. Gale, Phys. Rev. C 95, 014906 (2017)
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e [he interplay between radial and elliptic flow Iin the
hydrodynamic simulations can reproduce the mass
splitting of pid va(pT) in small collision systems

Indication of a strongly coupled QCD matter?
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HBT correlation

H. Méantysaari, B. Schenke, C. Shen, P. Tribedy, arXiv:1705.03177
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HB T Radil

H. Méantysaari, B. Schenke, C. Shen, P. Tribedy, arXiv:1705.03177
Data: ALICE Collaboration, J. Adam et al. (ALICE), Phys. Rev. C91, 034906 (2015)
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Probes for Quark Gluon Plasma

* tlectromagnetic radiation

Probing the internal degree of freedom
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Thermal radiation in small systems

C. Shen,dJ. F. Paquet, G. Denicol, S. Jeon and C. Gale, Phys. Rev. C 95, 014906 (2017)
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¢ [n 0-5% p+Pb collisions, thermal photon can out-shine
prompt photons

e Sizeable direct photon anisotropy in central p+Pb
collisions

Signature of a nearly thermalized medium in small systems
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Thermal radiation in small systems

C. ShenJ F Paquet G. Denlcol S Jeon and C. Gale, Phys Rev 095 014906 (2017)

U.US
%8 \\\\\\ — pQCD y HH 0.06. 0-5% |
B 1:55\:\‘_...,,/”” | == min. bias &) O 04l (a)/ \
1.0 ™ 1 S i
0.02
05/('37 +Pb @ 5 02 TeV i mﬁﬂn.
0.0—— : P 0.0 | | | | | e
%g .- O 20% 1 __0.06] 0-20% — p+Pb @ 5.02 TeV _
215 gl 0% | G004 () 2 PHAU@200GeV.
1.0 ' 1S /\
0.02t — .
0.5 (b) P+AU @ 200 GeV - e
0.0—— | 0.0 M | | | | =
2.5¢ PHENIX y - 0-5%
5121'(5)_ * ¥ in. bias - Egg;
e O | N ,"' " = $ ] B
é.g_~_,_, A © 2 _ <’ 0.01} /"." \
00—+ 0.0 e
_ %g . 0.03} 0-20% =-- d+Au @ 200 GeV |
CETs mven | Boo02f () “He+Au @ 200 GeV
< LOpE- ) | = 0.01 |
8.(5)- (d) He+Au @ 200 GeV - N _— |
1 1 1 1 1 W _-_ Lo BT T W5
1.0 20 3.0 4.0 5.0 6.0 80 0.5 1.0 1.5 2.0 2.5 3.0

r+ (GeV) pr (GeV)
Signature of a nearly thermalized medium in small systems
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Rapidity dependence of thermal radiation

C. Shen, J. F. Paquet, G. Denicol, S. Jeon and C. Gale, arXiv:1612.05464
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e Rapidity dependences of thermal and prompt photon
productions are opposite to each other

* More thermal radiation in the nuclear shadowing region

disentangle prompt photons from thermal radiation
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d+Au collisions at BES energies...

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

\
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. = l AutAu
U+U

8 9 12 15 20 23 27 39 56 62 130 193 200 410 500 510

Center-of-mass energy sy |GeV| (scale not linear)

picture taken from http://www.agsrhichome.bnl.gov/RHIC/Runs/



Dissipative hydrodynamics

Energy momentum tensor

TH'=cu"u”—(P+I11)A*Y 471"

Conserved currents

JH =nut4g¥
Equations of motion
0, T"" =0
D" =0 Ple,n)

AFY = gt — utu”

Dissipative quantities are evolved with 2nd order Israel-

Stewart type of equations
At Navier-Stokes limit,

T~ 2V ) T~ — O ut ¢ ~ KV

VHE = AR,
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Doping baryons in small QGP droplets
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C. Shen, et al. preliminary

e Full (3+1)-d viscous hydrodynamic simulations with
non-zero net baryon density

e [he rapidity distribution of net protons can shed
ights on initial baryon stopping at ditferent collision
energies
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Doping baryons in small QGP droplets
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e More net baryon transport in rapidity with a larger
net baryon diffusion constant
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Collision energy dependence of pid observables
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Collision energy dependence of pid observables
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e Proton yield increases as the collision energy
decreases

e Anti-protons have a larger mean-pr than protons

Chun Shen RHIC & AGS Annual User’'s Meeting 2017 17(25)



Charged hadron vn(pT) at different /s

C. Shen, et al. preliminary
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e Sizeable charged hadron vz is found at all 4 collision
energies

e Charged hadron vz is very small at 19.6 GeV
A strong collision energy dependence
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C. Shen, et al. preliminary
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C. Shen, et al. preliminary
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e Proton vo deviates from anti-proton ve at pt > 1.5 GeV
Predictions for d+Au beam energy scan
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Hydrodynamics at low collision energies
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Go beyond the Bjorken approximation

e The finite widths of the

AV colliding nuclei are taken
p INto account
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Go beyond the Bjorken approximation

e The finite widths of the

Y colliding nuclel are taken
p iINto account
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A 3D MCGlauber model

In collaboration with B. Schenke

e Collision time and 3D
spatial position are
determined for every
binary collision
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A 3D MCGlauber model

In collaboration with B. Schenke

e Collision time and 3D
spatial position are
determined for every
binary collision

e Strings that carry energy
- and charges are

/ produced at randomly

N . selected collision points
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A 3D MCGlauber model

In collaboration with B. Schenke

e Collision time and 3D
spatial position are
determined for every
binary collision

e Strings that carry energy
and charges are

P produced at randomly

selected collision points

>ck

e Strings are decelerated
with constant string
tension before thermalized

B to medium

,‘\yf ”\:

Chun Shen RHIC & AGS Annual User’'s Meeting 2017 22(25)



5-U_ T T T I T ] A T d

. ] i 0-5% d+Au @ 200 GeV i

2 5L _| - -

- i 41 ]

i ] - t— 2 )

2.0F = i ]
- I 1 3F .
£ 15 1 £ ] :
. | T2 ]
1.0F ] i 1
0-5¢ 1 §

; 0-5% d+Au @ 200 GeV : : N :

0.0_ | | | | | | | | | | | | | | | ] O_ | | | | | \I/ | | | | ]

5.0 —2.5 0.0 2.5 50 —5.0 —2.5 0.0 2.5 5.0
s fm

3-0_ T T T T T T T T T T T |77| T T T T T T T T T T T T i 5_ T | T T Iz (l )I T T /]

: : : 0-5% d+Au @ 19.6 GeV /-

2.0F . : f
— I 1 3b ]
£ 15 1 £ | :
1.0F ] i 1

} =~ ] - —'

0.51 = 1 1 -

i 0-5% d+Au @ 19.6 GeV ] i ]

0.0_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ] i | | | | | \I/ | | | | ]

-3 2 —1 0 1 2 3 5.0 —2.5 0.0 2.5 5.0
Ms z (fm)
Chun Shen RHIC & AGS Annual User’'s Meeting 2017 23(25)



Evolution of a d+Au collision in 3D

energy density net baryon density

fau=053fmMm fau=0353fm
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Conclusion

e Hydrodynamic simulations can quantitatively
describe the particle spectra, vn, HBT radil
measured in small collision systems at RHIC and
LHC energies

e Direct photons provide us with an additional tool to
elucidate the nature of the QCD matter created in
small systems

e Observables in d+Au collisions at BES energies can
shed light on understanding the eftect of net baryon
density on system's collective dynamics
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pid vo(pT) mass splitting in small systems

IP-Glasma
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H. Méantysaari, B. Schenke, C. Shen, P. Tribedy, arXiv:1705.03177
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e [he interplay between radial and elliptic flow Iin the
hydrodynamic simulations can reproduce the mass
splitting of pid va(pT) in small collision systems

Indication of a strongly coupled QCD matter?
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EM radiation In heavy-ion collisions

jet in-medium

+ phot bremsstrahlung  jet-plasma .
prompt pho onj Jphg el decay photons

A
collision )
overlap zone

pre-equilibrium
photons o
thermal radiation



Thermal radiation in small systems

C. Shen, et al., arXiv:1609.0259
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Thermal radiation in small systems

C. Shen, et al., arXiv:1609.02590
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e [n 0-20% p+PDb collisions, thermal photons become
comparable to prompt photons

e [here is small direct photon anisotropic in central
o+Pb collisions
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Thermal radiation in small systems

C. Shen, et al., arXiv:1609.02590
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¢ [n 0-1% p+Pb collisions, thermal photon can out-shine
prompt photons

e Sizeable direct photon anisotropy in central p+Pb
collisions

Signature of a nearly thermalized medium in small systems
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How does thermal radiation shine out?

C. Shen, et al., arXiv:1609.02590
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e [hermal photon production is determined by the
space-time volume, temperature and flow distributions
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How does thermal radiation shine out?

C. Shen, et al., arXiv:1609.02590
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e [hermal photon production is determined by the
space-time volume, temperature and flow distributions

* Prompt photons show much weaker centrality
dependence
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(2+1)D vs (3+1)D simulations

C. Shen, et al., arXiv:1609.02590
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Validity of hydrodynamic simulations

Temperature Inverse Reynolds number

C. Shen, et al. preliminary

_ THY T 0 - Zmicro
Rn~! = v J Kn = = 7.0

C + P L macro

* [he small inverse Reynolds number and the
Knudsen number in the high temperature regions
support the hydrodynamic description



Particle spectra in small systems

AN/ (2ndyprdpr) (GeV?)
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Inclusive and decay photons
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0-5% p+Pb @ 5.02 TeV.
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Sensitivity on initial 7o

C. Shen, et al., arXiv:1609.0259
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IS vISCOuUS correction in control?
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0-1% p+Pb @ 5.02 TeV
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IS vISCOuUS correction in control?
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MCGIb. 0-1% p+Pb @ 5.02 TeV . MCGIb. 0-1% p+Pb @ 5.02 TeV
2 <pp <3 GeV 2 <pp <3 GeV

® [he large viscous correction is at the early time
around the edge of the tireball where the thermal
ohoton emission is low




dN/(2rdyprdpy) (GeV~?)

Thermal radiation in pp collisions
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e [hermal radiation provides a small contributions to
minimum bias pp collisions



dN/(2rdyprdpy) (GeV~?)

Thermal radiation in pp collisions
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nigh multiplicity pp events, thermal photons can also
ne out of the prompt background



