FtEeEZYHE RS X 2019.10.08-12

Elliptic flow splitting between protons and
antiprotons from hadronic potentials

Pengcheng Li (Z[EE)

rrmenannd 1

Collaborators: Qingfeng Li (HUZU), Yongjia Wang (HUZU),
Jan Steinheimer (FIAS), Hongfei Zhang (LZU)
| & i . | 2 | — T ‘ n '




HUZHDU UNIVERSITY Outline

1/ Background

2/ UrQMD model

3/ Results and discussions

4/ Summary and outlook



HUZHOU UNIVERSITY Outline

1/ Background

2/ UrQMD model

3/ Results and discussions

4/ Summary and outlook




HUZHOU UNIVERSITY Background

________ O ] .
3 200 Lattice QCD S| oy Universe The Phases of QCD
M Perfect ﬂUId I LHC Experiments
> o ©
- %‘I <) Quarks and Gluons 7]
~ S ) Critical point? =
8 y ...'. &
> oA - T%Confing,,
ot & S0t tr.
18] K ans,-t,-o
s n
® 100l L = Hadrons
Q ] =
E : = &
() : 3 P Quarkyonic phase
= &
<& ; ~170 MeV—
/ P‘/\r\?o Proto- > Color Super-
N\ Neutron stars conductor
0 / I’ll C P '
ritical Point :
(\:(\ tars Net b ryor@wsity n/n, s
compact S n:=0.16 fm* Hadron Gas >
Superconductor
N 107 : | -] ; i ; Nuclear /
I CBM SI5100 _~Vacuum Matter Neutron Stars
e ! i i i '. = 1 I S
% 106 L T8 N 900 MeV
o : ! ! Baryon Chemical Potential
C 105 . ‘ . i . . . .
% sMoN & » Search for the critical point and the first
o 10 i order phase boundary.
L I Ny—¥ .
£ 10° osTaRexT o -~ STARBESI » Study the properties of the QGP.
2 | - S e . N YR T
10 | / | |CBM at FAIR: /SNy = 2.7 — 4.9 GeV |
10 T | 'NICA JVSNN =4 — 11 GeV '
NN — e
1 ~ Eur.Phys. J.A(2017) 53: 60 | B
1 10 | STAR-BESTI : VSNN = 7.7—19.6 GeVl

Collision Energy (ysy,) [GeV] et R ..



HUZHOU UNLVERSLTY

Future in HIAF
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the different mean-field potentials for hadrons and antihadrons o

» Stronger attractive potential for p compared to p

- smaller v, (p),
> Attractive potential for K, repulsive for K*
> v,(K7) < v(K™),
> Slightly attractive potential for =, repulsive for 7~
2> v,(n) <v, (7).
A repulsive vector mean-field potential for quarks but
an attractive one for antiquarks in a baryon-rich quark

matter.
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€ The difference of v, between transported quarks and

produced quarks. (By tracing the number of initial quarks

in protons) B. Tu, et al,, CPC 43, 054106 (2019).
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Explanations for v, splitting
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U2bU UNLVERSITT Brief introduction to the UrQMD

* Baryons are represented by Gaussian wave packets in the phase

di(r, 1) = mexp (—%) exp (ép@ﬁ. r)

* The Wigner distribution function f; of the baryon i

fiep) — (7;1 - (_(r ;;)2) exp (_(p - 1;;32 . 2L>

* Propagated according to Hamilton’s equation of motion

H = T+U
H /

772 3
* The Skyrme potential U = Usy + Usiy + Uxac + Ucou + Upau

N
U=« ( ) + 5 ( ) «, 3, v —stiffness of the EoS
Po £o

Charged particles SIS energies

The density of the baryon
(r;—r; J

Py = /P( Jpdr = / r; Zp r;)dr = 4ﬂL2j3f2 Z —

J. Aichelin, Phys. Rep. 202, 233 (1991), S. A. Bass et al., Prog. Part. Nucl. Phys.41:255-369 (1998);

M. Bleicher et al,, JPG 25 1859 (1999) ; Q. F. Li et al, PRC 83.044617 (2011). >/16
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* The momentum-dependent term: Uy = Z /dp r“pf)
" p=12 PO 31+ pj)/amd}z

* Hamiltonian: the sum of the single-particle energy E;

The equations of motion are then:

N
&~ o0~ BT 2 E op
dpiN_aH__im:,@V
dt ~  or; E; Or;

J_
The relativistic effec2ts on tge relat2ive distance a2nd the relative momentum:
r;; = ri; + 7 (T - Bij)”,

2 2
ms: + m?2
~ 2 2 2 2 )
Pi; = Pij — (Ei _Ej) + 7i; (Ei—|—EjJ ’
B..:p’ﬁ_pj Vi = 1
& Ei+Ej’ * 1 — J

M. Isse et al, PRC 72 064918 (2005) /*°




* At higher beam energies, the Yukawa-, Pauli-, and symmetry-potentials of baryons
becomes negligible, while the Skyrme- and the momentum-dependent part of
potentials still influence the whole dynamical process of HICs

* Potentials for pre-formed hadrons
- At high energies, particle production is dominated by the string mechanism

- The formation time of the hadron is determined by the “yo-yo” mode. During this
time, the pre-formed particles (string fragments that will be projected onto

hadron states later) are usually treated to be free-streaming.
charged particles, |y|<0.1
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HUZHOU UNIVERSTY Potential updates

How to consider the potential for “pre-formed” hadrons?

For “pre-formed” particles from string fragmentation, the similar

A density dependent terms as the formed baryons are used, but
W, without the Yukawa, the Coulomb, and the momentum dependent

terms.

N reduction factor (2/3) due to the quark-number difference.

C The potential interaction between formed and “pre-formed”
N particles is neglected.

B/ The “pre-formed” mesons act like “pre-formed” baryons but with a

(for “pre-formed” mesons, the 2/3 factor is considered).
Ph Ph
— _|_ 1% —_— \ e C:Coi )i
(Po) (Po) o ; P
¢;j = 1: formed and pre-formed baryons,
Cij = 2/3: pre-formed mesons;
¢;j = 0: formed mesons

D/ The “pre-formed” particles also contribute to the hadronic density
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Fig.(b), the (pre-formed) anti-baryons are
produced at even earlier times ~1fm/c,
and frozen out faster than baryons, since
at about 4 fm/c the reduced density has
already turned back to the normal one.
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normal density at about 7~8 fm/c.

Q. F. Li et al., Sci.[China Phys. Mech. Astron. 59, 632001 (2016).
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HuzHou uvIvERsITY - Results from UrQMD: v, difference
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Results from UrQMD: v, dn‘ference
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FU2Aoy UNIVERSITT - Summary and outlook

The v, splitting, observed for particles and antiparticles, can be explained by the
inclusion of proper hadronic interactions.

The difference in v, between protons and antiprotons depends on the centrality and
the rapidity windows. With smaller centrality and/or rapidity acceptance, the observed
v, splitting is more sensitive to the beam energy, indicating a stronger net baryon
density dependence of the effect.

|D The v, splitting for 0-80% central Au+Au collisions with |n|<1 still exists below 7.7 GeV,
and the splitting does not strongly depend on the collision energy.

We therefore suggest to measure the difference of v, between protons and
antiprotons at various centralities and rapidity bins at lower beam energies as an
indicator to explore the nuclear potential in this beam energy range.
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Effects of EoS
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FIG. 24. Energy dependence of v, near midrapidity (—1 <n < 1)
for /syy =9.2 GeV 0-60% central Au+ Au collisions. Only
statistical errors are shown. The results of STAR charged-hadron
v, [55] are compared with those measured by E877 [56], NA49 [54],
PHENIX [57], and PHOBOS [46,50,58] collaborations.
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Fig.(a), the main production mechanism at t< 5 fm/c is string excitation and fragmentation,
and that this production mechanism still plays visible role up to t ~10 fm/c. Hence, the pre-
formed hadron potentials will definitely provide a visible contribution to the early pressure.

Fig.(b), if switch off the pre-formed hadron potentials but keep the formed ones, the time

evolution of p is almost the same as that with the cascade mode. Means that the mechanism
of string excitation and fragmentation is essential to the production of p.
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For strange particle production, in addition to the string mechanism, the rescattering process
of hadrons are also important:
(i) the rapid increase of the =~ yield during the time 3~30 fm/c,
(ii) the suppression effect of potentials on both the yield mainly at the low transverse masses
and the total yield at t = 30 fm/c,
(iii) the contribution of formed hadron potentials to =~ vield.
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Equation
Weight

Residual Sum
of Squares

4| Pearson'sr

Adj. R-Square

y

y= éll + b*x
No Weighting
186.67645

0.9739
0.94846

Intercept
Slope

Value
-0.01069
0.43809

Standard Erro
0.00684
0.00228

SR LN

2 E-p, -V,
A, YHTHWRESGH M EH LT LA, E=p, HLTHF.
;~l 1+0056’:_ 6 _ )
V& 21111—0056? Intg 5 =11

HF 0z THES)TEARA, naEZRPHANE, BRARRE.
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Explanations for v, splitting

€& Different hadronic and partonic potentials for particles and antiparticles

J. Xu, LW. Chen, C.M. Ko, ZW. Lin, PRC 85, 041901(R) (2012);

J. Xu, T. Song, C. M. Ko, F. Li, PRL 112,012301 (2014)

the different mean-field potentials for hadrons and antihadrons or quarks and antiquarks:

A multiphase transport (AMPT) model with string melting
0
Un,n(pB:p5) = Xs(pB,p5) £ X,(PB: PB)

Ys(pn, p) nucleon scalar self-energies,

>¥%(pp, pg) nucleon vector self-energies

[v,(P)-v,(P)IIv,(P) (%)

” for antinucleons

Stronger attractive potential for p compared to p = smaller v,(p),
Attractive potential for K~, repulsive for K* 2 v,(K™) < v,(K"),
Slightly attractive potential for ™,

‘+” for nucleons, -

3-flavor Nambu-Jona- Lasmlo transport model

40

20

0

repulsive for t~ = vy, (nt) < v, (7).

5

PRC 85, 041901(R) (2012)
m

AutAu atb =
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PRC 94, 054909 (2016) _
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=
With a nonvanishing Gy, it further gives rise to a repulsive _8
vector mean-field potential for quarks but an attractive one - Eb) N
for antiquarks in a baryon-rich quark matter. o 2

w.(d)l.l
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& The difference of v, between transported quarks and produced quarks during the initial

stage of HICs. J.C.Dunlop, etal, PRC 84,044914 (2011). 0.0s L& o (3 ig) (wansported )
€ Baryon stopping effect and scattering. (By tracing the M

number of initial quarks in protons in the UrQMD) . 0.06 |- . p (0iq) (produced p)

B. Tu, et al., CPC 43, 054106 (2019). e ¢ d

1. Produced protons (0 ig) and antiprotons: made of produced  x'0.041

. . . O o0 °
quarks, produced in the early stage, experience the full evolution : n o
of the system, experience similar magnitude of interactions. 0.02 [ ¥ i 3
2v2(p(0iq)) = v (P)

2. v, of transported protons (3 iq) derives from the transport from Of--------------------------—4
forward rapidity to mid-rapidity due to the nuclear stopping effect. " : '1:)2
>v,(p(3 i9)) > v, (p(0iq)) = v, (p) V5 (GeV)

3. Transported quarks, which are transported over a large rapidity, (b) . pGid-p
suffer more scatterings than produced quarks. 0.04 |- o p(2iq) —p

. . opig-—p
Sv,(p(3iq) > v, (p(0iq)) 5 p0iQ)—p
4. Large deviation at high energies =39 GeV suggests that hadronic Y STARp — p
interactions are dominantin collisionsat 7.7and 11.5 GeV. .~ 002 . *
C_ 0O - *
A@3 iq)
F
O _0O0=—=Ie® Il N |
diaark i el wark Y, Gao, et al, PRC P % H
B(1 iq) €0 iq) D(2 i) 86, 044901 (2012). 5
T ¥ | cpc43, 054106 (2019)
©_0O=C o@D @ OO — .
Z:t;k auerk  diquark  OUC :E;l‘k Rk 10 \ Sy (GeV) 0
F(O iq) 6(0 iq) HE iq) o 5/20

Particle productlon in a string-excitation scheme in UrQMD.
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€ By variations in the widths of quark and antiquark ' i
. qe . . . 4 u - |
rapidity distribution. V. Greco, et al,, PRC 86, 044905 (2012). 30 % . T;T( 30
€ Conservation of baryon charge, strangeness, and = 201 %% LA (P
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ISOSpPIN. J. Steinheimer, et al, PRC 86, 044903 (2012) S f %
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€ Hydrodynamics at finite baryon chemical potential. = Y :
PR A
Y. Hatta, etal., PRD 92, 114010 (2015). Z o -gg £ g 0
|
. . L ]
€ Energy dependent difference of the transverse expansion
. . . 10 1-10
velocity B between particles and corresponding 91 ®  prC86, 044903 (2015)
antiparticles. x. sun, et al, PRC 91, 024903 (2015). 0 10 20 30 40 50 60 70

Vs, [GeV]
€ The strong magnetic field in noncentral collisions—> Chiral magnetic wave = the electric

quadrupole moment of the QGP=> v, (Tt*) < v, (Tt7). Y. Burnier, et al, PRL 107, 052303 (2011).
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mean-field potentials on v, splitting



