Light nuclei yield ratio and nucleon density fluctuations
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Critical point in QCD phase diagram
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= Large uncertainties in theoretical predictions on the critical point.
3



Mapping the phase diagram via heavy ion collisions

Chen, Ko, Liu & Zhang, PoS (CPOD 2009) 034 (2009)

400 T I I I 1 I ! I v l '

AMPT with string melting

- AutAuatb =7 fm I

(Central cell) E__=10AGeV =——E__ =40 AGeV
—E,__ =20 AGeV E,._. =160 AGeV

—eE, _ =30 AGeV ——s " =200 GeV

Eo—

t =1 fm/c

100 t=24fmc ~—

0
0 /{ 200 300 400 500 600
i, (MeV)

Require first-order phase transition ?




Collision energy dependence of density fluctuations

Sun, Chen, Ko, Pu & Xu, PLB 781, 499 (2018)

N

-
L=,
pr
©
-
e
O
-
c - - I -
3 D Critical region
‘» . : . -
cC Spinodal region
o)) B »
o No phase | : :
o First-order ! Crossover
transition A > |

NG

Fig. 1. Schematic depiction of the collision energy dependence of density fluctua-
tions in heavy-ion collisions together with the corresponding phase regions in the
QCD phase diagram. Point ‘D’ indicates the beginning of first-order phase transi-
tion, ‘M’ denotes the maximum caused by the spinodal instability and ‘E’ denotes
the maximum due to the CEP.



Neutron relative density fluctuation from yield ratio of light nuclei

Sun, Chen, Ko & Xu, PLB 774, 103 (2017)
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= Expect a similar behavior for gf/o\ from u-quark density fluctuation.




Neutron relative density fluctuation from vield ratio of light nuclei

Dingwei Zhang for STAR Collaboration, NN2018
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Deuteron number in the coalescence model

In the coalescence model, the deuteron number is given by

Ny :gd/d3X1/d3k1/d3X2/d3k2f1(X1,kl)fQ(XQ,kQ)Wd(Xl — Xa, (k1 — k2)/2).

In the above, the proton or neutron distribution function is given by

where T', m and ~ are the temperature, nucleon mass, and fugacity, respectively, and is

normalized to
3/2
N = /d3x/d3kf(x, k) = 27V (T;‘—T) .
T

) 3/2
/d3x _y /d3k e~k _ (E) ,
a

with V' being the volume. The deuteron Wigner function is given by

after using

12 2k2

Wix,k) =8 e o2 e 7K

and is normalized according to

/ dx / Pk W(x, k) = (27, 8



Deuteron number in the coalescence model (Continued)

Changing variables to
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In this limit, the coalescence model gives
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Compared with the thermal model,
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Why Nahermal (TC) — Nahermal (TK) ?



Entropy per baryon and the d/p ratio Siemens & Kapusta,
Y [p PRL 43, 1486 (1979)
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Time evolution of baryon entropy in relativistic heavy ion collisions
From the hadronic phase of AMPT
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= Baryon entropy per baryon remains essentially constant during
hadronic evolution. .



Chemical freeze-out in relativistic heavy ion collisions

Jun Xu & CMK, PLB 772, 290 (2017)
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= Both ratio of effective particle numbers and entropy per particle
remain essentially constant from chemical to kinetic freeze-out.



Effect of density fluctuations on deuteron number

For non-uniform distributions, the factor F' = N;N,/V is replaced by

1

F= oy / dBXI/ A5y (x1) g (3cp) e~ 1%/
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1 3 3 —x2 /52 X X
Fo= (7r02)3/2/dX/dX6 / nl(X+§)n2(X—§)

(m;)?ﬂ /dsxdeXe—x2/02 [nl(X) + Vny(X) - E] {712()() — V(X)) - 5]

Q

2 2
= [ X [ e L (Xm0 + 5 - (X T (X) = m (X) Tna(X)
- (5 omo] [5 ot
= [ dXmX)mx)

+(7rai)3/2 /d?’X/d?’xe_xQ/"2 [g : an(X)] [g : Vng(X)} :

14



Assuming Vpn(X) ~ 2238 ¢

a

Vpp(X) ~ %.LX)GP

where e, and e, are unit vectors along the density gradient of the
neutron and proton spatial distributions, and a is the length over
which they change appreciably, then the second term becomes
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Taking into account density fluctuations
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where (pn), (pp) : average neutron and proton densities

Chp = (0pn0pp)/({pn){pp)) : neutron and proton

density correlation



For triton
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Apn = ((6pn)?)/{pn)? : relative neutron density fluctuation



Define yield ratio
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Define yield ratio
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Define isospin density fluctuation
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Table 1

Yields dN/dy of p, d and 3H at midrapidity, together with the yield ratio 7+ /7~ measured in central Pb+Pb collisions at 20 AGeV (0 — 7% centrality, \/syy = 6.3 GeV), 30
AGeV (0 — 7% centrality, \/sSyy = 7.6 GeV), 40 AGeV (0 — 7% centrality, \/syy = 8.8 GeV), 80 AGeV (0 — 7% centrality, \/syy = 12.3 GeV), and 158 AGeV (0 — 12% centrality,
SNy =17.3 GeV) by the NA49 Collaboration [31,41,42]. Also given are the chemical freeze-out temperature T, (GeV) and volume V¢, (fm?), the derived yield ratios Op-d
and Op_4, and the extracted Cpp, App and Ap;. In obtaining Op 4 and Op_q.r, the weak decay contributions to the yield of proton from hyperons are corrected by using

results from the statistical model (see text for details).

SNN p d BH(1073) nt/m- Ten Ven Op—d(1074) op-d-t Chp Apn App
6.3 46.1+2.1 2.094+0.168 43.7(+6.4) 086 0131 1389 105+0.11 044440014 —0.636+0.004  0.475+0.007 0.556 + 0.004
7.6 421420 1379+0.111 22.3(+3.4) 088 0139 1212 878+0.13 046540019 —0.707+0.004  0.551+0.007 0.629 = 0.004
8.8 413+1.1 1.065+0.086 14.8(+2.6) 090 0144 1166 7324020 0.500+0.020 —0.749+0.007  0.606 +0.045 0.677 + 0.006
123 30.1+1.0 0543+0.044 4.49(+0.94) 091 0153 1231 7.70+£0.11 040440034 —0.6934+0.004 0.518+0.012  0.605 + 0.006
173 23.9+1.0 0279+0.023 1.58(+0.31) 093 0159 1389 6.66+0.01 041540032 —0.68140.0004 0.507+0.011  0.594 + 0.006
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Fig. 2. Collision energy dependence of the neutron and proton density correlation
Cnp (a) and the neutron and isospin density fluctuations Ap, and Ap; (b) in central
Pb+Pb collisions at SPS energies and Au+Au collisions at AGS energies. 20



Summary

Both the first-order QGP to hadronic matter phase transition and
the presence of the critical point are expected to give rise to large
density fluctuations in the matter produced in relativistic heavy ion
collisions.

Without density fluctuations, the coalescence model and the
thermal model give similar yields of light nuclei.

Density fluctuations in produced matter affect the yield of light nuclei
in coalescence model.

The yield ratio N3HNp/N§ is sensitive to the neutron density
fluctuation.

Studying the energy dependence of the yield ratio N3HNp/N§

provides the possibility to extract information on the critical point
and the region of first-order phase transition in QCD phase diagram.



