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Abstract: We propose the transverse velocity (87) dependence of the anti-deuteron to deuteron ratio as a new observ-

able to search for the QCD critical point in heavy-ion collisions. The QCD critical point can attract the system evolu-

tion trajectory in the QCD phase diagram, which is known as the focusing effect. To quantify this effect, we employ

the thermal and hadronic transport model to simulate the dynamical particle emission along a hypothetical focusing

trajectory near the critical point. We found that the focusing effect can lead to anomalous B dependence on p/p, d/d
and *He/*He ratios. We examined the 87 dependence of p/p and d/d ratios of central Au+Au collisions at \/sNN =
7.7 to 200 GeV measured by the STAR experiment at RHIC. Surprisingly, we only observe a negative slope in 87 de-

pendence of d/d ratio at v/syy = 19.6 GeV, which indicates the trajectory evolution has passed through the critical re-

gion. In the future, we could constrain the location of the critical point and/or width of the critical region by conduct-

ing precise measurements on the 87 dependence of the d/d ratio at different energies and rapidity.
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1 Introduction

Quantum chromodynamics (QCD) constitutes the
fundamental theory of the strong interaction. One of the
main goals of relativistic heavy-ion collisions is to ex-
plore the phase structure of hot and dense QCD matter,
which can be displayed in the T —ug plane (T: temperat-
ure, ug: baryon chemical potential) of QCD phase dia-
gram. Lattice QCD calculations confirmed that the trans-
ition between hadronic gas and quark-gluon plasma
(QGP) is a smooth crossover at ug =0 [1]. At the large up
region, QCD-based models predicted that the phase trans-
ition is of the first order [2-6]. The QCD critical point
(QCP) is the end point of the first order phase transitions
boundary. Theoretically, many efforts have been made to
locate the critical point in lattice QCD [7-11] and models
[12], however its position and even the existence is still
not confirmed yet. Therefore, from the experimental side,
scientists are performing a systematical exploration of the
phase structure of the QCD matter at high baryon density
region. The search for the critical point is one of the main
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goals of the beam energy scan (BES) program at the re-
lativistic heavy-ion collider (RHIC). It is also the main
physics motivation for future accelerators, such as facil-
ity for anti-proton and ion research (FAIR) in Darmstadt
and the nuclotron - based ion collider facility (NICA) in
Dubna. Experimental confirmation of the existence of the
QCD critical point will be a milestone of exploring the
nature of the QCD phase structure.

In the vicinity of the QCP, the correlation length of
the system and density fluctuations will become large. In
the first phase of beam energy scan at RHIC (BES-I,
2010-2014), the STAR experiment has made two import-
ant measurements, which are dedicated to search for the
QCP: 1). The measurement of the cumulants of net-pro-
ton, net-charge, and net-kaon multiplicity distribution
[13—18] in AutAu collisions at /sy =7.7-200 GeV. One
of the most striking findings is the observation of non-
monotonic energy dependence of the fourth order net-
proton cumulant ratios (Cs/C,) in the most central
(0%—5%) Au+Au collisions. We observe a minimum dip
around 19.6 GeV and large increase at 7.7 GeV. The re-
view of these results can be found in Ref. [19]. 2). The
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measurement of the light nuclei (deuteron and triton) pro-
duction as well as derived neutron density fluctuations at
RHIC. We observe a non-monotonic energy dependence
of the neutron density fluctuations in central (0%—-10%)
AutAu collisions with a maximum peak around 19.6
GeV [20, 21]. These non-monotonic behaviors, the dip
and peak structures observed around 19.6 GeV, are qual-
itatively consistent with the theoretical predictions of the
signature of the critical point [22-24].

The QCD critical point was predicted to serve as an
attractor of the trajectory evolution in the 7 —up plane,
which is known as the QCP focusing effect [25, 26]. The
entropy over the baryon density ratio s/n, is constant
along the isentropic trajectory. When the isentropic tra-
jectory passes through the critical region in the T —ug
plane, the transverse velocity (87 = pr/E) dependence of
p/p ratio will exhibit anomalous behavior [26]. A detail
calculation to demonstrate how the focusing effect could
lead to anomalous By dependence of p/p ratio has been
done [27]. The p/p ratio will exhibit different 87 depend-
ence trends with or without the QCP focusing effect.
However, we did not observe this anomaly in 8 depend-
ence of p/p in AutAu collisions at RHIC-BES measured
by the STAR experiment [28]. There are several reasons
that could lead to suppressing the focusing effect on p/p.
First, the contributions of strong and weak decay to pro-
ton and anti-proton are important in heavy-ion collisions
[29-31]. Second, final state hadronic interactions between
particles will dilute the QCP focusing effect. In this letter,
we propose the transverse velocity dependence of d/d ra-
tio or heavier light anti-nuclei to light nuclei (*He/>He,
f/t, ---) ratios as more robust signatures of searching for
the QCP. Assuming thermal production of the light nuc-
lei along the system evolution trajectory, the yield ratio of
light nuclei d/d is more sensitive to the up than p/p, be-
cause of the ratio r oc exp[—2A X ug/T], A is the mass num-
ber of the particle. This means the production of light
nuclei is more sensitive to the system evolution traject-
ory in the vicinity of QCP, which will cause the chan-
ging of T and up of the system. One of the other advant-
ages is that the decay contributions for light nuclei is neg-
ligible in heavy-ion collisions. In the following, we will
formulate the QCP focusing effect on the 87 dependence
of d/d and *He/*He ratios by applying the UrQMD and
THERMUS model to calculate the dependence patterns
for a hypothetical focusing trajectory.

2 The QCD critical point focusing effect

To simulate the focusing effect, we assume that the
critical point lies at (T,up) = (162,360) MeV [8] and the
system evolution receives the focusing effect in central
Au + Au collisions at /sy =19.6 GeV with a chemical
freeze-out point at (Tch,up) = (152,188) MeV [28]. Be-

sides the starting (critical point) and ending (chemical
freeze-out point) points, the hydrodynamic conjectured
trajectory with focusing effect is shown in Fig. 1. Follow-
ing the methods in Refs. [25, 27], the normalized relative
time ¢ = L/ Ly, 1s used to characterize the time scale of the
isentropic trajectory on the QCD phase diagram. The sys-
tem is evolving from the critical point along the conjec-
tured trajectory to the chemical freeze-out point. The L
represents the path length along the trajectory from the
critical point to the considered point, and Ly is the total
path length along the trajectory from the critical point to
the chemical freeze-out point. The system is assumed to
be in thermodynamical equilibrium and continues to emit
particles. The number of particles 4 emitted at time ¢
along the trajectory is calculated by

YA[T (@), up(1)]
1
f Ya()dt
0

Da(n) = XYa(t=1), (D

where A is the type of particle. Y4(¢) is the yield of
particle A at a certain point on the trajectory, which is de-
termined by a statistical thermal model THERMUS [32].
Ya(t = 1) is the yield at the chemical freeze-out point and
with the normalization condition fol Da(tydr=Y(t=1).
This means that the sum of the total number of emitting
particles 4 equals to the particle multiplicity at chemical
freeze-out.

Time evolution of the particle ratios Np(t)/N,(t),
N;(t)/Ny(1), and N, (1)/N-ue(t) for the focusing effect tra-
jectory is shown in Fig. 2. Those ratios show an increas-
ing trend as a function of time from the critical point
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Fig. 1. (color online) Sketch of conjectured QCD phase dia-

gram with crossover (black dashed line), 15 order phase
transition boundary (black solid lines), and QCD critical
point (red solid circle, (T,up) = (162,360) MeV). A hypothet-
ical system evolution trajectory (red dashed lines) is also
plotted and ends with the chemical freeze-out point (blue
solid circle).
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Fig. 2.
3He/>He ratios along ocusing trajectory.

(color online) Time evolution of p/p, d/d, and

(t=0) to the chemical freeze-out point (# = 1) caused by
the decreasing up/T ratio along the focused trajectory.
Because of the QCP focusing effect, the time evolution of
three particle ratios is different and should be proportion-
al to exp[-2A x up/T]. The N;j(r)/N,(¢f) is more gradual at
the earlier stage and more abrupt at later stage than
N(0)/N, (D).

To obtain the Br dependence of those ratios, one
needs to know the relation between emission time ¢ and
transverse velocity Br. This relation can be obtained
quantitatively by transport model, UrQMD [33]. UrQMD
is based on relativistic Boltzmann dynamics involving
binary hadronic reactions, which are commonly used to
describe the freeze-out and breakup of the fireball pro-
duced in relativistic heavy-ion collisions into hadrons.
Two dimensions of Br — distribution for p and p, N,(8,1)
and Nj(B,t) are calculated by UrQMD Au+Au collisions
at v/sny =19.6 GeV with impact parameters b < 4 fm. The
average emission time {femission) @s @ function of Br of p
and p from UrQMD are shown in Fig. 3. We observe
strong Br —t anti-correlation for p and p during the evolu-
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Fig. 3. (color online) UrQMD calculations for gr depend-

ence of average emission time of p and p at mid-rapidity
[yl < 0.3 in Au+Au collisions at /syx = 19.6.

tion of the system. This indicates that the particles with
larger transverse velocity are freezed-out at earlier time.
We also found (Zemission) for p are larger than p for a cer-
tain By, which suggests larger freeze-out time for protons
than anti-protons.

Once obtaining the relation between emission time ¢
and transverse velocity Br, we can calculate the 87 de-
pendence of p/p ratio (solid triangles) as

U
PBr) _ f Np @r.ndt
p(Br) fNII,J(,BT,t)dt

where NJ(Br,1) and N))(Br,1) are the Br—1 distribution
for p and p, respectively. The results are shown in Fig. 4.
The p/p ratio from UrQMD shows an increasing trend as
a function of Br (upto Br = 0.6) in the absence of the QCP
focusing effect, as the UrQMD does not include the phys-
ics of critical point. The d/d and *He/*He ratios from Ur-
QMD should show similar trends as the p/p ratio, if the
probability is similar of forming a light nuclei from nuc-
leons and anti-nuclei from anti-nucleons.

To obtain the 87 dependence of the anti-particle to

2)

I Au+Au Collisions
3 o e
= "I uramD " " .
0 i Fo_cusmg Effect '.,A‘
o 0.08 4 PP . .
O - @ d/dx 10 s
t - ® *He/°He x 100
Soos- . e

L Areeee N UrQMD

L1 L .

0 0.2 0.4

Fig. 4. (color online) p/p, d/d, and 7/t as a function of gr
from UrQMD and UrQMD + QCP focusing effect. Shaded
band represents range of pr/A from 0.5 to 2 GeV/c. 4 de-
picts the mass number of light nuclei.

particle ratio with QCP focusing effects, we convolute the
time evolution of these ratios from Fig. 2 with the By —¢
distribution from UrQMD. The multiplicity of certain
particle with Br and ¢ is calculated by the thermal model.
That means the Br —¢ distribution of particle with QCP
focusing effect can be calculated by

NY(Br,1)
fNE(ﬁT,t)dﬂT

where A = p, p,d,d,---. The normalized B —t distribution

NEE@Br.1) = X Dy(1), 3)
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NYBr,1)
[NY@Br,0dBr
those for p and p in this study, as the light nuclei are co-
alesced by nucleons. The Br —¢ distribution of 3He and
3He or heavier light nuclei can also be derived from the
equations above. By using By —¢ distribution of particles
with the QCP focusing effect obtained in Eq. (3), the Br
dependence of anti-particle to particle ratio can be calcu-
lated by Eq. (2).

We show the Br dependence of p/p, d/d, and
3He/*He ratios with QCP focusing effect in Fig. 4. The 87
dependence of 7/t (triton) is similar to the results of
3He/*He owing to the similar particle yield of the two
types of particle. By comparing the p/p results from pure
UrQMD calculations with those receiving the QCP focus-
ing effect, we find very different B dependence trends.
This means the QCP focusing effect can lead to anomaly
in Br dependence of anti-particle to particle ratio. We ob-
served that the slope of these ratios are almost flat at low
Br and become negative at higher B7. In our study, this
shows that the heavier light nuclei are more sensitive to
QCP. The heavier the particle is, the steeper slope we can
observe. However, the production for anti-light nuclei is
difficult to be measured at lower collision energy [34].
Thus, we propose using By dependence of anti-deuteron
to deuteron ratio to search for QCD critical point in
heavy-ion collisions.

Experimentally, one needs to measure the B depend-
ence of p/p ratios as a function of energy, centrality, and
rapidity and perform linear fits to obtain slopes. Negative
slopes could indicate the system trajectories have passed
through the critical region, and QCP is located on the
right of the chemical freeze-out point of this collision en-
ergy due to the focusing effect. Then, a finer scan by
looking at rapidity and centrality dependence of the
slopes can further help to locate the QCP and the width of
the critical region in the QCD phase diagram. The pr
spectra of p(p) and d(d) at mid-rapidity have been meas-
ured in AutAu collisions by the STAR experiment at
RHIC BES-I [34-37] with energies v/snny = 7.7-200 GeV.
In Fig. 5, the By dependence of 0%—5% collision central-
ity for p/p and 0%-10% for d/d ratios are shown. The
longitudinal momentum p, is smaller than the energy of
particle at mid-rapidity, and the approximation 8y = pr/E ~

for d and d are assumed to be the same as

pr/ \Jm+ p3 is used in our analysis, where E and mj are

the energy and mass of particle. We performed linear fits
to these data and found positive slopes for Br depend-
ence of p/p. The positive slopes for 87 dependence of
d/d are also observed for all energies except 19.6 GeV.
The decreasing trend of d/d at high Br in central Au+Au
collisions at 4/syny =19.6 GeV is consistent with the trend
in Fig. 4 with QCP focusing effect. If the anomaly in 87
dependence of d/d at 19.6 GeV is indeed due to the QCP
focusing effect, this indicates that the system evolution
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Fig. 5. (color online) pr dependence of 0%—5% central j/p

(left) and 0%—10% central d/d (right) are derived from the
pr spectra in Aut+Au collisions measured by the STAR ex-
periment at RHIC-BES energies [34-36]. Dashed lines de-
pict the linear fit. Error bars shown in the figure combine
both systematic and statistical errors.

trajectories have passed through the critical region, and
the up of the QCP should be larger than the chemical
freeze-out up of 19.6 GeV. Currently, we observe a posit-
ive slope for the 87 dependence of d/d at 14.5 GeV and
11.5 GeV. However, this could be due to the limited stat-
istics, which makes it difficult to measure the high g7 re-
gion, especially for d.

3  Summary

We studied the QCP focusing effect of 87 depend-
ence on j/p, d/d, and *He/>He ratios. The focusing ef-
fect is modeled by convoluting the particle density along
the focused trajectories and the By —t distribution from
the UrQMD model. The focusing effect will lead to a de-
creasing anti-particle to particle ratio when increasing Br.
We examined and performed a linear fit to the 87 depend-
ence of p/p and d/d, which are calculated from the STAR
measured pr spectra. We observed that only the fitting
slope of the d/d at \/syy =19.6 GeV is negative. The neg-
ative slope can be qualitatively explained in term of the
QCP focusing effect, which might indicate that the sys-
tem evolution trajectory at /syny =19.6 GeV has passed
through the critical region. This anomaly could be poten-
tially connected with the dip and peak structures ob-
served at 19.6 GeV in the measurements of net-proton
fluctuations and neutron density fluctuations, respect-
ively, by the STAR experiment. We can make more pre-
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cise measurements and pose further constraint on the up
value of QCP in the second phase of beam energy scan
program (BES-II, 2019-2021) at RHIC [38]. Further-
more, since up depends on rapidity, we could also per-
form a rapidity scan for the pr dependence of d/d at each
energy. This might allow us to map out the location of the

QCP with a finer up step. Finally, we predicted that the
Br dependence of heavier anti-light nuclei to light nuclei
ratio, such as 3He/?He and 7/, are more sensitive to the
QCP focusing effect.

We thank Dr. Nu Xu for the fruitful discussions.
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