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Squeezed back-to-back correlations of K "Kin d + Au collisions at
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Abstract: We investigate the squeezed back-to-back correlations (BBC) of K*K~, caused by the mass modification
of particles in the dense medium formed in d + Au collisions at +/syy =200 GeV and Au + Au collisions at
\sny = 62.4 GeV. Considering that some kaons may not be affected by the medium, we further study the BBC func-
tions of K*K~ when parts of all kaons have a mass-shift. Our results indicate that the BBC functions of K*K~ can be
observed when only ~10% of all kaons have a mass-shift in d + Au collisions at 4/syy =200 GeV and the peripheral
collisions of Au + Au at 4/syy = 62.4 GeV. Since the BBC function is caused by the mass-shift due to the interac-
tions between the particle and the medium, the successful detection of the BBC function indirectly marks that the
dense medium has formed in these collision systems. We suggest the experimental measurement of the BBC function
of K*K~ in d + Au collisions at 4/syy = 200 GeV and peripheral collisions of Au + Au at /syy = 62.4 GeV.
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1 Introduction

In high-energy heavy-ion collisions, people study the
entire collision process and the properties of matter pro-
duced in the early stage of collisions by analyzing the ob-
servables of particles in final state. The interactions with-
in the dense medium before the kinetic freeze-out may af-
fect the experimental observables and dilute the early sig-
nals, so the study of interactions between the particle and
the dense medium has always been a topic of concern
[1-7]. In the late 1990s, M. Asakawa et al. proposed that
particle mass might be modified by the interactions
between the particle and the medium formed in high-en-
ergy heavy-ion collisions. This may therefore lead to a
squeezed back-to-back correlation (BBC) of boson-anti-
boson [8,9]. The BBC is the result of a quantum-mechan-
ical transformation relating in-medium quasi-particles to
two-mode squeezed states of their free, observable coun-
terparts [8—10]. This is achieved by means of a Bogoli-
oubov transformation linking the creation (annihilation)
operators of the observed bosons to the creation (annihil-
ation) operators of the quasi-particles in the medium [8-
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10]. Since the BBC is related to the dense source, invest-
igations on the BBC may provide new insight for people
to understand the interactions between the particle and the
dense medium formed in high-energy heavy-ion collisions.

The BBC function is defined as [8,9]

|G s(k, —k)I* 1
G (k,k)G.(~k,~k)’ M
where G.(ki,k;) and Gy(ky,k,) are the chaotic and
squeezed amplitudes, respectively. For hydrodynamic
sources, with the formula derived by Makhlin and Siny-

ukov [11,12], the chaotic and squeezed amplitudes can be
expressed as [9,10,13-15]
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where d4a-ﬂ(r) is the four-dimensional element of the
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freeze-out hypersurface, which can be determined by a
hydrodynamic source for a fixed freeze-out temperature.
q‘ll,z =K -k, Kl{,z = (ki +K5)/2, and k! is the local-frame
momentum corresponding to k; (i = 1,2). The quantities
ck x and sk & are the coefficients of the Bogoliubov
transformation between creation (annihilation) operators
of quasiparticles and free particles, and Mk, is the boson
distribution assomated with  the partlcle pair
[8-10,13—15]. 57, ,, is zero in the case where there is no
mass modlﬂcatlon “and the BBC function will be 1. In
Eq. (3), the factor e?X=7 is equal to e* for k, =k,
k» = —k, = —k. Thus, the BBC function C(k,—k) is sensit-
ive to the temporal distribution of the freeze-out points
[9,10,13-16], which will be larger for a narrow temporal
distribution of the particles' freeze-out points
[9,10,13,15].

In experiment, the first search of BBC signals was
performed by the PHENIX collaborations [17], and the
K*K~ BBC function is only 1% larger than one in the
central Au + Au collisions at y/syy =200 GeV, hence not
present on a significant level. The simulation results in-
dicate that the k*k~ BBC function is suppressed by the
wide temporal distribution of the particles' freeze-out
points, and cannot be detected in Au + Au collisions at
vsny =200 GeV for central collisions [15].

Recently, the long-range angular correlations have
been first detected by the CMS collaboration in pp colli-
sions at 7 TeV at the LHC [18], and later they were also
observed in pp collisions [19,20] and p + Pb collisions
[21-24] in other collaborations at the LHC. This phe-
nomenon and the elliptic anisotropy of inclusive and
identified hadrons were likewise successfully detected by
the PHENIX collaboration in 5% of the most central d +
Au collisions at +/syy =200 GeV at the RHIC [25,26].
This indicates that the hydrodynamically expanding
quark-gluon plasma (QGP) medium may be created in
small systems, and hydrodynamic calculations are in
good agreement with measured v, in small systems
[27-31]. The BBC function is sensitive to the temporal
distribution of the particles' freeze-out points, and the
narrow temporal distribution corresponding to a small hy-
drodynamic source may lead to a large BBC. Motivated
by this, we study the BBC function of K*k~ in d + Au
collisions at v/syy = 200 GeV by using the VISH2+1 code
[32,33] to simulate the evolution of the particle-emitting
sources. Moreover, we calculate the BBC functions in Au
+ Au collisions at 4/syy = 62.4 GeV. The event-by-event
initial conditions of MC-Glb [34] are employed at
70 = 0.6 fm/c in the simulations, and the ratio of the shear
viscosity to entropy density of the QGP is taken to be
0.08 [35,36].

In Ref. [37], the squeezed correlation of the boson-an-
tiboson for k| # —k, was studied. The squeezed correla-
tion increases with the increasing angle between the

transverse momenta of the boson and antiboson, and the
squeezed correlation functions reach their maxima when
ki = —k,. In this work, we focus on studying the observ-
ability of the BBC of Kk*K~ in d + Au collisions at
vsvy =200 GeV and Au + Au collisions at /syy = 62.4
GeV, and calculate the squeezed correlation for k; = —k.

The rest of this paper is organized as follows. In Sec.
2, we present the transverse momentum spectra of kaons,
and the spatio-temporal properties of the kaon emission
source. In Sec. 3, we calculate the BBC functions of
K*K~ for central and peripheral collisions of d + Au at
vsvy =200 GeV and Au + Au at /syy = 62.4 GeV. Con-
sidering that some particles may not be affected by the
medium, we further introduce a Gaussian factor to de-
scribe the probability that a particle is affected by the me-
dium and study the BBC functions of Kk*K~- when parts of
all kaons are affected by the medium. Finally, a sum-
mary and conclusions are presented in Sec. 4.

2 Spectra and emission source of kaons

In Fig. 1, we show the transverse momentum spectra
of kaons simulated by the viscous hydrodynamic code for
the collisions of different centrality ranges. The experi-
mental data [38,39] are likewise plotted. One can see that
the simulated spectra for the freeze-out temperature
Tr=160 MeV fit the experimental data slightly better
(especially at high k7) than for 7y = 150 MeV. Hence, the
freeze-out temperature 7, of kaons will be selected as
160 MeV in this study.

For hydrodynamic sources with a Bjorken cylinder,
the four-dimensional element of the freeze-out hypersur-
face can be written as

d*ou(r) = fu(r,r ) drd®r dn, 4)
where 7, r,, and n are the proper time, transverse co-
ordinate, and space-time rapidity of the element. The
function f,(r,r.,n) is related to the freeze-out mechan-
ism that is considered, and K’l‘,2 fu(t,r1,n) corresponds to
the source distributions of proper time and space in the
calculations [see Egs. (2) and (3)].

In Fig. 2 (a) and (b), we show the space-time distribu-
tions of the freeze-out points, k* f,(t,r, 1), of kaons in the
z=0 plane in d + Au collisions at y/syy =200 GeV for
two centrality ranges. The spatial distribution is wide, and
the temporal distribution is narrow for d + Au collisions.
The freeze-out points of kaons in central and peripheral
collisions of Au + Au at v/syy = 62.4 GeV are plotted in
Fig. 2 (¢) and (d), showing that the width of the distribu-
tions increases towards central collisions. In Fig. 3, we
show the normalized distributions of time and transverse
coordinates of kaon freeze-out points in the z = 0 plane of
the collisions, as in Fig. 2.

In Table 1, we show some spatio-temporal properties
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Fig. 1.
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(color online) Transverse momentum spectra of kaons calculated with VISH2+1 for d + Au collisions at /syy =200 GeV (left

panel) and Au + Au collisions at /syy =62.4 GeV (right panel). The experimental data of d + Au collisions are measured by the
PHENIX Collaboration [38], and the experimental data of Au + Au collisions are from the STAR Collaboration measurements [39].
Solid lines depict the simulated spectra for the freeze-out temperature T, = 160 MeV, and the dashed lines depict the simulated spec-

tra for Ty = 150 MeV.
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Fig. 2. Distributions of kaon freeze-out points in the z = 0 plane for d + Au collisions at /syy =200 GeV (top panel) and Au + Au col-
lisions at /syx = 62.4 GeV (bottom panel).
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Fig. 3.

(color online) Normalized distributions of time and transverse coordinates of kaon freeze-out points in the z = 0 plane for d +

Au collisions at /syy =200 GeV (top panel) and Au + Au collisions at /syy = 62.4 GeV (bottom panel), as in Fig. 2.

Table 1. Spatio-temporal properties of kaon emission source.

collision systems centrality (T)/(fm/c) (ro)/fm (o7 )/(fm/c) (o )/fm

d+ Au (200 GeV) 0%—5% 3.02 2.14 0.66 0.91

d+ Au (200 GeV) 0%—-20% 2.59 2.31 0.58 0.87

d+ Au (200 GeV) 20%-40% 2.03 2.62 0.47 0.75
AutAu (62.4 GeV) 0%—5% 6.27 4.19 1.87 1.58
Au+ Au (62.4 GeV) 50%—-60% 2.87 2.20 0.84 0.99
Au+ Au (62.4 GeV) 60%—-70% 2.46 2.02 0.71 0.93

of the kaon emission source. Here, 7 and |r | are the aver-
age time and the average transverse radius of kaon freeze-
out points in the z = 0 plane for a single event. o; and o,
depict the standard deviation of the freeze-out time and
transverse radius, respectively, for a single event:

1 N
— > (1i-7)2, )
1 & —
o= | D rali=Irih?, (©)

i=1
where N is the total number of the freeze-out points for a
single event, 7; and |r_|; are the space-time coordinates of
the freeze-out point denoted by i. (---) in Table 1 denotes
the average over events. The (7) and (Jr.|) are the aver-
age time and the average transverse radius, respectively,

of kaon freeze-out points in the z=0 plane for many
events. The average time of kaon freeze-out points de-
creases from central to peripheral collisions in d + Au and
Au + Au collisions. The collision of two nuclei occurs at
the center of the transverse plane in the Au + Au colli-
sion, and the size of the source increases towards central
collisions. Thus, (|, |} decreases from central to peripher-
al collisions in the Au + Au collision. However, (|r, |} in-
creases from central to peripheral collisions in the d + Au
collision. This is because the collisions deviate from the
center of the transverse plane with the decreasing colli-
sion centrality in the d + Au collision. (o) and (o, ) are
the average width of time and space, respectively, of the
freeze-out points for many events. They decrease with in-
creasing collision centrality in d + Au collisions at
vsvy =200 GeV and Au + Au collisions at /syy = 62.4
GeV.
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3 BBC results

The BBC function is caused by the mass-shift due to
the interactions between the particle and the medium, and
it will be equal to 1 in the case of no mass-shift. In this
study, the mass of kaons in the medium is treated as a
parameter, and we assume that there is no mass-shift if
the particle is not affected by the medium. The size of the
systems of d + Au collisions and the peripheral Au + Au
collisions are too small, and some particles may not be af-
fected by the medium in these collision events. Therefore,
the BBC results of K*K~ are shown in two subsections.
In section 3.1, we show the BBC results for all kaons
with mass-shift. In turn, section 3.2 presents the BBC res-
ults for parts of all kaons with mass-shift.

3.1 All kaons have a mass-shift

When all particles have a mass-shift, the BBC func-
tion averaged over event-by-event calculations for many
events was defined as [15]

N
D Gk, ~k)P
Clh~k) = 1+ S——, ™

D 1Geitk, k)
i=1

where N is the total event number. G.(k,k) and
Gi(k,—k) are the chaotic and squeezed amplitudes, re-
spectively, for a single event denoted by i. The chaotic
amplitude G.(-k,-k) is equal to G.(k,k) for the same
event, and we use G.;(k, k) uniformly in Eq. (7).

In Fig. 4, we show the BBC functions of K*K~ aver-
aged over event-by-event calculations for central and

(a) d+Au, 200 GeV, 0-5%

1.15

ClkK)

S

Fig. 4.

(e) Au+Au, 62.4 GeV, 50-60%

=3
= e

peripheral collisions of d + Au at /sy~ =200 GeV and
Au + Au at /syy =62.4 GeV. The BBC functions are
shown in the k-m. plane, where m, is the kaon mass in the
dense medium. If m. is equal to the kaon mass in vacuum
(494 MeV), there is no mass-shift, and the BBC func-
tions of K*K~ become one (see Fig. 4). For d + Au colli-
sions, the freeze-out temporal distribution of kaons is
much narrower (see Fig. 2 and Fig. 3), and the temporal
width parameter of the kaon emission source (o ) is like-
wise very small (see Table 1). As is well known, a nar-
row temporal distribution may lead to a large BBC. The
BBC functions of K*K~ for the collisions of d + Au at
v/snn =200 GeV are much stronger than those for the col-
lisions of Au + Au at /syy =200 GeV and Pb + Pb at
vsvy =2.76 TeV [15]. Hence, they are very likely to be
observed experimentally. An observable signal of K+K-
BBC is also provided in the peripheral collisions of Au +
Au at +/syy = 62.4 GeV. For hydrodynamic sources, the
BBC functions of K*K~ decrease with the increasing mo-
mentum k for a fixed m,. This phenomenon is different
from the results for the expanding source with the expo-
nential decay emission time distribution [9,10,13,
40,41]. This can be attributed to two factors: first, the
BBC functions are affected by the emission time distribu-
tion of the particle [13-15], and second, the anisotropic
flow also affects the BBC functions [41] (e.g., in Ref.
[13], the BBC functions of K*K~ decrease with the in-
creasing momentum k for a fixed m. for the expanding
source with the a-stable Lévy emission time distribution).

In Fig. 5, the BBC functions of K*K~ are shown as a
function of m, at k =200 MeV and k = 800 MeV for cent-
ral and peripheral collisions of d + Au at \/syy =200 GeV
and Au + Au at +/syy =62.4 GeV.For a fixed mo-
mentum, the BBC functions increase with the decreasing

(c) d+Au, 200 GeV, 20-40%

(f) Au+Au, 62.4 GeV, 60-70%

(color online) BBC functions of g+x- averaged over event-by-event calculations for central and peripheral collisions of d +

Au at v/syy =200 GeV (top panel) and Au + Au at /syy = 62.4 GeV (bottom panel).

074105-5



Chinese Physics C Vol. 43, No. 7 (2019) 074105

3 - (a) d+Au, 200 GeV, k=200 MeV - (b) d+Au, 200 GeV, k=800 MeV 3
C—— 05% /N T .
< 25 ga0% /'/ o F 3
v 5 - 2040% ;) o N F 3
O “E N = FN ]
C ) T . N -
1.5 !y — e
C = /., ~ 3
P T——=._ = -
1 1 1 11 I 11 11 I L1 11 I 11 11 1 - 1 I 1 I 1111 I 111 T
[ (c) Au+Au, 62.4 GeV, k=200MeV T (d) Au+Au, 62.4GeV, k=800 MeV ]
P -50, 7N T n
12 0-5% ) ; .\‘ i —
< - 50-60% \ T .
N [ — —  60-70% ~ I i
=3 - N N4 N —
O 11+ AN rN —
R Ny ~ 4 : . -
- 1y S~ SN
- 4/ 4 ;/ \\:\-\
b — — — '\\\ é —-'_."_'_.__':-\\\ } =

1 111 1 1111 I L1 11 I 111 1 11 11 I 11 11 | 1111 I 11 11
0.2 04 0.6 0.8 0.2 04 0.6 0.8 1

m, (GeV) m, (GeV)

Fig. 5.

(color online) BBC functions of x+k~ as a function of m, at k=200 MeV and k =800 MeV for central and peripheral colli-

sions of d + Au at v/syy =200 GeV and Au + Au at /syy =62.4 GeV.

temporal width parameter (o7 ).
3.2 Parts of all kaons have a mass-shift

The narrow temporal distribution corresponding to a
small source may lead to a large BBC. However, if the
source is too small, the particles may not be affected by
the medium. Hence, we introduce a Gaussian factor
e~7:/27 to describe the probability of the particles without
a mass-shift. Here, o is a spatial width cut parameter,
and the probability of the particles with mass-shift is
P(o,) = 1—e9//2 In Fig. 6, we show the probability
P(o,) as a function of o, with different o.. For the source
with a certain o, the probability decreases with the in-
creasing cut parameter o.

[u—

c,)
o o
o o

04

o
[}

i —— o0,=21m
f?;/| 1111 | 1111 | 111l | 1111

1 2 3 4 5
o, (fm)

(=)

(=) |||||||||||||||||||||||||

Fig. 6. (color online) Probability of particles with mass-shift
as a function of o, for different spatial width cut parameter

T

The probability P(o,) fluctuates among the events for
a fixed cut parameter o, because the width parameter o,
of the source fluctuates among the events. The average
probability, (P(c,)), of the kaons with mass-shift for
central and peripheral collisions of d + Au at /syy =200
GeV and Au + Au at /syy = 62.4 GeV is shown in Table
2, where (- --) depicts the average over events.

When parts of all particles have a mass-shift, the BBC
function averaged over event-by-event calculations for
many events becomes

C(k,—k)=

N
D (1= PGk, ~k)
1+ El ,

DA =TI G, B + e PTGl (K, )P
i=1

(®)
where GY, is the chaotic amplitude when there is no mass
shift.

In Fig. 7, BBC functions of x*K~ are shown as a
function of m, at k=200 MeV and k=800 MeV with
various cut parameters o in central and peripheral colli-
sions of d+Au at /syy = 200 GeV. For a certain cut para-
meter o, the probability of the kaons with mass-shift de-
creases with the increasing collision centralities (see Ta-
ble 2), so the BBC functions are more suppressed in peri-
pheral than in central collisions. A large cut parameter o,
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Table 2. Average probability of kaons with mass-shift for central and
peripheral collisions of d + Au at 4/syy =200 GeV and Au + Au at
\VSNN = 62.4 GeV.

(P(ap)):

. =1fm o.=15fm o, =2fm

d+ Au (200 GeV) 0%—5% 33.8% 16.9% 9.9%
d+ Au (200 GeV) 0%-20% 31.6% 15.7% 9.2%
d+ Au (200 GeV) 20%-40% 24.5% 11.9% 6.9%
Au+ Au (62.4 GeV) 0%—5% 71.3% 42.6% 26.9%
Au + Au (62.4 GeV) 50%—-60% 38.9% 19.9% 11.8%
Au + Au (62.4 GeV) 60%—-70% 34.9% 17.6% 10.4%

corresponds to a small probability of the kaons with
mass-shift, and it leads to a small BBC (see Table 2 and
Fig. 7). The BBC functions of K*K~ may be observable
when only 9.9% of all kaons have a mass-shift in 0%—-5%
of d + Au collisions at +/syy =200 GeV for o, =2 fm
(see Fig. 7 (¢) and (¥)).

In Fig. 8, we show the BBC functions of k*K~ as a
function of m. at k=200 MeV and k=800 MeV with
various cut parameters o in central and peripheral colli-
sions of Au + Au at /syy =62.4 GeV. The BBC func-
tions of K+K~ decrease with the increasing cut parameter
o, because the probability of the kaons with mass-shift
decreases with the increasing cut parameter. In peripher-
al collisions of Au + Au at \/syy =62.4 GeV, the BBC
functions of K*K- may perhaps provide an observable
signal.

4 Summary and conclusions

In high-energy heavy-ion collisions, the interactions
between the particle and the dense medium may lead to a
modification of the particle mass, and thus give rise to a
squeezed BBC of the boson-antiboson. Investigations of
the BBC in previous studies indicate that the BBC func-
tion C(k,—k) is sensitive to the temporal distribution of
the freeze-out points [9,10,13-16]. The BBC function will
be larger for a narrow temporal distribution of the
particles' freeze-out points [9,10,13,15].

In this study, we focus on the observability of the
BBC functions of K*Kk~ in d + Au collisions at
vsvy =200 GeV and Au + Au collisions at /syy = 62.4
GeV using the VISH2+1 code [32,33] to simulate the
evolution of particle-emitting sources. In comparison to a
previous work [15], we select the freeze-out temperature
by fitting the transverse momentum spectra of kaons. For
all kaons that have a mass-shift, the BBC functions of
K*K~ provide an observable signal in d + Au collisions at
v/synv =200 GeV and peripheral collisions of Au + Au at
vsnn = 62.4 GeV. Considering that the systems of d + Au
collisions and peripheral collisions of Au + Au are too
small, the kaons may not be affected by the medium.
Therefore, we introduce a Gaussian factor to describe the
probability of the kaons with mass-shift and further study
the BBC functions of x*K~ in parts of all kaons with
mass-shift. The BBC functions of K*K~ may be observ-
able when only about 10% of all kaons have a mass-shift
in d + Au collisions at +/syy =200 GeV and peripheral
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Fig. 7.

(color online) BBC functions of x*+x- as a function of m. at k =200 MeV (top panel) and k =800 MeV (bottom panel) with

various cut parameters o in central and peripheral collisions of d + Au at /syxy =200 GeV.
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(color online) BBC functions of x+x- as a function of m, at k=200 MeV (top panel) and &k = 800 MeV (bottom panel) with

various cut parameters o in central and peripheral collisions of Au + Au at /syy = 62.4 GeV.

collisions of Au + Au at \/syy = 62.4 GeV.

In the calculations, a hydrodynamic model was used
to simulate evolutions of the system and the effect of in-
teractions in the hadronic phase on kaon transverse mo-
mentum spectra was not taken into account. Thus, the
kinematic freeze-out temperature of kaons selected in this
study is close to the chemical freeze-out temperature
[42,43]. If the kinematic freeze-out temperature is signi-
ficantly lower, the effect of interactions in the hadronic
phase on the BBC functions needs to be considered. The
momentum distribution of kaons may be changed after
hadronic re-scattering [44]. In this case, the maxima of
the squeezed correlations (for k; = —k;) may be sup-
pressed, and the slope of the squeezed correlation with re-

spect to the angle between the momenta of the kaon and
anti-kaon becomes smaller. The contribution of hadronic
interactions on kaons is expected to be very small for
small collision systems [45]. Hence, the BBC function of
K*K- may be observable in d + Au collisions at
vsny =200 GeV and peripheral collisions of Au + Au at
Vsny = 62.4 GeV. Since the BBC function corresponds to
the interactions between the particle and the dense medi-
um, the successful detection of the BBC function may in-
directly mark that the dense medium has formed in these
collision systems. We suggest the measurement of the
BBC function of K*K~ experimentally in d + Au colli-
sions at 4/syy =200 GeV and peripheral collisions of Au
+ Au at \/syny =624 GeV.
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