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Abstract

This study aims to investigate the production of light nuclei, hypertritons, and Q-hypernuclei in Pb+Pb collisions at
\/sN_N = 5.02 TeV using a modified analytical nucleon coalescence model with hyperons. To this end, the momentum dis-
tributions of two bodies coalescing into dibaryon states and of three bodies coalescing into tribaryon states are derived.
Available data on coalescence factors B, and Bj, transverse momentum spectra, averaged transverse momenta, yield rapidity
densities, and yield ratios of the deuteron, antihelium-3, antitriton, and hypertriton measured by the ALICE collaboration are
explained. Productions of different species of Q-hypernuclei H(pQ~), H(nQ™), and H(pnQ~) are predicted. Particularly, the
production correlations of different light (hyper-)nuclei are studied, and two groups of interesting observables—the averaged
transverse momentum ratios of light (hyper-)nuclei to protons (hyperons) and their corresponding yield ratios—are studied.
The averaged transverse momentum ratio group exhibits a reverse hierarchy of the nucleus size, and the yield raito group is
sensitive to the nucleus production mechanism as well as the size of the nucleus.

Keywords Light nucleus production - Hypernucleus production - Coalescence model - Relativistic heavy ion collision

1 Introduction community; e.g., the hadronization mechanism [9], hadronic
rescattering effect [10], structure of the quantum chromo-

In ultra-relativistic heavy ion collisions, light nuclei and  dynamics phase diagram [11-15], local baryon-strange-

hypernuclei such as deuteron (d), helium-3 (*He), triton
(t), and hypertriton (iH) are produced as a special group
of observables [1-5]. These groups comprise composite
clusters, and their production mechanism is still debated
[6-8]. Production mechanisms of such composite objects
face many fundamental issues in relativistic heavy ion
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ness correlation [16, 17], system freeze-out characteristics
[18-20], hyperon—nucleon interaction [21, 22], and search
for more hadronic molecular states [23, 24].

The production mechanisms of light nuclei and hypernu-
clei in ultra-relativistic heavy ion collisions have attracted
considerable attention in experimental [25—-28] and theor-
itical [29-32] research in the last few decades. The STAR
experiment at the BNL Relativistic Heavy Ion Collider
(RHIC) and the ALICE experiment at the CERN Large
Hadron Collider (LHC) have been conducted to measure
light nuclei [33-37] and hypernuclei [38—40]. Theoretical
research has considered two popular production mecha-
nisms: the thermal production mechanism [41-45] and the
coalescence mechanism [46—50], which have been proven to
be successful in describing the formation of such composite
objects.

The coalescence mechanism, assuming light nuclei and
hypernuclei are produced by the coalescence of the adja-
cent nucleons and hyperons in the phase space, exhibits
certain unique characteristics such as the mass number
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scaling property [51-53] and nontrivial coalescence fac-
tor behavior [54-57]. To understand the extent to which
these characteristics depend on the particular coalescence
models used in obtaining these characteristics, we have
developed an analytical model for describing the produc-
tions of different species of light nuclei, as reported in
our previous works [58-61]. We applied the developed
analytical nucleon coalescence model to Au+Au collisions
at the RHIC to successfully explain the energy-dependent
behaviors of d, t, 3He, and “He [58, 59]. We also applied
the model to pp, p+Pb, and Pb+Pb collisions at the LHC
to understand different behaviors of coalescence factors
B, and B; [60] from small to large collision systems, and
a series of concise production correlations of d, 3He, and
t [61] were presented.

Recently, the ALICE collaboration published the most
precise measurements of d, *He, t, and especially J H in
Pb+Pb collisions at m = 5.02TeV to date [62—-64]. In
this study, we extend the coalescence model considering
the coordinate—momentum correlation [61] to include
the hyperon coalescence besides the nucleon coalescence
and apply it to simultaneously study the productions of
light nuclei, 3 H, and Q-hypernuclei. This study primar-
ily aims to present a comprehensive overview of the lat-
est data published in Pb+Pb collisions with the highest
collision energy. The study also aims to explain the pro-
duction characteristics, specifically, the production cor-
relations of light nuclei and hypernuclei originating from
the coalescence. We propose two groups of interesting
observables—the averaged transverse momentum ratios and
centrality-dependent yield ratios of light nuclei to protons
and hypernuclei to hyperons. These ratios tend to offset
the differences in the primordial p, A, and Q~, making
them potent to reveal the existence of a universal produc-
tion mechanism for different species of nuclei in light and
strange sectors. These ratios are found to exhibit certain
relationships, which are considerably different from those
observed in the thermal production mechanism.

The remainder of this manuscript is organized as follows:
Section 2 introduces the coalescence model and presents the
formulae of the momentum distributions of two baryons
coalescing into dibaryon states and three baryons coalescing
into tribaryon states. Section 3 presents the behaviors of B,
and B; evaluated as functions of the collision centrality and
the transverse momentum per nucleon. Furthermore, the
transverse momentum (pr) spectra, averaged transverse
momenta (py), yield rapidity densities dNV/dy, and yield
ratios of d, *He, and T are presented. Section 4 presents the
results of the f\H and Q-hypernuclei. Specifically, the
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evaluated. Finally, Section 5 presents the conclusions drawn
from the study findings.
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2 Coalescence model

This section presents the extension of the analytical nucleon
coalescence model developed in our previous work [61]
to include the hyperon coalescence. The current model
executes the coalescence process on an equivalent kinetic
freeze-out surface formed from different times. To realize
the analytical and intuitive insights, we eliminate the sys-
tematic time-evolution execution and utilize the finite emis-
sion duration in an effective volume. First, the formalism of
two baryons coalescing into d-like dibaryon states is given.
Subsequently, an analytical expression of three baryons coa-
lescing into 3He, t, and their partners in the strange sector
is presented.

2.1 Formalism of two bodies coalescing
into dibaryon states

Starting with a hadronic system produced at the final stage
of the evolution of high-energy collisions, we consider that
the dibaryon state H; is formed via the coalescence of two
baryons h; and h,. We use ij(p) to denote the three-dimen-
sional momentum distribution of the produced Hj, as
follows:

@) = [ 0o iy, 513012

X RHi(xl,xz;Pl,pZ,P)-

ey

Here, f; n,(x,X,p;.p>) is the two-baryon joint coordi-
nate—-momentum distribution and ’RHj (x1,X%53p1,P>,P) 1s the
kernel function of the Hj. Hereinafter, we use bold symbols
to denote three-dimensional coordinates and momentum
vectors.

In terms of the normalized joint coordinate—-momentum
distribution denoted by the superscript ‘(n)’, we have

ij(P) =Nh1h2/dxldxzdpldl’zféﬁ)lz(xl’xzélh,l’z)

X an(xl,xﬂ’l’l’zd’)
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Here, Ny, 1, = Ny, Ny, is the number of all possible h; hy-pairs
in the considered hadronic system, and Ny, (i=1,2)is the
number of the baryons h,.

The kernel function Rﬁj (X,,%,5p,,P,,p) denotes the prob-
ability density for h;, h, with momenta p, and p, at x, and x,
to combine into an H; of momentum p. It carries the kinetic
and dynamical mformatlon of h, and h, combining into H;, and
its precise expression should be constrained by laws such as
the momentum conservation and constraints due to intrinsic
quantum numbers; e.g., spin [58—61]. To consider these con-
straints explicitly, we rewrite the kernel function in the follow-
ing form:

Ry (1, %53p1,P2,P) = gH,Rf{j’p)(xl,xz;pl,pz)

o(3p-0)

i=1

2
The spin degeneracy factor gy = (2Jy + 1) / lH(ZJh, + 1)],
! ! =1

where JH,_ is the spin of the produced H; and J,, is that of the
primordial baryon h;. The Dirac 6 function guarantees
momentum conservation in the coalescence process. The
remaining R(X’p)(xl,xz;pl,pz) can be solved using the

Wigner transformatlon as the H; wave function is given.
Considering the wave function of a spherical harmonic oscil-
lator is particularly tractable and useful for analytical
insights, therefore, we adopt this profile as reported in Refs.
[65-67] and have

(x.p) o 22 _mlz,,;)l
RH, (X1, X5p1,Py) =8¢ 22 e mrm? 4
The superscript *’” in the coordinate or momentum variables
denotes the baryon coordinate or momentum in the rest
frame of h;h,-pair. Moreover, m, and m, represent the mass
of h; and that of h,, respectively. The width parameter

_ 2(m, +my)? . _ _ .
o= Erp RHj, where RH/_ is the root-mean-square radius
of the H;.

Substltutmg Egs. (3) and (4) into Eq. (2), we have

fH(P) Ny 1h,8H, /d"’d*‘fzdjl’ﬁiI’Qf}1 (X1, X201, P2)

|- 202 (mop, -1 p))? 2 (®)]
X8 22 e mtm)? § Zpi—lf .

i=1

This is the general formalism of the H; production via the
coalescence of two baryons h; and h,.

Notably, the root-mean-square radius RH,. of the dibaryon
state H; is always about or larger than 2 fm, and o is consider-
ably larger than RHj_. Thus, the Gaussian width in the momen-

tum-dependent part of the kernel function in Eq. (5) has a
small value, about or smaller than 0.1 GeV/c. Therefore, we
approximate the Gaussian form of the momentum-dependent
kernel function to be a 6 function as follows:

2
p_m o
P my P

3
o () fem VR s om) ©
m Py mp2
\/50' 2 2

The robustness of the 6 function approximation has been
checked at the outset of the analytical coalescence model in
our previous work [60]. Substituting Eq. (6) into Eq. (5) and
integrating p, and p,, we obtain

ij(p)zNhlhng,/dx1dxzdP1dP2
3

n o fX’>2 T m 3

f“(xl,xz»pppz)Se I <\/_£> <1+—‘)

20 m,

2
i m ,
X 5<P1 - m_p2>5<;pi _P>
= Np,h,8H, /dx dx,dp, dI’th X1, X3P, P))
3
(x/,,/)z T 3 (7)
X 8¢ 37 \/_ <1+—> V5<P1—ﬂpz>
Vie my
2
xa(zpi _,,>
i=1
3
Vr
:Nhlhngiy = x8/dx1dx2
V26

(n) mp m,p —ﬂ
fh h2 ] ) 29 ) e 0% .

m;+my, m; +m,

Here, y denotes the Lorentz contraction factor corresponding
to the three-dimensional velocity B of the center-of-mass
frame of the h h,-pair in the laboratory frame, and the
momentum transformation parallel to f is

roo My 1 _m i
Py~ mPay = y<P1// mzpz//)andthatperpendlcularto
p is invariant.

Changing coordinate variables in Eq. (7) to

X = \/E(mlx1+m2x2) and r = X=X,

my+m, V2

x/%>3
Sa®@) =Ny, e
H; hthJ/(\/zg

><8/dXdr(") mp_ oMb\ %
my+my, my+m,

®)

gives
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Considering the strong interaction and coalescence to be
local, we neglect the effect of collective motion on the center
of mass coordinate and assume it is factorized as

ny,p nm,p
Fam | Xo7: : = X)
my+my, my+my 12

©))
s @ [ - mp mp
Juum, Sy my )

1y my +my

Substituting Eq. (9) into Eq. (8), we have

3
ij(P) = thﬁHﬂ’(%)

m m _?
><8/drf}f:1;2 r; P , P e 7.

We adopt the frequently-used Gaussian form for the rela-
tive coordinate distribution, as reported in Refs. [68—70],
as follows:

w (.. ™p myp _ 1
Furny r’ml +my m+m, ) N
[ﬂCORf(p)]

)
TR m m
X e CORf(p)f(l’l) < 4 P >

(10)

an

Wb\ my +my” my +m,

Here, Ri(p) is the effective radius of the hadronic source
system at the H]- freeze-out, and C is introduced to make
r?/C, to be the square of one-half of the relative position
and is equal to 2 [68-70]. In this case, Ry(p) is the Han-
bury—Brown-Twiss (HBT) interferometry radius, which can
be extracted from the two-particle femtoscopic correlations
[69, 70].

With instantaneous coalescence in the rest frame of the
h,h,-pair, i.e., A/’ = 0, we get the coordinate transformation

r-p
B

The instantaneous coalescence is a basic assumption
in coalescence-like models, wherein the overlap of the
nucleus Wigner phase—space density with the constituent
phase—space distributions is adopted [65]. Considering
the coalescence criterion judging in the rest frame is more
general than in the laboratory frame, we choose the instan-
taneous coalescence in the rest frame of the h,h,-pair, as

r=r+@-1)

B. 12)

@ Springer

reported in Refs. [65, 71]. Substituting Eq. (11) into Eq. (10)
and using Eq. (12) to integrate from the relative coordinate
variable, we obtain

8”3/28Hj7

fa@) =
H 23/2|CoRXp) + 62| \/Co[R(p) /7T* + 02

mp myp
X 5 .
fh]hz(’”l +my my +m2>

13)

Ignoring the correlations between h, and h,, we obtain the
three-dimensional momentum distribution of the H; as

8773/2gij

Fu@) =
V[ R p) + 02 VGO IR /1 T + 0

mp mp
X .
h <m1 +m2>fh2<m1 +m2>

Denoting the Lorentz invariant momentum distribution
ON_ &N
dp?>  2zprdprdy

14

with £ we finally get

873/ ng,-

(inv)
) =

22[CoR*(pr.y) + 621/ Cy + 02

My, f(inv) mpy y f(inv) UI%¢ y
mym, M my +m,’ 2 \my+my’ )’
(15)

where y is the longitudinal rapidity and My, is the mass of H;

R?(I?T’,V)
12

X

2.2 Formalism of three bodies coalescing
into tribaryon states

For tribaryon state H; formed via the coalescence of three
baryons hy, h,, and h,, the momentum distribution fi; (p) is
J

Ju, @) :Nh]h2h3/dx1dx2dx3dl’1dp2dp3fh(7112h3

(%1, X2, X330 1, P2, P3) Ry (X1, %, X331, P2, D3 P)-
(16)
Here, Ny p,h, is the number of all possible h; h,hs-clusters and
equals to Ny Ny Ny, N, (N, — DNy, for hy # h, # hs, and
h, =h, # h;. Moreover, f}:?lzhz(x1’x2’x3§l’1’P2’P3) is the

normalized three-baryon joint coordinate—momentum
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distribution, and RH/ (X1,%,,X33P1,P2.P3.P) 18 the kernel
function.
The kernel function can be modified as

RH/.(xl’xzsx3§P1’P27P3’P)
3
(x,p) .
= gHjRI;jp (¥1,%3,X33P1,P2,P3)6 ZP[ -p

i=1

a7

3
The spin degeneracy factor gy = (2Jy + 1) / 1127, + D
! ! i=1 '

The Dirac 6 function guarantees momentum conservation.
Solving from the Wigner transformation [65-67],

(x.p) . .
RHI, (X1,X,5,X33p1,P2,P3) 18

Rf{j’p)(xl,xz,xg;pl,pz,pg)

’ /
myx’ myx.
12 — 1L 2 2
e =? 2y g 3 262 (') -y py)?
2 202 302 - 2 (18)
=8 e 1 e 5 e (my+my)

_ 303 (m3p), +m3ph—(my +my)p), 12

e 2(mq +mo+m3 )2

Here, the superscript ‘’” denotes the baryon coordinate or
momentum in the rest frame of the h;h,h;-cluster. The width

parametero; = \/

ms(my+m,)(m+my+my)

)RHj, and

mymy(my+my)+myms(my+my)+mym (my+m

— 4mymy (m, +my+m;)*
0, = Ry ,
3(my+my)[mymy(my+my)+myms (my+ms)+mym; (my+my)]
where Ry is the root-mean-square radius of the H;. Substitut-
J
ing Egs. (17) and (18) into Eq. (16), we obtain

ij(P) = 82Nhlh2h3gH/-

A

avi
=02 2 ey )

/dxldxzdx3dp1dp2dp3e_ “ e 3

() .
fh]hzhz(xl’x23x3’171,1’2’1’3) (19)
_ZUlz(mzp& —mlp/z)z
x e ("11*’"2)2

_ 36% [m3p/l +m3p/2—(m1+m2)pgjz 3

6 ZP:“P

i=1

e 2(my +mo+m3)?

Approximating the Gaussian form of the momentum-
dependent kernel function to be a 6 function and integrating
D1, Py, and p; from Eq. (19), we obtain

Ju, @) = 8Ny, hyh, 8n,

/dxldxzdxsdpldpzdpsf}f?gghl(xlsx27x3§P1’172,P3)

! /N2
(¥} —x3)
202
e 1
’ ’ 2
mx| m,x; ,
2 + —x;
my+m, my+m
B 2
e 305

3
\r < m )3
X 1+ —
V2o, 2
5\ 3
’ m ., 2r nmy ny
] P, - m—pz 1+ m— + m—
2 V3o, 30 m
3
my +my
5(11’1 +p) - o p§>5<2p,» —p)

i=1

2
=8 Nh,h2h3gH,

/dxldxzdx3dpldp2dp3f}f:’:‘2m(xl,xz,x3;p1,p2,p3)

mx) myx, 2 (20)
, e 2 + —-x}
(] —x3) my+m, m+m, ;

202 302
e 1 e 2

3 3 3
y 3 m m \V2r
o <1+—1) yé(pl——lpz)
\/551 "y "y \/50'2
3
<1 + 0y ﬂ)
my My
3
my + m,
P o
3
= 82Nh,h1h3gH/72 ﬂ
30,0,

(1) .
/dxldx2dx3fhlhzh3 <x1,x2,x3,

mop msp )

my +my +my’ my+m, +my

}’5<P1 +py -

n,p
my +my +my’

2

myx; myx,
’ AV + _xf;
(] —x7) my+m, m+m, k
B 2 B 2
e 20, ¢ 305
Changing coordinate variables in Eq. (20) to
2, mx myX.
r, = — 2 and r, = e A L S T R
! (x] x2)/\/_ and 2 \/;(m1+mz my+m, x3)7 as
reported in Refs. [65-67], we get
3
T
Ju, @) = 821\7}1,112113@,}’2
30,0,
3/2 (n)
x / 32dYdrydryfy |
2 2
nn
(y . mp myp msp ) o2 ol
RATLSR s , e “le 72,
my +m2+m3 m1+m2+m3 m +m2 +WL3
ey

Assuming the center of mass coordinate in the joint distribu-
tion to be factorized gives
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3/2 ()
3 fhlh2h3
Y r o p mp m,p msp
T e my 4 my my +my +my my + my +my

_ ¢ (n) . mp
- hlh2h3 (Y)fhlh2h3 <rl ’ r2’

Adopting the Gaussian forms for the relative coordinate dis-
tributions [60, 68—70], we get

o g TP
mibohs \ "1 T2 Ly +my”

my +m, +my’ myp msp
mp mp my+my, +my’ my+my +my
m1+m2+m3’m1+m2+m3>' | 4 ) _%() (24)
22) = e SNV O o
( [2C\R2(p)P/ [2C,R2(p)P/ o
Substituting Eq. (22) into Eq. (21), we get mp myp myp
. 3 my+my+my my+my+my m+my+my )
— 82N 2
fH’ ®) hah 8147 36,0, Comparing the relationships of 7, and r, with x,, x,, and x;,
w to that of r with x; and x, presented in Sect. 2.1, we observe
/ drydraf L, that C, is equal to C and C, is 4C, /3 [60, 68-70]. Substitut-
ing Eq. (24) into Eq. (23) and considering the coordinate
m.p nyp mzp . . .
ry,r; s s Lorentz transformation, we integrate from the relative coor-
My My o+ 3y o+ Ay 1y o+ dinate variables and obtain
Xe e
(23)
823 2, 72
fH,.(P) =
32(C R @) + 07\ CLIR@)/7 2 + 07 [CoRAp) + 03]/ ColR D) /112 +
m,p (25)
o0 T B —
my +my + my
myp msp
my+my,+my m+my+my )
Ignoring the correlations between hy, h,, and h;, we get the
three-dimensional momentum distribution of H; as
8273 2, 72
ij(P) =

m,p my)p

I
S\ +my+my )

332[C,R2(p) + o] \/ CLIR(P) /7P + 62| CoR2(p) + o] \/ CoIR(p) /1T + 02

(26)

Finally, the Lorentz invariant momentum distribution can
be expressed as

23
0 (pry) = e
H, )
332[C\RX(pr.y) + 0| \/ Ci[Ri(pr. V) /7 1* + 62 |CoR (pr, y) + 02 \/ IR (pr ) /7 + 05 27)
% My, }finv) mpr 7y)fl§inv) ( T ) fh(inv) ( mspy ).
mymyms; my +my +my 2 my + m, + my 3 my + m, + my
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In summary, Egs. (15) and (27) give the following: (i) the
relationships of dibaryon states and tribaryon states with pri-
mordial baryons in momentum space in a laboratory frame,
(i1) effects of different factors on dibaryon or tribaryon pro-
duction; e.g., the whole hadronic system scale and the size of
the formed composite object. These equations can be directly
used to calculate the production of light nuclei, hypernuclei,
and even other hadronic molecular states. Moreover, they
can be conveniently used to investigate production cor-
relations of different species of composite objects. As the
formulae for the antiparticles are the same as those for the
dibaryon and tribaryon states, we have not derived them here
to eliminate duplication. Their applications at midrapidity
(i.e., y = 0) in heavy ion collisions at the LHC are presented
in the following sections.

3 Results of light nuclei

This section presents the use of the coalescence model to
study productions of d, 3He and T at midrapidity in Pb+Pb
collisions at 4/syn = 5.02 TeV. First, we calculate the coa-
lescence factors B, and B; and discuss their centrality and
pr-dependent behaviors. Subsequently, we compute the
pr spectra of d, 3He, and . Finally, we calculate the aver-
aged transverse momenta (p), the yield rapidity densities
dN/dy, and the yield ratios of different light nuclei.

3.1 Coalescence factor of light nuclei

The coalescence factor B, is defined as
(inv)
fd,3He,t(pT)
‘ zZr . A-Z’
[fp(mv)(]%)] [fémv)(%)]

BA(pT) = (28)

where A is the mass number and Z is the charge of the light
nuclei. It is a unique link between the formed light nuclei
and the primordial nucleons. Several studies have investi-
gated B, using different coalescence models [72-75]. From
Egs. (15) and (27), we get for d, 3He, and t, as follows:

myga(V27)?

© o (29)
mymy, [CQR%(pT) + 0'3[] \/W

B,(pr) =

B (p ) 64ﬂ'3g3He
3\P1) = —
i cRpn + o, |\ JOrip 1o,
x M3ye ’
R T
mémn [CZR?(pT) + Gf‘zHe] 1/ Cz[%]Z + 632He
(30)
64r3g,
Bs(pr) = —
3:[C R (py) + 62] 1/ € [BL2P + 67
! (€29

X

R(pp) '
m,m2|C,R}(pr) + o7 Cz[%]z +o?

Here, 64 = \/ng, and the root-mean-square radius of the

deuteron R;=2.1421fm [76]. Moreover,
Oipe = Rige = 1.9661 fm, o, = R, = 1.7591fm [76], m,,
denotes the nucleon mass, and my,  denotes the mass of
the d, 3He, or t, respectively.

To further compute B, and Bs, the specific form of Ry(p)
is necessary. Similar to Ref. [61], the dependence of Ry(pr)
on centrality and py is considered to factorize into a linear

80-90%

70-80% _|

60-70%
50-60%

40-50%

30-40% —

20-30%

10-20% |

5-10%

0-5%

104IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 05 1 15 2 25 3 35 4
p/2 (GeV/c)

Fig. 1 (Color online) B, of d as a function of p;/2 in different cen-
tralities in Pb+Pb collisions at /sy = 5.02TeV. Symbols with error
bars represent experimental data [77], and solid lines represent theo-
retical results

@ Springer



185 Page8of22

R.-Q.Wang et al.

dependence on the cube root of the pseudorapidity density
of charged particles (dN,,/dn)!/3 and a power-law depend-
ence on the transverse mass of the formed light nucleus [70].
Therefore, we get

b
1
Ri(pr) = a x (AN, /dn)3 x (, /p3 + mim&) ,

where a and b are the free parameters, and their values in
Pb+-Pb collisions at 4 /sy = 5.02 TeV are (0.70, —0.31) for

d and (0.66, —0.31) for *He and t, determined by reproduc-
ing the experimental data of py spectra of d and *He in the
most central 0-5% centrality. Here, b is set to be centrality-
independent and is consistent with that in hydrodynamics
[78] and that in STAR measurements of two-pion interfer-
ometry in central and semi-central Au+Au collisions [79].
Moreover, a is set to be centrality-independent, the same as
that in our previous work [61].

We used the data of dN,/dy reported in Ref. [80] to
evaluate Ry(py) and computed the coalescence factors B,
and B;. Figure 1 shows B, of d as a function of the trans-
verse momentum scaled by the mass number p;/2 in dif-
ferent centralities in Pb+Pb collisions at 4 /syy = 5.02 TeV.
Symbols with error bars represent experimental data [77],
and solid lines represent theoretical results of the coales-
cence model. As observed from Fig. 1, from central to

(32)

10 1T 1771 L T T T T T T

10

B, (GeV'/c®
3

10

10 11 -

p;/3 (GeVic)

peripheral collisions, B, exhibits an increasing trend owing
to the decreasing scale of the created hadronic system. For
a certain centrality, B, increases as a function of p;/2.
This increased behavior results, on the one hand, from the
Lorentz contraction factor y, which has been studied in
Ref. [60]. On the other hand, it results from the decreasing
R; with increasing py. The increase in the experimental
data as a function of p;/2 from central to peripheral col-
lisions can be quantitatively described by the coalescence
model.

Figure 2 shows B; of *He and that of T as a function
of pr/3 in different centralities in Pb+Pb collisions at
\/Sny =5.02TeV. Symbols with error bars represent
experimental data [62], and solid lines represent theo-
retical results. Similar to B,, the experimental data of B,
exhibit an increasing trend as a function of p;/3 and is
reproduced well by the coalescence model from central to
peripheral collisions. Figures 1 and 2 show that the cen-
trality and p;-dependent behaviors of B, and B; are simul-
taneously explained by the coalescence model. The results
extracted for R¢(py) can provide quantitative references for
future measurements of HBT interferometry radius from
the two-nucleon correlations. Through the light nucleus
production, we provide an alternative way to obtain the
HBT interferometry radius of the hadronic source system.

-4
10 - T T T T T T T T T T T T = T T T T =
-5
10 E
@A - —
o = i
<
107"
S E E
) : i
m C ]
L 50-90% i
10 T ¥ 30-50% |
E 10-30% 3
C _ e 0-10% 7
| (b)t i
10 8 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 1 2 3 4

p;/3 (GeVic)

Fig.2 (Color online) B; of (a) 3He and (b) t as a function of py/3 in different centralities in Pb+Pb collisions at /syy = 5.02 TeV. Symbols
with error bars represent experimental data [62], and solid lines represent theoretical results
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Fig.3 (Color online) py spectra of prompt protons plus antiprotons
in different centralities in Pb+Pb collisions at /sy = 5.02TeV.
Symbols with error bars represent experimental data [80], and dashed
lines represent the results of the blast-wave model

3.2 p;spectra of light nuclei

The p spectra of primordial nucleons are necessary inputs
for computing p distributions of light nuclei in the coales-
cence model. Here, we used the blast-wave model to get p
distribution functions of primordial protons by fitting the
experimental data of prompt (anti)protons, as reported in
Ref. [80]. The blast-wave function [81] is given as

d’N
—_—
2zprdprdy

R .
sinh m+ cosh
/ dm10<u>K<T_ﬂ>
T.. T..
0 kin kin

where r is the radial distance in the transverse plane
and R is the fireball radius. Moreover, I, and K, are
the modified Bessel functions, and the velocity profile
p= tanh™! pr = tanh'l[ﬂs(lg)”]. The kinetic freeze-out tem-
perature Ty;,, the averaged radial expansion velocity (fr),
and n are fit parameters. Their values can be found in Ref.
[80].

Figure 3 shows the p; spectra of prompt protons plus
antiprotons in different centralities in Pb+Pb collisions
at \/syy = 5.02TeV. Symbols with error bars represent

experimental data [80], and dashed lines represent the

(33)

1 7
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E % 20-30% [><34]
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—— Theory

Fig.4 (Color online) p; spectra of deuterons in different centralities
in Pb+Pb collisions at 4/syy = 5.02TeV. Symbols with error bars

represent experimental data [77], and solid lines represent the theo-
retical results

results of the blast-wave model. The py spectra in dif-
ferent centralities are scaled by different factors for clar-
ity, as shown in Fig. 3. For the primordial neutrons, we
adopted the same p; spectra as those of primordial pro-
tons, as we focused on light nucleus production at midra-
pidity at high LHC energy, that the isospin symmetry was
well satisfied.

First, the p spectra of deuterons in Pb+Pb collisions
at m =5.02TeV in 0-5%, 5-10%, 10-20%, 20-30%,
30-40%, 40-50%, 50-60%, 60-70%, 70-80%, and
80-90% centralities are calculated. Different solid lines
scaled by different factors for clarity in Fig. 4 represent
our theoretical results. Symbols with error bars repre-
sent the experimental data from the ALICE collaboration
[62]. Subsequently, the py spectra of 3He and T in Pb+Pb
collisions at 4/syy = 5.02 TeV in different centralities are
computed. Different solid lines in Fig. 5 represent our
theoretical results, which agree with the available data
denoted by the filled symbols [62]. As observed from
Figs. 4 and 5, nucleon coalescence is the dominant mech-
anism for light nucleus production in Pb+Pb collisions

at4/syy = 5.02 TeV. More precise measurements for 3He

and t in a wide py range in the future can help test the
coalescence mechanism further, specifically in peripheral
Pb+Pb collisions.
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Fig.5 (Color online) p; spectra of (a) 3He and (b) t in different centralities in Pb+Pb collisions at 4/syy = 5.02 TeV. Filled symbols with error
bars represent experimental data [62], and solid lines represent theoretical results

Table 1 Averaged transverse momenta (py) and yield rapidity densi-

tra sions at 4/syy = 5.02 TeV. Experimental data in the third and fifth
ties dN/dy of d, 3He, and t in different centralities in Pb+Pb colli-

columns are obtained from Refs. [62, 77]. Theoretical results are pre-
sented in the fourth and sixth columns

Centrality (pr) (GeV/c) dN/dy
Data Theory Data Theory

d 0-5% 2.45 +0.00 + 0.09 2.37 (1.19 £ 0.00 £ 0.21) x 107! 1.22x 107!
5-10% 2.41+0.01 +£0.10 2.33 (1.04 + 0.00 + 0.19) x 107! 1.01 x 107!
10-20% 2.34+0.00+0.11 2.28 (8.42 + 0.02 + 1.50) x 1072 7.86 x 1072
20-30% 2.21+0.00 +0.12 2.18 (6.16 + 0.02 + 1.10) x 1072 5.58 x 1072
30-40% 2.05+0.00 +£0.12 2.04 (4.25 £ 0.01 £0.75) x 1072 3.82x 1072
40-50% 1.88+0.01 +0.12 1.87 (2.73 £ 0.01 £ 0.48) x 1072 2.46 x 1072
50-60% 1.70 £ 0.01 £ 0.11 1.66 (1.62 £ 0.01 £ 0.28) x 1072 1.47 x 1072
60-70% 1.46 +0.01 +£0.12 1.45 (8.35+0.14 + 1.43) x 1073 7.58 x 1073
70-80% 1.27 +£0.02 +0.11 1.25 (3.52 £ 0.06 + 0.63) x 1073 3.22x 1073
80-90% 1.09 +0.02 +0.40 1.10 (1.13 £0.03 £ 0.23) x 1073 0.925 x 1073

3He 0-5% 3.465 +0.013 +0.154 + 0.144 3.26 (24.70 £ 0.28 +£2.29 + 0.30) x 1073 25.6 x 1073
5-10% 3.368 + 0.014 + 0.141 + 0.132 3.21 (20.87 +0.26 + 1.95 + 0.43) x 1073 21.4x 1073
10-30% 3.237 +£0.021 + 0.157 + 0.150 3.08 (15.94 +0.31 + 1.53 + 0.34) x 1073 14.8 x 1073
30-50% 2.658 +0.016 + 0.084 + 0.049 2.64 (7.56 + 0.13 £ 0.70 + 0.10) x 107> 7.16 X 1073
50-90% 2.057 + 0.023 + 0.090 + 0.027 1.77 (1.19 + 0.08 + 0.16 + 0.14) x 1073 0.931 x 1073

t 0-10% 3.368 + 0.241 + 0.060 3.27 (2445 +£1.75£2.71) x 1073 24.6 X 1073
10-30% 3.015 £ 0.286 + 0.040 3.11 (14.19 £ 1.35 £ 1.29) x 1073 159 x 1073
30-50% 2.524 +0.593 +0.180 2.68 (7.24 + 1.70 + 0.65) x 1073 7.97 x 1073
50-90% 1.636 + 0.226 + 0.040 1.80 (1.66 + 0.23 + 0.16) X 107> 1.14 x 1073
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Fig.6 (Col_or online) Yield ratios (a) d/p, (b) 3%/;’), (e) d/p?%,
and (d) *He/p’ as a function of dNy,/dn in Pb+Pb collisions at
\/Sny = 5.02TeV. Filled circles with error bars represent experi-

3.3 Averaged transverse momenta and yield
rapidity densities of light nuclei

The averaged transverse momenta (p;) and yield rapidity
densities dNV/dy of d, 3H_e, and t are studied. Our theoreti-
cal results are presented in the fourth and sixth columns
in Table 1. Experimental data presented in the third and
fifth columns are obtained from Refs. [62, 77]. A decreasing
trend for (pr) and dN/dy from central to peripheral colli-
sions is observed. This is because in collisions that are more
central, more energy is deposited in the midrapidity region,
and collective evolution exists for longer. Theoretical results
for d, He, and T are consistent with the corresponding data
within the experimental uncertainties, except for a very little

mental data [62, 77], and open circles connected with dashed lines to
guide the eye represent the theoretical results

underestimation for dN¥ /dy of t in a peripheral 50-90% col-
lision. Such underestimation needs to be confirmed using
precise data from future research.

3.4 Yield ratios of light nuclei

Yield ratios carry information on the intrinsic production
correlations of different light nuclei and are predicted to
exhibit nontrivial behaviors [61]. This subsection presents
the centrality dependence of different yield ratios, such as
d/p,3He/p, d/p* 3He/p’, and T/*He.

Figure 6(a) and (b) shows the dN,/dy dependence of
d/p and *He/p in Pb+Pb collisions at 4/syy = 5.02TeV.
Filled circles with error bars represent experimental data
[82], and open circles connected with dashed lines to guide
the eye represent the theoretical results. From Eq. (15), we
approximately obtain the p-integrated yield ratio as
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d Ny
P o2 C o2
3 d o d
(Rr) (C°+ <Rf>2> 2 (R 34
= Np X 1
(Rf>3/<7> c a2 c 2 ’
< ot <Rf>2> ot &/

where the angle brackets denote the averaged values. Equa-
tion (34) implies that the behavior of d/p is determined by

. . N,
two factors—one is the nucleon number density ﬁ and
RE

/Y
the other is the suppression effect from the relative size of

the d to the hadronic source system %. Similar case holds
f.

for 3H_e/f). The nucleon number density decreases, specifi-
cally from semi-central to central collisions [80], thereby
decreasing d/p and *He/p with increasing dN,,, /dn. The
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(o]
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(Re)
weak in large hadronic systems, thereby increasing d/p and

3He/p with increasing dN,,/dn [83]. For significantly high
dN,,/dn area values, the difference in the suppression
extents in different centralities becomes insignificant, and
the decreasing nucleon number density dominates the
decreasing behavior of d/p and 3He /p. For low dN, /dn area
values, different suppression extents of the relative size in
different centralities increase d/p and 3H_e/ p as a function of
dN,/dn. The final conjunct result from the nucleon number
density and the suppression effect first increases d/p and
3@/;’) from peripheral to semi-central collisions and then
decreases them from semi-central to central collisions, as
shown in Fig. 6(a) and (b).

Figure 6(c) and (d) shows d/p? and 3He/p> as a func-
tion of dN,/dn in Pb+Pb collisions at 4/syy = 5.02TeV.
Filled circles with error bars represent experimental data

relative size —% decreases and its suppression effect becomes
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Pr (éeV/c)

1.5

0.5

(d) 50-90%
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Fig.7 (Color online) Yield ratio T/3He as a function of pr in different centralities in Pb+Pb collisions at 4/syy = 5.02 TeV. Filled circles with
error bars represent experimental data [62], and solid lines represent the theoretical results
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Fig.8 (Color online) Yield ratio f/3m as a function of dN,/dy in
Pb+Pb collisions at /sy = 5.02 TeV. Filled circles with error bars
represent experimental data [62], and open circles connected with
dashed lines to guide the eye represent the theoretical results

[82]. Open circles connected with dashed lines to guide
the eye represent the theoretical results. Evidently, both
graphs exhibit explicit decreasing trends with the increas-
ing dN, /dn and are very different from the previous trends
observed for d/p and 3He/p. As d/p?* and *He/p° represent
the probability of any pn-pair coalescing into a deuteron
and that of any ppn-cluster coalescing into a 3He, respec-
tively, it is more difficult for any pn-pair or ppi-cluster to
recombine into a deuteron or *He in the larger hadronic
system produced in a more central collision.

Therefore, a yield ratio t/3He is proposed as a valuable
probe to distinguish the thermal and coalescence produc-
tions for light nuclei [61]. In the coalescence framework,
the ratio is always greater than one and approaches one
at large R; values, where the suppression effect from the
nucleus size can be ignored. The smaller the R; value,
the higher the deviation of t/?He from one. The same
case holds for T/3He. Figure 7 shows T/3He as a function
of py in Pb+Pb collisions at /sy = 5.02TeV in differ-
ent centralities 0-10%, 10-30%, 30-50%, and 50-90%.
Filled circles with error bars represent experimental data
[62], and solid lines represent the theoretical results. A
reference line of one is plotted as a dotted line. With the
increasing pr, R; decreases; consequently, our theoreti-
cal results increase. However, this trend is different from
that observed in the thermal model, where the expecta-
tion for this ratio is one [43]. The trend of the data in
0-10%, 10-30%, and 30-50% centralities is increasing,
but a final conclusion is hard to make owing to the limited
pr range and the large error bars. Data in the peripheral
50-90% centrality seem to decrease, but further, more

Table 2 Values of parameters in the blast-wave model for A and Q~

in different centralities in Pb+Pb collisions at 4/syy = 5.02 TeV
Centrality Tyin (GeV) (Br) n
A 0-10% 0.090 0.670 0.64
10-30% 0.092 0.648 0.70
30-50% 0.095 0.622 0.78
Q- 0-10% 0.095 0.627 0.78
10-30% 0.097 0.569 1.05
30-50% 0.100 0.549 1.15
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Fig.9 (Color online) p; spectra of (a) A and (b) Q™ in different cen-
tralities in Pb+Pb collisions at 4/syy = 5.02 TeV. Symbols with error

bars represent experimental data [84], and dashed lines represent the
results of the blast-wave model
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precise measurements are needed to confirm this trend.
More precise data must be obtained in the future to further
distinguish the production mechanisms of 3He and 1.

The po-integrated yield ratio f/3m as a function of
dN,,/dn is shown in Fig. 8. Filled circles with error bars
represent experimental data [62], and open circles connected
with the dashed line to guide the eye represent the theo-
retical results. A reference line of one is also plotted as a
dotted line. Here, t/ 3He exhibits a decreasing trend. This is
because of the larger dN, /dn values, i.e., the larger R; val-
ues decreases t/ 3He to be closer to one. Theoretical results
of t/ 3He in the coalescence model show a non-flat behavior
as a function of dN, /dn. This is due to the different relative
production suppression between 3He and T from their own
sizes at different hadronic system scales.

4 Results of hypertriton and Q-hypernuclei

This section presents the use of the coalescence model pre-
sented in Sect. 2 to study the production of the hypertri-
ton f\H and Q-hypernuclei. Results of the p; spectra, the
averaged p, and the yield rapidity densities of f\H are pre-
sented. Predictions of different Q-hypernuclei, H(pQ™),
H(nQ™), and H(pnQ ™) are reported. We propose two groups
of observables, both of which exhibit novel behaviors. One
group refers to the averaged transverse momentum ratios of
light nuclei to the proton and hypernuclei to hyperons. The
other is the centrality-dependent yield ratios of light (hyper-)
nuclei to the protons (hyperons).

4.1 p,spectraof A and Q™ hyperons

The py spectra of A and Q™ hyperons are necessary for com-
puting p distributions of f\H and Q-hypernuclei. We use
the blast-wave model to get p distribution functions by fit-
ting the experimental data of A and Q™ in Pb+Pb collisions
at m =5.02TeV in 0-10%, 10-30%, and 30-50% cen-
tralities [84]. They are shown in Fig. 9. Filled symbols with
error bars represent experimental data [84], and dashed lines
represent the results of the blast-wave model. Values of the
blast-wave fit parameters for A and Q™ are listed in Table 2.
The p spectra in 0-10%, 10-30%, and 30-50% centralities
are scaled by 2°, 27!, and 272, respectively, for clarity in
the figure. We have also studied the p; spectra of A and 7
hyperons with the Quark Combination Model developed by
the Shandong group (SDQCM) in another work [85], where
the results are consistent with the blast-wave model results
at low and intermediate p regions. Thus, we adopted these
A and Q™ hyperons in Fig. 9 to compute productions of the
f’\H and Q-hypernuclei. The values of parameters a and b in
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Fig. 10 (Color online) p spectra of the ZH in different centralities
in Pb+Pb collisions at y/syy = 5.02 TeV. Filled symbols with error
bars represent the experimental data [64]. The solid and dashed lines
represent the theoretical results with a halo structure and a spherical
shape, respectively

Ri(pr) for H(pQ™) and H(n€2™) are the same as those for the
deuteron, and those for f\H and H(pnQ™) are the same as
the values for >He. Thus, our calculated results for the f\H
and Q-hypernuclei are parameter-free, and they are more
potent for further testing of the coalescence mechanism in
describing the production of nuclei with strangeness flavor
quantum number.

4.2 Results of the f\H

Based on Eq. (27), we compute the production of the f\H
Considering that the experimental measurements of the f\H
suggest a halo structure with a d core encircled by a A, we

2 2
first use o) = 4 /%Rd and o, = 4 /%md. The
A — d distance r, 4 is evaluated viar,q = \/h?/(4uB,) [86],
where u is the reduced mass, and the binding energy B, is
adopted to be the latest and most precise measurement
reported to date 102 keV [63]. We also considered a spheri-
cal shape for the iH to execute the calculation to evaluate

the influence of the shape on its production. In this case,

my (mp +m“)(mp +my+m,)

o, = Rs c
1 \/mpm"(mp+mn)+m“m,\(m“+m,\)+m,\mp(m,\+mp) AH 2

_ dm,m, (m,+m,+m,)?
3(my+my,)mymy, (my+my)+mym, (my+my)+mymy(my+mp)]

R 3y where
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H in different centralities in Pb+Pb collisions at 4/syy = 5.02 TeV. Experimental data in the seventh column

3
A
are obtained from Ref. [64]. Theory—4.9 denotes the theoretical results for the model with a spherical shape at Rsy = 4.9 fm. Theory-102, Theory-148, and Theory-410 denote the theoretical

Table 3 Averaged transverse momenta (pr) and yield rapidity densities dN /dy of -

A

results for the model with a halo structure at B, =102, 148, and 410 keV, respectively

dN/dy (x107%)

(pr) (GeV/c)
Theory—4.9

Centrality

Theory-102 Theory-148 Theory-410

Theory—4.9

Data

Theory-148 Theory-410

Theory-102

12.7

7.75
4.07
1.35

5.96
2.99

6.09
2.98

2.62+0.25+0.40

4.83 +0.23 +0.57

3.37
3.11

324
2.99
2.55

3.19
2.94
2.52

3.16
2.90

2.46

0-10%
10-30%

30-50%

3
H

7.44
2.94

1.27+0.10 +0.14

0.932

0.875

2.65

the root-mean-square radius R 3H is adopted to be 4.9 fm [2].
Figure 10 shows the p; spectra of the f\H in 0-10%, 10-30%,
and 30-50% centralities in Pb+Pb collisions at
/Sy = 5.02 TeV. Filled symbols with error bars represent
the experimental data [64]. Solid lines represent the theoreti-
cal results of the coalescence model with the halo structure,
and dashed lines represent the results for the model with the
spherical shape. The p; spectra in different centralities are
scaled by different factors for clarity, as shown in the figure.
As observed from Fig. 10, a weak difference exists in the
theoretical results of the py spectra between the halo struc-
ture and the spherical shape, and the latter gives a little
softer pp spectra. The results with a halo structure approach
the available data better, for amplitude and shape. This is
also observed in the averaged transverse momenta (p)
results and yield rapidity densities dV/dy of f\H

Table 3 presents (p) and dN /dy of f\H in different cen-
tralities in Pb+Pb collisions at y/syy = 5.02 TeV. Experi-
mental data in the seventh column are obtained from Ref.
[64]. Theory —4.9 in the third and eighth columns denotes
the theoretical results for the model with a spherical shape
at R g = 4.9fm. Theory-102 in the fourth and ninth col-
umns represents the theoretical results at B, = 102keV.
Theory-148 in the fifth and tenth columns represents the
theoretical results at a word averaged value of B, = 148 keV
[63]. We also present the theoretical results at B, = 410keV
measured by the STAR collaboration [38] in the sixth and
eleventh columns. Clear decreasing trends for (pr) and
dN /dy from central to semi-central collisions are observed.
This is the same as the results for light nuclei; this is
because, in more central collisions, more energy is deposited
in the midrapidity region, and collective evolution exists for
longer. For the halo structure, with the increase of the B,,
the size of the f\H decreases, and the suppression effect from
the f\H size becomes relatively weak. This leads to an
increase of dN/dy with the increasing B,. Besides dN/dy,
such production suppression effect also affects the p distri-
bution [61, 87]. This is because the suppression effect
becomes stronger with a larger nucleus size in a smaller
system. Recalling that Ri(py) decreases with p, the f\H pro-
duction is more suppressed in larger p; areas in the case of
larger f\H size. Hence, (pr) follows a decreasing trend with
the decreasing B,, as listed in Table 3. This is why the (p)
of f\H is even smaller than that of the triton, whereas the (p)
of A is larger than that of the nucleon.

Owing to its small binding energy compared to other light
(hyper-)nuclei, the iH has a very loosely-bound structure
and a relatively large size. It would be easily destroyed after
its formation from freeze-out nucleons and A’s. As a result,
the f\H is more likely to be produced later than the kinetic
freeze-out time for the hadronic matter. In Ref. [88], the
dependence of the yield of the f\H on its freeze-out time has
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Fig. 11 Predictions of the py spectra of (a) H(pQ2™) and (b) H(nQ2") in different centralities in Pb+Pb collisions at

Table 4 Predictions of averaged transverse momenta (pr) and yield
rapidity densities dN /dy of H(pQ~) and H(nQ") in different centrali-

ties in Pb+Pb collisions at 4 /sy = 5.02 TeV

Centrality (pr) (GeV/c) dN/dy (x107%)
HpQo) 0-10% 2.84 9.80

10-30% 2.44 6.27

30-50% 2.18 2.16
HnQ") 0-10% 281 8.75

10-30% 241 5.46

30-50% 2.15 1.79

been studied, and found that the dependence is very weak.
This suggests that f\H abundance is essentially determined
when nucleons and A’s freeze-out from the system. So our
coalescence calculations based on the same kinetic freeze-
out with light nuclei can still reasonably describe the experi-
mental data of 3 H.

4.3 Predictions of Q-hypernuclei

The nucleon-Q dibaryon in the S-wave and spin-2 chan-
nel is an interesting candidate for the deuteron-like state
[89, 90]. The HAL QCD collaboration has reported the
root-mean-square radius of H(pQ™) is about 3.24 fm and
that of H(nQ™) is 3.77 fm [91]. According to Eq. (15), we
study their productions, where the spin degeneracy factor
8Hpa-) = 8uma-) = 5/8. Fig. 11 shows predictions for their
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Fig. 12 Predictions of the p; spectra of H(pnQ™) in different centrali-
ties in Pb+Pb collisions at 4 /sy = 5.02 TeV

pr spectra in 0 — 10%, 10 — 30%, and 30 — 50% centralities
with solid, dashed, and dash-dotted lines, respectively, in
Pb+Pb collisions at 4/sxy = 5.02 TeV. Different lines are
scaled by different factors for clarity, as shown in figure.
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Table 5 Predictions of averaged transverse momenta (py) and yield rapidity densities dN/dy of H(pnQ™) in different centralities in Pb+Pb colli-
sions at 4 /syy = 5.02 TeV. Theory—1.5, Theory—2.0, and Theory=2.5 denote the theoretical results at Ry -y =1.5, 2.0, and 2.5 fm, respectively

Centrality (pr) (GeVic) dN/dy (x1076)
Theory—1.5 Theory—2.0 Theory—2.5 Theory—1.5 Theory—2.0 Theory—2.5
H(pnQ™) 0-10% 3.94 3.88 3.82 4.77 4.17 3.56
10-30% 3.44 3.36 3.29 3.50 2.95 241
30-50% 2.98 2.89 2.81 1.60 1.24 0.92
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Fig. 13 The (p) ratios of (a) dibaryon states to baryons, (b) tribar-
yon states to baryons, and the yield ratios of (c) dibaryon states to
baryons, and (d) tribaryon states to baryons as a function of dN, /dn

Table 4 presents predictions of the averaged transverse
momenta (py) and yield rapidity densities dN /dy of H(p2™)
and H(nQ7). Both of them decrease from central to semi-
central collisions, similar to light nuclei and the ?\H The
slightly lower results of H(nQ~) than H(pQ~) come from its
slightly larger size.

in Pb+Pb collisions at 4/syy = 5.02TeV. Different open symbols
connected with dashed lines to guide the eye are the theoretical
results

The H(pnQ~) with maximal spin—% is proposed to be one
of the most promising partners of the t and f\H with multi-
strangeness flavor quantum number [92]. With Eq. (27),
we study its production and the spin degeneracy factor
8Hpna-) = 3/8. As its root-mean-square radius Ry no-)
is undetermined, we adopt 1.5, 2.0, and 2.5 fm to execute
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calculations, respectively. Figure 12 shows predictions of
the pr spectra in 0-10%, 10-30% and 30-50% centralities
in Pb+-Pb collisions at 4 /sy = 5.02 TeV. Solid, dashed, and
dash-dotted lines denote results with Ry ,.o-) =1.5, 2.0, and
2.5 fm, respectively, which are scaled by different factors for
clarity as shown in the figure. Table 5 presents predictions
of the averaged transverse momenta (py) and yield rapidity
densities dN /dy of H(pnQ~). Theory—1.5, Theory—2.0, and
Theory—2.5 denote the theoretical results at Ry .-y =1.5,
2.0, and 2.5 fm, respectively.

Our predictions in the central collisions for H(pQ™) and
H(nQ7™) are of the same magnitude as those with BLWC and
AMPTC models in Ref. [93], and those for H(pnQ™) are of
the same magnitude as reported in Ref. [94]. Our predic-
tions in other centralities provide more detailed references
for centrality-dependent measurements of these Q-hypernu-
clei in future LHC experiments.

4.4 Averaged transverse momentum ratios
and yield ratios

Based on the results of light nuclei and hypernuclei pre-
sented above, we study two groups of interesting observa-
bles as powerful probes for the production correlations
of different species of nuclei. One group refers to the
(pr) ratios of light nuclei to the proton and hypernuclei
to hyperons. The other is their centrality-dependent yield
ratios.

Figure 13(a) and (b) show the (py) ratios of dibaryon
states to baryons and those of tribaryon states to baryons,

{Prda Prupe-) Pr)ume-) {pr) (P1)3he @T)i"’ (Pr)HEna—)
o)y’ prda- T (eda- T {prdy) 1)y T (Prda r)a-
Open symbols connected by dashed lines to guide the eye

represent the theoretical results of the coalescence model.
All these (pr) ratios increase as a function of dN,, /dy owing
to the stronger collective flow in more central collisions.
More interestingly, these (py) ratios of light nuclei to nucle-
ons and hypernuclei to hyperons happen to offset the (py)
differences of p, A, and Q. This makes them more powerful
in bringing the characteristics resulting from the production
mechanism to light. Both dibaryon-to-baryon and tribaryon-
to-baryon (py) ratios exhibit a reverse hierarchy of the

i.e.

. . 2] (P npa-) (Pr)Hma)
1 lity, i.e., —4 L
nucleus sizes at any central lty, 1.6., <I7T>p > o) oo
as Ry < Rypa-y < Ryma-y > and
(Pt (P1)3he (P Hpna—) T/ 31
— >
T Oy e o a8

R < Ripe < Rpypng-y <R3y Here, we consider results of
H(pnQ~) at Ry,no-) = 2fm for exhibition, and those at
Ryena-y = 1.5, 2.5 fm give the same conclusion, a reverse
hierarchy of the nucleus size. Such reverse hierarchy comes
from stronger production suppression for light (hyper-)
nuclei with larger sizes in higher p; regions. This production

@ Springer

property is considerably different from the thermal model in
which these ratios are approximately equal to each other
[43].

Figure 13(c) and (d) show yield ratios of dibaryon states
to baryons and those of tribaryon states to baryons. Open
symbols connected with dashed lines to guide the eye repre-
sent the theoretical results of the coalescence model. Some
of these ratios such as d/p, t/p, *He/p and H(pnQ~)/Q"~
decrease while the others H(pQ™)/Q~, HnQ™)/Q™ and
3H/A increase as a function of dN,, /dn.

From Egs. (15) and (27), similar as Eq. (34), we approxi-
mately have

d _HEQ) HmQ)
p Q- Q-

N

3 o2 Cy o2 35
(Rp) (C°+<Rf>2) o T &y (35)

Np 1

= X
(Re)3 /() ( o2 ) [~ o
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t PHe AH  HpnQ)
p p A Q-
2
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X
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4C, o ) 4Gy o 36
( 3 + <Rf>z 3(}’)2 + <Rf>2 ( )
2
_< Np > 1
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Egs. (35) and (36) show that behaviors of these two-particle
yield ratios closely relate with the nucleon number density

M;ZW and the production suppression effect items of the
77
relative size of nuclei to hadronic source systems %, <';—‘> and
f f

o
(R

For the limit case of the nuclei with considerably small
(negligible) sizes compared to the hadronic system scale, the
dN,, /dn-dependent behaviors of their yield ratios to baryons
are completely determined by the nucleon number density.

For the general case, the item (;—"> suppresses these ratios, and
f.

such suppression becomes weaker in larger hadronic
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systems. This makes these yield ratios increase from periph-
eral to central collisions, i.e., with the increasing dN, /dn.
The larger the nucleus size, the stronger the increase as a
function of dN,/dn. The nucleon density decreases with
increasing dN, /dn [80], which makes these ratios decrease.
As the root-mean-square radii of d, t, 3He, and H (pnQ7) are
approximately equal or smaller than 2 fm, the decreasing
nucleon density dominates the behaviors of their yield ratios
to baryons. But for H(pQ2™), H(nQ2™) and ?\H their root-
mean-square radii are larger than 3 fm, the production sup-
pression effect from their sizes becomes dominant, which
leads their yield ratios to baryons increase as a function of
dN,/dn. Such different centrality-dependent behaviors can
help justify the sizes of more light nuclei and hypernuclei in
future experiments.

5 Summary

This study extended the analytical coalescence model previ-
ously developed for the productions of light nuclei to include
the hyperon coalescence to simultaneously study the pro-
duction characteristics of d, 3@, t, 3H, and Q-hypernu-
clei. To this end, the formulae of momentum distributions
of two baryons coalescing into dibaryon states and three
baryons coalescing into tribaryon states were derived. The
relationships of dibaryon states and tribaryon states with
primordial baryons in momentum space in the laboratory
frame were presented, and the effects of the hadronic system
scale and the nucleus’s size on the nucleus production were
demonstrated.

The extended coalescence model was applied to Pb+Pb
collisions at /sy = 5.02 TeV. Available data on B, and B,
P spectra, averaged transverse momenta, and yield rapidity
densities of the d, *He, T, and 3 H measured by the ALICE
collaboration were explained. Moreover, the py spectra, aver-
aged transverse momenta, and yield rapidity densities of dif-
ferent Q-hypernuclei, e.g., H(pQ~), H(nQ~), and H(pnQ™),
were predicted for future experimental measurements.

Notably, this study presented two groups of novel observ-
ables. One referred to the averaged transverse momentum
(2N (Pdupe-)  Pr)HEe-) o) Pr)ipe (pr) 3H and
T I 2 S (2 S T M V0
Prdgno)

(Pr)a-
ing to the sizes of the nuclei themselves at any collision
centrality. The other group of observables involved the cen-

. . . - - SHe H
trality-dependent yield ratios 4 H(g—g),H(n—m,ﬁ,% A and

b —

P
H Q- . . d t 3H
%. Some of these yield ratios e Te’ an

ratios

. These ratios exhibited a reverse hierarchy accord-

d H (I;I;fl )
decreased while the others %, %{n
a function of dN, /dn. Such different trends were caused by
different production suppression degrees from the nucleus

3
H.
, and "7 increased as

sizes. The behaviors of these two groups of ratios in the
coalescence mechanism were different from the thermal
model. Therefore, these are powerful observables for prob-
ing the production mechanism of light (hyper-)nuclei and
can reveal the production mechanisms of different types of
nuclei in the coalescence framework.
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