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We improve a nucleon coalescence model to include the coordinate-momentum correlation in nucleon joint
distributions, and apply it to Pb-Pb collisions at

√
sNN = 2.76 TeV to study production properties of deuterons

(d), helions (3He), and tritons (t). We give formulas of the coalescence factors B2 and B3, and naturally explain
their behaviors as functions of the collision centrality and the transverse momentum per nucleon pT /A. We
reproduce the transverse momentum spectra, averaged transverse momenta, and yield rapidity densities of d ,
3He, and t , and find the system effective radius obtained in the coalescence production of light nuclei behaves
similarly to Hanbury Brown–Twiss interferometry radius. We particularly give expressions of yield ratios d/p,
3He/d , t/p, 3He/p, d/p2, 3He/p3, t/ 3He and argue their nontrivial behaviors can be used to distinguish
production mechanisms of light nuclei.
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I. INTRODUCTION

In ultrarelativistic heavy ion collisions, light nuclei such
as deuterons (d), helions (3He), and tritons (t) are a special
group of observables [1–13]. They are composite clusters and
their production mechanisms are still under debate so far.
As most of them are formed at the late stage of the system
evolution, light nuclei are considered as sensitive probes of the
fireball freeze-out properties [1–5]. The study of light nuclei
production can help understand many fundamental issues in
relativistic heavy ion collision physics, e.g., the hadronization
mechanism [6], the structure of the quantum chromodynamics
phase diagram [7–11], and the search for dibaryons and other
molecular states [12,13].

In recent decades, the production of light nuclei in ultra-
relativistic heavy ion collisions has always attracted much
attention both in experiment [14–24] and in theory [25–31].
The STAR experiment at the BNL Relativistic Heavy Ion Col-
lider (RHIC) and the ALICE experiment at the CERN Large
Hadron Collider (LHC) have collected a wealth of data on
light nuclei production. These data exhibit some fascinating
features [18–24]. In theory two production mechanisms, the
thermal production mechanism [30,32–35] and the coales-
cence mechanism [27,28,36–45], have proved to be successful
in describing light nuclei formation. In addition, transport
scenario [46–52] is employed to study how light nuclei evolve
and survive during the hadronic system evolution.

The coalescence mechanism, in which light nuclei are
assumed to be produced by the coalescence of the jacent
nucleons in the phase space, possesses its unique character-
istics. In order to see whether, if so, to what extent, these
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characteristics depend on the particular coalescence model
used in obtaining these characteristics, we, in our previous
works [53–55], developed an analytic description for the pro-
duction of different species of light nuclei in the coalescence
picture with the assumption of the coordinate-momentum fac-
torization. The obtained analytic formulas clearly show the
relationships of light nuclei with primordial nucleons and
effects of different factors on light nuclei production such as
the whole hadronic system scale as well as the sizes of the
formed light nuclei. In Refs. [53,54], we applied the analytic
coalescence model to Au-Au collisions at RHIC energies to
successfully explain the transverse momentum spectra, yield
rapidity densities, averaged transverse momenta and yield
correlations of different light nuclei. We also applied it to
pp, p-Pb, and Pb-Pb collisions at LHC to study the behavior
of the coalescence factor BA [55], and found it can naturally
explain the relatively weak pT dependence of BA in pp and
p-Pb collisions. In Pb-Pb collisions it gave qualitative growth
of BA against pT , but growth extent was underestimated. It
is urgently necessary to give quantitative explanations for BA

and further explore intrinsic properties of light nuclei produc-
tion in heavy ion collisions with such high collision energy at
the LHC.

In this work, we extend the nucleon coalescence model
to include the coordinate-momentum correlation originating
possibly from the collective flows [56], the temperature gra-
dients [57], etc., and apply it to Pb-Pb collisions at LHC
to study the production of light nuclei. One main goal of
this article is to bring to light the characteristics originating
from the nucleon coalescence itself and to discriminate in-
fluences of different factors in heavy ion collisions with so
high collision energy on light nuclei production. We study
coalescence factors (B2 and B3), transverse momentum (pT )
spectra, averaged transverse momenta (〈pT 〉), yield rapidity
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densities (dN/dy), and yield ratios of different species of light
nuclei. We find the nucleon coalescence model including the
coordinate-momentum correlation can well describe the light
nuclei production in Pb-Pb collisions at

√
sNN = 2.76 TeV.

We also find the system effective radius obtained in the coales-
cence production of light nuclei behaves similarly to Hanbury
Brown–Twiss (HBT) interferometry radius.

The paper is organized as follows. In Sec. II we give an
introduction to the nucleon coalescence model. In Sec. III
we study coalescence factors B2 and B3, and discuss their
behaviors as functions of the collision centrality and the trans-
verse momentum per nucleon. In Sec. IV, we study the pT

spectra, averaged transverse momenta, yield rapidity densities
and yield ratios of d , 3He, and t . In Sec. V we give our
summary.

II. THE NUCLEON COALESCENCE MODEL

In this section we extend the nucleon coalescence model
in our previous works [53–55] to include the coordinate-
momentum correlation in nucleon joint distributions. The
current nucleon coalescence model is a static and effective
model. The nucleon coalescence is executed on an equiva-
lent kinetic freeze-out surface which is formed from different
times. The finite emission duration is absorbed in an effective
volume parameter. This dealing method makes the analytic
and intuitive insights possible. We present a formulism of
two nucleons coalescing into d and that of three nucleons
coalescing into 3He and t . For t , the deduction process is the
same as that of 3He and we do not repeat the display and only
give the final formula.

We start from a hadronic system produced at the final stage
of the evolution of high energy heavy ion collision and sup-
pose light nuclei are formed via the nucleon coalescence. The
three-dimensional momentum distribution of the produced
deuterons fd (p) and that of helions f3He(p) are

fd (p) = Npn

∫
dx1dx2d p1d p2 f (n)

pn (x1, x2; p1, p2)

×Rd (x1, x2; p1, p2, p), (1)

f3He(p) = Nppn

∫
dx1dx2dx3d p1d p2d p3

× f (n)
ppn(x1, x2, x3; p1, p2, p3)

×R3He(x1, x2, x3; p1, p2, p3, p). (2)

Here, f (n)
pn (x1, x2; p1, p2) is the normalized joint coordinate-

momentum distribution of proton-neutron pairs and
f (n)

ppn(x1, x2, x3; p1, p2, p3) is that of three-nucleon clusters.
Npn = NpNn is the number of all possible pn pairs and
Nppn = Np(Np − 1)Nn is that of all possible ppn-clusters.
Np is the proton number and Nn is the neutron number in

the considered hadronic system. Rd (x1, x2; p1, p2, p) and
R3He(x1, x2, x3; p1, p2, p3, p) are kernel functions. Here,
and from now on, we use boldface type to distinguish
three-dimensional vectors.

Taking into account constraints from the momentum con-
servation and intrinsic quantum numbers of light nuclei,
we rewrite kernel functions in the following forms as in
Refs. [53–55,58]:

Rd (x1, x2; p1, p2, p)

= gdR(x,p)
d (x1, x2; p1, p2)δ

(
2∑

i=1

pi − p

)
, (3)

R3He(x1, x2, x3; p1, p2, p3, p)

= g3HeR(x,p)
3He (x1, x2, x3; p1, p2, p3)δ

(
3∑

i=1

pi − p

)
, (4)

where the spin degeneracy factors gd = 3/4 and g3He =
1/4. The Dirac δ functions guarantee the momentum
conservation in the coalescence process. The remaining
R(x,p)

d (x1, x2; p1, p2) and R(x,p)
3He (x1, x2, x3; p1, p2, p3) can be

solved from the Wigner transformation as adopting the wave
function of a spherical harmonic oscillator as in Refs. [59,60].
They are as follows:

R(x,p)
d (x1, x2; p1, p2) = 8e

− (x′
1−x′

2 )2

σ2
d e− σ2

d (p′1−p′2 )2

4h̄2c2 , (5)

R(x,p)
3He (x1, x2, x3; p1, p2, p3) = 82e

− (x′
1−x′

2 )2

2σ2
3He e

− (x′
1+x′

2−2x′
3 )2

6σ2
3He

× e− σ2
3He

(p′1−p′2 )2

2h̄2c2 e− σ2
3He

(p′1+p′2−2p′3 )2

6h̄2c2 .

(6)

The superscript ‘′’ in the coordinate or momentum variable
denotes the nucleon coordinate or momentum in the rest frame
of the pn pair or ppn cluster. The width parameter σd =

√
8
3 Rd

and σ3He = R3He, where Rd = 2.1421 fm and R3He = 1.9661
fm are the root-mean-square radius of the deuteron and that of
the 3He, respectively [61]. The factor h̄c comes from the used
GeV fm unit, and it is 0.197 GeV fm.

As we know, profiles of nuclei wave functions generally
affect their productions in the coalescence picture, especially
in relatively small reaction systems, e.g., peripheral Pb-Pb,
p-Pb, and pp collisions or for larger nuclei, e.g., the hy-
pertriton. In Ref. [62], different wave functions, e.g., the
spherical harmonic oscillator wave function and the Hulthen
wave function, have been employed to study nuclei produc-
tion and found results from these wave functions are roughly
consistent at R f > 2 fm which is the relevant region in our
current Pb-Pb collisions. Considering the wave function of
a spherical harmonic oscillator is particularly tractable and
useful for analytic insight, we adopt this profile.

Substituting Eqs. (3)–(6) into Eqs. (1) and (2), we have

fd (p)=gd Npn

∫
dx1dx2d p1d p2 f (n)

pn (x1, x2; p1, p2)8e
− (x′

1−x′
2 )2

σ2
d e− σ2

d (p′1−p′2 )2

4h̄2c2 δ

(
2∑

i=1

pi − p

)
, (7)
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f3He(p) = g3HeNppn

∫
dx1dx2dx3d p1d p2d p3 f (n)

ppn(x1, x2, x3; p1, p2, p3)δ

(
3∑

i=1

pi − p

)

× 82e
− (x′

1−x′
2 )2

2σ2
3He e

− (x′
1+x′

2−2x′
3 )2

6σ2
3He e− σ2

3He
(p′1−p′2 )2

2h̄2c2 e− σ2
3He

(p′1+p′2−2p′3 )2

6h̄2c2 . (8)

Considering that the gaussian width values 2h̄c/σd ,
√

2h̄c/σ3He, and
√

6h̄c/σ3He in the momentum-dependent kernel functions
are quite small, we mathematically approximate the gaussian form e−(�p′ )2/ε2

as (
√

πε)3δ(�p′), where ε is a small quantity. Then
we can obtain

fd (p) = 8gd Npn

∫
dx1dx2d p1d p2 f (n)

pn (x1, x2; p1, p2)e
− (x′

1−x′
2 )2

σ2
d

(
2h̄c

√
π

σd

)3

δ(p′
1 − p′

2)δ

(
2∑

i=1

pi − p

)

= 8gd Npn

∫
dx1dx2d p1d p2 f (n)

pn (x1, x2; p1, p2)e
− (x′

1−x′
2 )2

σ2
d

(
2h̄c

√
π

σd

)3

γ δ(p1 − p2)δ

(
2∑

i=1

pi − p

)

= 8gd Npn

(
h̄c

√
π

σd

)3

γ

∫
dx1dx2 f (n)

pn

(
x1, x2;

p
2
,

p
2

)
e
− (x′

1−x′
2 )2

σ2
d , (9)

where the Lorentz contraction factor γ comes from the Lorentz transformation �p′ = 1
γ
�p. Similarly for 3He we have

f3He(p) = 82g3HeNppn

(
h̄2c2π√

3σ 2
3He

)3

γ 2
∫

dx1dx2dx3 f (n)
ppn

(
x1, x2, x3;

p
3
,

p
3
,

p
3

)
e
− (x′

1−x′
2 )2

2σ2
3He e

− (x′
1+x′

2−2x′
3 )2

6σ2
3He . (10)

Changing coordinate integral variables in Eq. (9) to be X = x1+x2
2 and r = x1 − x2, and those in Eq. (10) to be Y = (x1 +

x2 + x3)/
√

3, r1 = (x1 − x2)/
√

2 and r2 = (x1 + x2 − 2x3)/
√

6, we have

fd (p) = 8gd Npn

(
h̄c

√
π

σd

)3

γ

∫
dXdr f (n)

pn

(
X , r;

p
2
,

p
2

)
e
− r′2

σ2
d , (11)

f3He(p) = 82g3HeNppn

(
h̄2c2π√

3σ 2
3He

)3

γ 2
∫

dY dr1dr2 f (n)
ppn

(
Y , r1, r2;

p
3
,

p
3
,

p
3

)
e
− r′21

σ2
3He e

− r′22
σ2

3He . (12)

Considering the nucleon strong interaction and the nucleon coalescence are local, we neglect the effect of collective motion on
the center of mass coordinate and assume it is factorized in nucleon joint distributions, i.e.,

f (n)
pn

(
X , r;

p
2
,

p
2

)
= f (n)

pn (X ) f (n)
pn

(
r;

p
2
,

p
2

)
, (13)

f (n)
ppn

(
Y , r1, r2;

p
3
,

p
3
,

p
3

)
= f (n)

ppn(Y ) f (n)
ppn

(
r1, r2;

p
3
,

p
3
,

p
3

)
. (14)

Then we have

fd (p) = 8gd Npn

(
h̄c

√
π

σd

)3

γ

∫
dr f (n)

pn

(
r;

p
2
,

p
2

)
e
− r′2

σ2
d , (15)

f3He(p) = 82g3HeNppn

(
h̄2c2π√

3σ 2
3He

)3

γ 2
∫

dr1dr2 f (n)
ppn

(
r1, r2;

p
3
,

p
3
,

p
3

)
e
− r′21

σ2
3He e

− r′22
σ2

3He . (16)

We adopt the frequently-used gaussian form for the relative coordinate distribution as in such as Ref. [63], i.e.,

f (n)
pn

(
r;

p
2
,

p
2

)
= 1[

πCR2
f (p)

]3/2 e
− r2

CR2
f (p) f (n)

pn

(
p
2
,

p
2

)
, (17)

f (n)
ppn

(
r1, r2;

p
3
,

p
3
,

p
3

)
= 1[

π2C1C2R4
f (p)

]3/2 e
− r2

1
C1R2

f (p) e
− r2

2
C2R2

f (p) f (n)
ppn

(
p
3
,

p
3
,

p
3

)
. (18)

Here, R f (p) is the effective radius of the source system at the light nuclei freeze-out, and it generally depends on the momentum
[64–66]. Considering relations between r, r1, and r2 with x1, x2, and x3, C1 equals to C/2 and C2 equals to 2C/3. So there is
only one distribution width parameter C to be determined, and it is set to be 4 the same as that in Ref. [63]. Gaussian profile of
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the relative coordinate distribution is convenient for analytical calculations, and there are some empirical arguments in favor of
such choice [67,68].

With instantaneous coalescence in the rest frame of pn pair or ppn cluster, i.e., �t ′ = 0, we get the Lorentz transformation

r = r′ + (γ − 1)
r′ · β

β2
β, (19)

where β is the three-dimensional velocity vector of the center-of-mass frame of pn pair or ppn cluster in the laboratory frame.
Substituting Eqs. (17) and (18) into Eqs. (15) and (16) and using Eq. (19) to integrate from relative coordinate variables, we can
obtain

fd (p) = 8gd (
√

π h̄c)3γ[
CR2

f (p) + σ 2
d

]√
C[R f (p)/γ ]2 + σ 2

d

fpn

(
p
2
,

p
2

)
, (20)

f3He(p) = 82g3He(π h̄2c2)3γ 2

3
√

3
[

C
2 R2

f (p) + σ 2
3He

]√
C
2 [R f (p)/γ ]2 + σ 2

3He

1[
2C
3 R2

f (p) + σ 2
3He

]√
2C
3 [R f (p)/γ ]2 + σ 2

3He

fppn

(
p
3
,

p
3
,

p
3

)
. (21)

Ignoring correlations between protons and neutrons, we have the three-dimensional momentum distributions of light nuclei
as

fd (p) = 8gd (
√

π h̄c)3γ[
CR2

f (p) + σ 2
d

]√
C[R f (p)/γ ]2 + σ 2

d

fp

( p
2

)
fn

( p
2

)
, (22)

f3He(p) = 82g3He(π h̄2c2)3γ 2

3
√

3
[

C
2 R2

f (p) + σ 2
3He

]√
C
2 [R f (p)/γ ]2 + σ 2

3He

1[
2C
3 R2

f (p) + σ 2
3He

]√
2C
3 [R f (p)/γ ]2 + σ 2

3He

fp

( p
3

)
fp

( p
3

)
fn

( p
3

)
. (23)

From Eqs. (22) and (23), we can get the Lorentz-invariant momentum distributions of light nuclei. We denote the invariant
distribution d2N

2π pT d pT dy with f (inv) and at the midrapidity y = 0 we have

f (inv)
d (pT ) = 32gd (

√
π h̄c)3

md
[
CR2

f (pT ) + σ 2
d

]√
C[R f (pT )/γ ]2 + σ 2

d

f (inv)
p

( pT

2

)
f (inv)
n

( pT

2

)
, (24)

f (inv)
3He (pT ) = 192

√
3g3He(π h̄2c2)3

m2
3He

[
C
2 R2

f (pT ) + σ 2
3He

][
2C
3 R2

f (pT ) + σ 2
3He

] 1√
C
2 [R f (pT )/γ ]2 + σ 2

3He

√
2C
3 [R f (pT )/γ ]2 + σ 2

3He

× f (inv)
p

( pT

3

)
f (inv)

p

( pT

3

)
f (inv)
n

( pT

3

)
. (25)

Here, md is the mass of the d and m3He is that of the 3He. For tritons, we similarly have

f (inv)
t (pT ) = 192

√
3gt (π h̄2c2)3

m2
t

[
C
2 R2

f (pT ) + σ 2
t

][
2C
3 R2

f (pT ) + σ 2
t

] 1√
C
2 [R f (pT )/γ ]2 + σ 2

t

√
2C
3 [R f (pT )/γ ]2 + σ 2

t

× f (inv)
p

( pT

3

)
f (inv)
n

( pT

3

)
f (inv)
n

( pT

3

)
, (26)

where gt = 1/4 and σt = Rt = 1.7591 fm [61]. mt is the mass
of the t . Equations (24)–(26) show relationships of light nuclei
with primordial nucleons in momentum space in the labora-
tory frame. They can be used to calculate coalescence factors,
yield rapidity densities and pT spectra of light nuclei in high
energy collisions, especially in heavy ion collisions at the
LHC where the coupling effect of coordinate and momentum
may be more intense due to stronger collective motions and
larger temperature gradients. We will show their applications
in Pb-Pb collisions at

√
sNN = 2.76 TeV in the following sec-

tions. The d , 3He, and t coming from decays of the excited
nuclei are neglected in the current work, which have been
estimated to be less than 5% at the LHC [69].

III. RESULTS OF COALESCENCE FACTORS

The coalescence factor BA is defined as

BA = f (inv)
d,3He,t (pT )/

[(
f (inv)

p

( pT

A

))Z(
f (inv)
n

( pT

A

))A−Z
]
, (27)

where A is the mass number and Z is the charge of the
light nuclei. BA is a key link between the formed light nuclei
and the primordial nucleons, and folds important kinetic and
dynamical information of the coalescence process. Intuitively
unfolding BA and a quantitative explanation for its centrality
and pT -dependent behaviors in heavy ion collisions at the
LHC are necessary.
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Substituting Eqs. (24)–(26) into Eq. (27), we respectively have, for d , 3He, and t ,

B2(pT ) = 32gd (
√

π h̄c)3

md
[
CR2

f (pT ) + σ 2
d

]√
C[R f (pT )/γ ]2 + σ 2

d

, (28)

B3(pT ) = 192
√

3g3He(π h̄2c2)3

m2
3He

[
C
2 R2

f (pT ) + σ 2
3He

][
2C
3 R2

f (pT ) + σ 2
3He

] 1√
C
2 [R f (pT )/γ ]2 + σ 2

3He

√
2C
3 [R f (pT )/γ ]2 + σ 2

3He

, (29)

B3(pT ) = 192
√

3gt (π h̄2c2)3

m2
t

[
C
2 R2

f (pT ) + σ 2
t

][
2C
3 R2

f (pT ) + σ 2
t

] 1√
C
2 [R f (pT )/γ ]2 + σ 2

t

√
2C
3 [R f (pT )/γ ]2 + σ 2

t

. (30)

The above equations clearly show that B2 and B3 depend on
the masses md,3He,t , the spin degeneracy factors gd,3He,t and
the sizes of light nuclei via σd,3He,t . The Lorentz contraction
factor γ , resulting from setting nucleon coalescence criteria
in the rest frame of the nucleon pair or three-nucleon cluster
rather than in the laboratory frame, affects the pT -dependent
behaviors of B2 and B3. This has been studied in Ref. [55].
The other influencing factor for pT -dependent behaviors of
B2 and B3 is the R f (pT ), which is also closely related with
centrality-dependent behaviors of B2 and B3.

To further compute B2 and B3, the specific form of R f (pT )
is necessary. In heavy ion collisions at CERN-SPS energies, it
has been found that R f (pT ) adopted as the femtoscopic radius
can describe the d production well [42]. If this still holds at
LHC energies, the dependence of R f (pT ) on centrality and pT

should factorize into a linear dependence on the cube root of
the pseudorapidity density of charged particles (dNch/dη)1/3

and a power-law dependence on the transverse mass of the
formed light nucleus mT [66]. So we get

R f (pT ) = a ×
(

dNch

dη

)1/3

× (√
p2

T + m2
d,3He,t

)b
, (31)

where a and b are free parameters. Their values in Pb-Pb
collisions at

√
sNN = 2.76 TeV are (0.67,−0.25) for d and

(0.60,−0.25) for 3He and t , which are determined by repro-
ducing the data of the pT spectrum of d in 0–10% centrality
and that of 3He in 0–20% centrality. Note that b < 0 gives
decreasing R f with the increasing pT . This means that nucle-
ons with stronger collective motions have larger probability
to emit from the same spatial location. Such coordinate-
momentum correlation is naturally given by the gaussian form
of the relative coordinate distribution in Eqs. (17) and (18).
Here, b is set to be centrality independent, which is consistent
with that in hydrodynamics [71] and that in STAR measure-
ments of two-pion interferometry in central and semicentral
Au-Au collisions [72]. a is also centrality independent. Pre-
cise experimental measurements of HBT femtoscopic radius
for nucleons in the future can crosscheck the scaling behaviors
of R f as functions of dNch/dη and pT .

We use the data of dNch/dη in Ref. [73] to get R f (pT ),
and then compute B2 and B3. Figure 1 shows B2 of d as
a function of the transverse momentum scaled by the mass
number pT /2 in different centralities in Pb-Pb collisions at√

sNN = 2.76 TeV. Symbols with error bars are experimen-

tal data [18,70] and different solid lines are our theoretical
results of the current nucleon coalescence model. Different
dotted lines are results from Ref. [55] where the assumption
of the coordinate-momentum factorization was adopted. From
Fig. 1, one can see from central to peripheral collisions, B2

increases. This is due to the decreasing scale of the hadronic
system, which makes it easier for a pn pair to recombine
into a deuteron. For the same centrality, B2 increase as a
function of pT /2. This increase behavior results on one hand
from the Lorentz contraction factor γ [55]. On the other
hand, it results from the decreasing R f with increasing mo-
mentum. The rising behavior of the experimental data as a
function of pT /2 from central to peripheral collisions can be
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FIG. 1. The B2 of d as a function of pT /2 in different cen-
tralities in Pb-Pb collisions at

√
sNN = 2.76 TeV. Symbols with

error bars are experimental data [18,70] and different solid lines
are theoretical results. Different dotted lines are results with the
coordinate-momentum factorization assumption in Ref. [55].
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FIG. 2. The B3 of (a) 3He and (b) t as a function of pT /3 in different centralities in Pb-Pb collisions at
√

sNN = 2.76 TeV. Symbols with
error bars are experimental data [18] and different solid, dashed, and dash-dotted lines are our theoretical results. Different dotted lines in
(a) are results of 3He with the coordinate-momentum factorization assumption in Ref. [55].

quantitatively described by the current nucleon coalescence
model. Comparing the current results denoted by solid lines
with those in Ref. [55] denoted by dotted lines in Fig. 1, one
can see the nucleon coalescence model with the coordinate-
momentum correlation can better describe the behaviors of B2

in central and semicentral collisions. This shows the necessity
of the coordinate-momentum correlation in large heavy ion
collision systems. For low pT /2 < 1 GeV area in peripheral
collisions, the data seem to favor the coalescence model with
the coordinate-momentum factorization assumption. Recall-
ing that we fix the correlation strength parameter b with
the experimental data in central collisions and set it to be
centrality-independent, this indicates that the strength of the
coordinate-momentum correlation may become weak due to
the weak collective motion in peripheral collisions.

Figure 2(a) shows B3 of 3He as a function of pT /3 in
different centralities in Pb-Pb collisions at

√
sNN = 2.76 TeV.

Symbols with error bars are experimental data [18] and dif-
ferent solid lines are our theoretical results. Different dotted
lines are results from Ref. [55] where the assumption of the
coordinate-momentum factorization was adopted. Similarly
as B2, experimental data of B3 for 3He also exhibits a rising
trend as a function of pT /3, which is reproduced well by the
current nucleon coalescence model from central to peripheral
collisions. Predictions of B3 for t in Fig. 2(b) show similar
trend as that of 3He, which can be tested by future experi-
mental measurements. Compared the current results denoted
by solid lines with those in Ref. [55] denoted by dotted lines
in Fig. 2(a), one can see the improved nucleon coalescence
model can describe the slopes of B3 much better.

At the end of this section, we want to emphasize that the
centrality and momentum dependent behaviors of B2 and B3

in Pb-Pb collisions at
√

sNN = 2.76 TeV are simultaneously
explained by the improved nucleon coalescence model. The
influencing factors of B2 and B3 are explicitly unfolded, as
shown in Eqs. (28)–(30). Some other models based on trans-
port approach are also used to study behaviors of BA in heavy
ion collisions at LHC and other experiments [48,74–78]. All
the results from these different models can help cross un-
derstand production properties of light nuclei from different
aspects.

IV. RESULTS OF pT SPECTRA

In this section, we use the nucleon coalescence model to
study the pT spectra of light nuclei in different centralities in
Pb-Pb collisions at

√
sNN = 2.76 TeV. We first introduce the

nucleon pT spectra. We then compute the pT spectra of d , 3He
and t . We finally calculate the averaged transverse momenta
〈pT 〉, the yield rapidity densities dN/dy, and yield ratios of
different light nuclei.

A. The pT spectra of primordial nucleons

The pT spectra of primordial nucleons are necessary inputs
for computing pT distributions of light nuclei in the nucleon
coalescence model. We here use the blast-wave model to get
pT distribution functions of primordial protons by fitting the
experimental data of prompt (anti)protons in Ref. [73]. The
blast-wave function [79] is given as

d2N

2π pT d pT dy
∝
∫ R

0
rdrmT I0

(
pT sinh ρ

Tkin

)
K1

(
mT cosh ρ

Tkin

)
,

(32)
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FIG. 3. The pT spectra of prompt protons plus antiprotons in dif-
ferent centralities in Pb-Pb collisions at

√
sNN = 2.76 TeV. Symbols

with error bars are experimental data [73], and different lines are the
results of the blast-wave model.

where r is the radial distance in the transverse plane and R
is the radius of the fireball. mT is the transverse mass of
the proton. I0 and K1 are the modified Bessel functions, and
the velocity profile ρ = tanh−1[βs( r

R )n]. The surface velocity
βs, the kinetic freeze-out temperature Tkin and n are fitting
parameters.

Figure 3 shows the pT spectra of prompt protons plus
antiprotons in different centralities in Pb-Pb collisions at√

sNN = 2.76 TeV. Symbols with error bars are experimental
data [73], and different lines are the results of the blast-wave
model. The pT spectra in different centralities are scaled by
different factors for clarity as shown in the figure. For the
primordial neutron pT spectra, we adopt the same as those
of primordial protons as we focus on light nuclei production
at midrapidity at so high LHC energy that the isospin symme-
try is well satisfied. We, in the following, use these nucleon
results from the blast-wave model to compute the productions
of different light nuclei.

B. The pT spectra of light nuclei

With Eq. (24), we first calculate the pT spectra of deuterons
in Pb-Pb collisions at

√
sNN = 2.76 TeV in 0–10%, 10–20%,

20–40%, 40–60%, and 60–80% centralities. Different lines
scaled by different factors for clarity in Fig. 4 are our theo-
retical results. Symbols with error bars are experimental data
from the ALICE collaboration [18]. From Fig. 4, one can
see the p + n coalescence can well reproduce the available
data from central to peripheral Pb-Pb collisions at

√
sNN =

2.76 TeV.
We then study the pT spectra of 3He and t in Pb-Pb

collisions at
√

sNN = 2.76 TeV in 0–20% and 20–80% cen-
tralities. Different lines in Fig. 5(a) are our theoretical results
of 3He, which agree with the available data denoted by filled
symbols [18] within experimental uncertainties. In the low

FIG. 4. The pT spectra of deuterons in different centralities in
Pb-Pb collisions at

√
sNN = 2.76 TeV. Symbols are experimental

data [18] and different lines are the theoretical results.

pT < 2 GeV/c region where the data are absent, our theo-
retical results show different trends in different centralities,
slight increase in 0–20% centrality but decrease in 20–80%
centrality. This difference is caused by the competition of the
pT distributions of nucleons and R f (pT ) in our model. With
the increase of the pT , the decreasing nucleon pT distributions
suppress 3He production while decreasing R f (pT ) enhances
its production. In central 0–20% collisions, nucleon pT distri-
butions decrease very weakly or nearly hold invariant in pT <

0.6 GeV/c, so decreasing R f (pT ) as the function of pT makes
the pT spectra of 3He increase in pT < 2 GeV/c. In 20–80%
centrality, although decreasing R f (pT ) still makes the pT

spectra of 3He increase as the function of pT , but obvious
decreasing pT distributions of nucleons in pT < 0.6 GeV/c
dominate the decreasing behavior of the pT spectra of 3He.
Future experimental measurements at low pT area can test the
pattern of the R f (pT ) and the coalescence production mecha-
nism for 3He. The dashed and dash-dotted lines in Fig. 5(b)
are predictions for t in centralities 0–20% and 20–80%,
respectively.

C. Averaged transverse momenta and yield rapidity
densities of light nuclei

We here study the averaged transverse momenta 〈pT 〉 and
yield rapidity densities dN/dy of d , 3He, and t . Our theoretical
results are put in the fourth and sixth columns in Table I.
Experimental data in the third and fifth columns are from
Ref. [18]. Theoretical results for d and 3He are consistent with
the corresponding data within the experimental uncertainties.
Predictions for t are provided for future experimental mea-
surements. A clear decreasing trend for both 〈pT 〉 and dN/dy
from central to peripheral collisions is observed. This is due
to that in more central collisions more energy is deposited in
the midrapidity region and collective evolution exists longer.
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FIG. 5. The pT spectra of (a) 3He and (b) t in different centralities in Pb-Pb collisions at
√

sNN = 2.76 TeV. Symbols are experimental data
[18] and different lines are the theoretical results.

D. Yield ratios of light nuclei

Yield ratios of light nuclei are characteristic probes for
production mechanisms and contain intrinsic production cor-
relations among different light nuclei. In this subsection, we
study three groups of yield ratios. One is two-particle ratios
such as d/p, 3He/d , t/p, and 3He/p. The second group in-
cludes d/p2 and 3He/p3. They represent the probability of
any nucleon-pair coalescing into a d and that of any ppn clus-
ter coalescing into a 3He. The last is t/ 3He, which exhibits
interesting behaviors as functions of pT and the collision
centrality.

From Eqs. (24)–(26) we approximately have the pT -
integrated yield ratios

d

p
∝ Np

〈R f 〉3
(
C + σ 2

d
〈R f 〉2

)√
C

〈γ 〉2 + σ 2
d

〈R f 〉2

= Np

〈R f 〉3

〈γ 〉
(
C + σ 2

d
〈R f 〉2

)√
C + σ 2

d
〈R f 〉2/〈γ 〉2

, (33)

3He

d
∝

Np
(
C + σ 2

d
〈R f 〉2

)√
C

〈γ 〉2 + σ 2
d

〈R f 〉2

〈R f 〉3
(

C
2 + σ 2

3He
〈R f 〉2

)√
C

2〈γ 〉2 + σ 2
3He

〈R f 〉2

× 1(
2C
3 + σ 2

3He
〈R f 〉2

)√
2C

3〈γ 〉2 + σ 2
3He

〈R f 〉2

≈ 23/2Np

〈R f 〉3
(

2C
3 + σ 2

3He
〈R f 〉2

)√
2C

3〈γ 〉2 + σ 2
3He

〈R f 〉2

×

⎧⎪⎨
⎪⎩1 + �ε2

⎡
⎢⎣ 1

1 + C〈R f 〉2

(
√

2σ3He )2

+ 1/2

1 + C〈R f 〉2/〈γ 〉2

(
√

2σ3He )2

⎤
⎥⎦
⎫⎪⎬
⎪⎭, (34)

t

p
∝ N2

p

〈R f 〉6
(

C
2 + σ 2

t
〈R f 〉2

)(
2C
3 + σ 2

t
〈R f 〉2

)
× 1√

C
2〈γ 〉2 + σ 2

t
〈R f 〉2

√
2C

3〈γ 〉2 + σ 2
t

〈R f 〉2

, (35)

TABLE I. Averaged transverse momenta 〈pT 〉 and yield rapidity densities dN/dy of d , 3He, and t in different centralities in Pb-Pb collisions
at

√
sNN = 2.76 TeV. Experimental data in the third and fifth columns are from Ref. [18]. Theoretical results are in the fourth and sixth columns.

〈pT 〉 dN/dy

Centrality Data Theory Data Theory

d 0–10% 2.12 ± 0.00 ± 0.09 2.19 (9.82 ± 0.04 ± 1.58) × 10−2 11.38 × 10−2

10–20% 2.07 ± 0.01 ± 0.10 2.12 (7.60 ± 0.04 ± 1.25) × 10−2 7.55 × 10−2

20–40% 1.92 ± 0.00 ± 0.11 1.95 (4.76 ± 0.02 ± 0.82) × 10−2 4.28 × 10−2

40–60% 1.63 ± 0.01 ± 0.09 1.62 (1.90 ± 0.01 ± 0.41) × 10−2 1.71 × 10−2

60–80% 1.29 ± 0.01 ± 0.14 1.28 (0.51 ± 0.01 ± 0.14) × 10−2 0.42 × 10−2

3He 0–20% 2.83 ± 0.05 ± 0.45 2.95 (2.76 ± 0.09 ± 0.62) × 10−4 2.60 × 10−4

20–80% 2.65 ± 0.06 ± 0.45 2.18 (5.09 ± 0.24 ± 1.36) × 10−5 5.14 × 10−5

t 0–20% − − − 2.97 − − − 2.77 × 10−4

20–80% − − − 2.20 − − − 5.84 × 10−5
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FIG. 6. Yield ratios (a) d/p, (b) 3He /d , (c) t/p, and (d) 3He /p as a function of dNch/dη in Pb-Pb collisions at
√

sNN = 2.76 TeV. Filled
circles are experimental data [18] and open circles connected with solid lines to guide the eye are the theoretical results.

3He

p
∝ N2

p

〈R f 〉6
(

C
2 + σ 2

3He
〈R f 〉2

)(
2C
3 + σ 2

3He
〈R f 〉2

)
× 1√

C
2〈γ 〉2 + σ 2

3He
〈R f 〉2

√
2C

3〈γ 〉2 + σ 2
3He

〈R f 〉2

. (36)

The angle brackets denote the averaged values. Note that
in the approximately equal sign in Eq. (34), we ignore the
difference of 〈R f 〉 and that of 〈γ 〉 for d and 3He and ig-
nore the higher order terms of �ε2, where �ε2 = [σ 2

d −
(
√

2σ3He)2]/(
√

2σ3He)2 < 1. Equations (33)–(36) show that
centrality-dependent behaviors of these two-particle ratios are
closely related with the nucleon density Np/〈R f 〉3, σd/〈R f 〉
and 〈γ 〉. From peripheral to central collisions, i.e., with the
increasing dNch/dη, 〈R f 〉, and 〈γ 〉 increase. Suppressions
on these ratios from σd,3He,t/〈R f 〉 and 1/〈γ 〉2 become weak,
and this makes these ratios increase. The nucleon density
Np/〈R f 〉3 decreases with increasing dNch/dη, which can be
deduced from the trend of the yield ratio p/π [73]. This
leads to the decrease of these ratios. The final behaviors of
d/p, 3He /d , t/p, and 3He /p as the function of the centrality
dependence denoted by dNch/dη depend on the competition
effect from σd,3He,t/〈R f 〉, 1/〈γ 〉2 and Np/〈R f 〉3.

Figure 6 shows the dNch/dη dependence of d/p, 3He /d ,
t/p, and 3He /p in Pb-Pb collisions at

√
sNN = 2.76 TeV.

Filled circles are experimental data [18]. Open circles con-
nected with solid lines to guide the eye are our theoretical
results. Results of our model agree with the available data
within the experimental uncertainties. Equation (33) shows
that d/p mainly relates to two elements. One is the nucleon

volume density, i.e., Np/
〈R f 〉3

〈γ 〉 . The other is the suppression
effect due to the d size via σd , and this production suppression
is weaker in larger reaction system due to the item σd/〈R f 〉.
Therefore, in more central collisions weaker suppression ef-
fect from σd/〈R f 〉 makes d/p increase, but the observed
decreasing proton density [73] makes d/p decrease. The fi-
nally conjunct result from the nucleon volume density and the
suppression effect due to the d size makes d/p unchanged
within the experimental errors as the function of the collision
centrality, as shown in Fig. 6(a). In Ref. [80], a small drop of
d/p from the proton suppression production in central Pb-Pb
collisions at LHC has also been studied. Figures 6(b), 6(c),
and 6(d) show 3He /d , t/p, and 3He /p increase slightly as
the function of dNch/dη. The large experimental uncertainties
of the data [18] make it hard to give a final conclusion. The
canonical effect in the thermal model leading to a reduction in
peripheral collisions and the baryon-antibaryon annihilations
in the hybrid simulation leading to an additional suppression
in central collisions for d/p and 3He /p have been discussed
in Ref. [81]. Discussions from different models give explana-
tions of these ratios from different viewpoints.
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FIG. 7. Yield ratios (a) d/p2 and (b) 3He/p3 as well as scaled yield ratios (c) (d/p2)/(dNch/dη)−1 and (d) (3He /p3)/(dNch/dη)−2 as a
function of dNch/dη in Pb-Pb collisions at

√
sNN = 2.76 TeV. Filled circles are experimental data [18] and open circles connected with solid

lines to guide the eye are the theoretical results.

From Eqs. (33) and (36), we immediately have

d

p2
∝ 1

〈R f 〉3
(
C + σ 2

d
〈R f 〉2

)√
C

〈γ 〉2 + σ 2
d

〈R f 〉2

, (37)

3He

p3
∝ 1

〈R f 〉6
(

C
2 + σ 2

3He
〈R f 〉2

)(
2C
3 + σ 2

3He
〈R f 〉2

)
× 1√

C
2〈γ 〉2 + σ 2

3He
〈R f 〉2

√
2C

3〈γ 〉2 + σ 2
3He

〈R f 〉2

. (38)

They give a decreasing trend with the increasing R f . They
do not depend on the absolute nucleon numbers or the nu-

cleon rapidity densities. Figures 7(a) and 7(b) show the ratios
d/p2 and 3He /p3, respectively, in Pb-Pb collisions at

√
sNN =

2.76 TeV. Both d/p2 and 3He /p3 show explicit decreasing
trend with the increasing dNch/dη, which is very different
from the previous d/p and 3He /p. Recalling that d/p2 and
3He /p3 represent the probability of any nucleon-pair coalesc-
ing into a deuteron and that of any ppn-cluster coalescing into
a 3He. This means that it is more difficult for any nucleon pair
or ppn cluster to recombine into a deuteron or 3He in larger
hadronic system produced in more central collisions. Equa-
tions (37) and (38) approximately show an antiproportional
relation between d/p2 and 〈R f 〉3 and that between 3He /p3

and 〈R f 〉6. As dNch/dη is always regarded as a proxy of
the system volume, i.e., 〈R f 〉3, we have plotted the result of
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FIG. 8. Predictions of the yield ratio t/ 3He as functions of (a) pT and (b) dNch/dη in Pb-Pb collisions at
√

sNN = 2.76 TeV.

d/p2 divided by (dNch/dη)−1 and that of 3He /p3 divided
by (dNch/dη)−2 as a function of dNch/dη in Fig. 7(c) and
7(d). The slight increase behaviors of the theoretical results
for these scaled ratios are due to the weaker production sup-
pression from the nuclei own sizes in larger hadronic systems,
as shown by items in parentheses and square roots in Eqs. (37)
and (38). Precise data at future experiments can help justify
the nonconstant behaviors of these scaled ratios as the func-
tion of the collision centrality.

The yield ratio t/ 3He provides another test of the coales-
cence productions for light nuclei. With Eqs. (25) and (26),
we have its pT -dependent function as

t
3He

(pT ) =
[

C
2 + σ 2

3He

R2
f (pT )

][
2C
3 + σ 2

3He

R2
f (pT )

]
[

C
2 + σ 2

t

R2
f (pT )

][
2C
3 + σ 2

t

R2
f (pT )

]

×

√
C

2γ 2 + σ 2
3He

R2
f (pT )

√
2C
3γ 2 + σ 2

3He

R2
f (pT )√

C
2γ 2 + σ 2

t

R2
f (pT )

√
2C
3γ 2 + σ 2

t

R2
f (pT )

≈ 1 + �σ 2

σ 2
t

{
1

1 + C
2σ 2

t
R2

f (pT )
+ 1

1 + 2C
3σ 2

t
R2

f (pT )

+ 1/2

1 + C
2σ 2

t γ 2 R2
f (pT )

+ 1/2

1 + 2C
3σ 2

t γ 2 R2
f (pT )

}
. (39)

Here, �σ 2 = σ 2
3He − σ 2

t and we ignore the higher order terms
for the small quantity �σ 2/σ 2

t . Eq. (39) shows that t/3He is
always larger than one and approaches to one when R f → ∞.
The smaller R f , the higher deviation of t/3He from one. With
the increasing pT , γ increases and R f decreases, so t/3He
should increase. Figure 8(a) shows our predictions of t/ 3He
as the function of pT in 0–20% and 20–80% centralities,

respectively, in Pb-Pb collisions at
√

sNN = 2.76 TeV, both
of which give increasing behaviors. The pT -integrated yield
ratio t/3He as the function of dNch/dη is in Fig. 8(b), which
has a decreasing trend. This is because larger dNch/dη, i.e.,
larger R f , makes t/3He decrease closer to one. Predictions of
t/ 3He in the nucleon coalescence model give nonflat behav-
iors as functions of pT and dNch/dη. This is due to different
relative production suppression between 3He and t at different
hadronic system scales. This feature is very different from
that in the thermal model, where the expectation for this
ratio is one [30]. This can be used to distinguish production
mechanisms of 3He and t .

V. SUMMARY

To get intuitive understandings of production properties
of light nuclei in heavy ion collisions at the LHC, we im-
proved a nucleon coalescence model analytically to include
the coordinate-momentum correlation in nucleon joint distri-
butions. We derived the momentum distributions of d , 3He,
and t . We obtained relationships of light nuclei with primor-
dial nucleons in momentum space in the laboratory frame. We
gave formulas of coalescence factors B2, B3, and yield ratios
d/p, 3He/d , t/p, 3He/p, d/p2, 3He/p3, t/ 3He.

We applied the improved nucleon coalescence model to
Pb-Pb collisions at

√
sNN = 2.76 TeV to study productions

of different light nuclei. We first investigated B2 and B3 and
gave quantitative explanations for their interesting behaviors
as functions of the collision centrality and the pT /A. We then
studied the centrality dependence of the pT spectra, yield
rapidity densities and averaged transverse momenta of d , 3He,
and t with the pT distributions of kinetic freeze-out pro-
tons obtained from the blast-wave model. We finally studied
yield ratios d/p, 3He /d , t/p, 3He /p, d/p2, 3He /p3, t/ 3He
and discussed their behaviors as functions of the collision
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centrality and the pT . We found the nucleon coalescence
model including the coordinate-momentum correlation can re-
produce the experimental data available well. We furthermore
found the system effective radius obtained in the coalescence
production of light nuclei exhibited similar behaviors to HBT
interferometry radius. We especially argued that nontrivial
behaviors of yield ratios were valuable probes of production
mechanisms of light nuclei.
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