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Introduc0on	

§  Light	nuclei	produc)on	can	provide	informa)on	on	entropy		
					produc)on	in	HIC	[J.	Kapusta	&	P.	J.	Siemens,	Phys.	Rev.	Led.	43,		
				1486	(1979).	
	

§  Light	nuclei	produc)on	also	provides	a	complementary	way	to	HBT	
for	studying	the	emission	source	in	HIC	[S.	Mrowczynski,	Phys.	Led.	
B277,	43	(1992),	Scheibl	&	Heinz,	PRC	59,	1585	(1999)].	

§ 			Coalescence	vs	sta)s)cal	produc)on	of	light	nuclei.	
		
§ 			Coalescence	vs	kine)c	produc)on	of	light	nuclei.	

Entropy/nucleon : SN =
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Production of light (anti-)nuclei in pp and Pb–Pb collisions at LHC energies ALICE Collaboration
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Fig. 10: 3He spectra for two centrality classes (0–20% and 20–80%) are shown for Pb–Pb collisions at √sNN =
2.76 TeV. The spectra are fitted individually with the BW function (dashed lines). The systematic and statistical
errors are shown by boxes and vertical lines, respectively.
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Fig. 11: The top panel shows the combined fit of deuteron and 3He spectra with the BW function for 0–20%
centrality for Pb–Pb collisions at √sNN = 2.76 TeV. The systematic and statistical errors are shown by boxes and
vertical line, respectively. The lower panel shows the deviation of the spectra from the BW fits.
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Deuteron	and	helium	spectra	and	yields	from	ALICE		

§  Spectrum	can	be	fided	by		
					coalescence	model	with	
					coalescence	parameters	B2		
					and	B3	increasing	with	pt		
							as	well	as	with	centrality. 	

	 		

ALICE	Collabora)on:	arXiv:1505.08951	[nucl-ex]	

Production of light (anti-)nuclei in pp and Pb–Pb collisions at LHC energies ALICE Collaboration
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Fig. 18: The coalescence parameters B2 (left) and B3 (right) as a function of the transverse momentum per nucleon
for various centrality classes in Pb–Pb collisions at√sNN = 2.76 TeV.

wheremT corresponds to the transverse mass [14]. R∥ and R⊥ are given by the longitudinal and transverse
HBT radii in the Yano-Koonin-Podgoretskii parameterization. ⟨Cd⟩ is a quantum-mechanical correction
factor which depends on the deuteron size and the longitudinal and transverse radii of homogeneity for
nucleons. As explained in detail in [14], Eq. (12) is only valid for gaussian density profiles of the fireball.
The latter would lead to identical slopes T ∗

d and T ∗
p of the deuteron and proton spectra which is not

supported by data. For the phenomenologically more preferred box-like density profiles, the equation
must be in principle amended by the factor exp

(

2(mT−m0)( 1T ∗
p
− 1

T ∗
d
)
)

where m0 corresponds to the
rest mass of the proton. For reasons of simplicity, this additional correction, which would lead to an
even steeper increase of the B2 values from HBT as a function of pT, is neglected in the following.
Figure 19 shows the comparison of B2 values from Fig. 18 obtained in the 0-20% centrality interval with
B2 calculated using Eq. (12) and the HBT volume Veff = R2⊥R∥ = R2sideRlong from [59, 60] for pions†. The
dependence of the HBT radii on the particle mass is taken into account by showing results as a function
of the transverse kinetic energy per nucleon. A rough agreement is found in terms of magnitude and the
dependence on pT.

Taking into account its strong dependence on centrality and pT, the dependence of B2 on collision energy
can also be discussed. It is observed that B2 at a fixed momentum (pT = 1.3 GeV/c) for central collisions
(0-20%) decreases rapidly from AGS energies to top SPS energy and then remains about the same up to
RHIC [51]. Our value of approximately 4×10−4 GeV2/c3 is only slightly lower than the measurement at
RHIC (≈ 6×10−4 GeV2/c3). Since B2 is inversely proportional to the homogeneity volumeVeff = R2⊥R∥,
the decrease in B2 corresponds to an increase in effective volume and supports similar observations based
on HBT measurements. On the other hand, Eq. (11) shows that a decrease in B2 can also be related to a
simple increase of the proton multiplicity.

5 Conclusion

In summary, the spectral distributions of deuterons in pp at
√
s = 7 TeV and of deuterons and 3He in Pb–

Pb collisions at √sNN = 2.76 TeV have been presented. In Pb–Pb collisions, the yields are decreasing by
a factor of 307 ± 76 for each additional nucleon, the mean pT rises with mass and the combined blast-

†The identity R2⊥R∥ = R2sideRlong is only valid for symmetric collision systems like Pb–Pb and for radii calculated in the
longitudinally co-moving system.
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3
ΛH and 3Λ̄H production in Pb–Pb collisions ALICE Collaboration
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Figure 2: Left: Transverse momentum spectra multiplied by the B.R. of the 3ΛH→ 3He + π− decay for 3ΛH (full
circle) and 3

Λ̄
H (squares) for the most central (0–10%) Pb–Pb collisions at√sNN = 2.76 TeV for |y|< 0.5. Symbols

are displaced for better visibility. Right: 3
Λ̄
H to 3ΛH ratio as a function of pT. In both panels statistical uncertainties

are represented by bars and systematic uncertainties are represented by open boxes.

contribution for pT > 10 GeV/c is negligible. Different transverse momentum distributions were used to
evaluate the systematic uncertainty related to the extrapolation, which was found to be 5%.

3
ΛH 3

Λ̄
H

pT intervals (GeV/c) pT intervals (GeV/c)
2–4 4–6 6–10 2–10 2–4 4–6 6–10 2–10

Absorption 5.4% 5.3 % 5.4% 5.4% 13% 10% 8.9 % 10.6%
Tracking efficiency 10 % 10 % 10 % 10 % 10 % 10 % 10 % 10 %
3
ΛH lifetime 8.5% 8.5% 8.5% 8.5 % 8.5% 8.5% 8.5% 8.5 %
Signal extraction method 9 % 9 % 9 % 9 % 9 % 9 % 9 % 9 %
Extrapolation at low pT 5 % 5 % 5 % 5 % 5 % 5 % 5 % 5 %
Total 17.5% 17.5% 17.5% 17.5% 21.1% 19.4% 18.9% 19.8 %

Table 1: Summary of systematic uncertainties for the three pT intervals and in the full range considered. These
uncertainties are the same for events with 0–10% and 10–50% centrality. For the final systematic uncertainty
evaluation they were added in quadrature.

To determine the lifetime, the (3ΛH + 3
Λ̄
H) sample was divided into four intervals in ct = MLc/p,

where M is the mass, L the decay length, c is the speed of light, and p is the total momentum. The
mass was fixed to the value from the literature M = 2.991 GeV/c2 [22]. For the determination of the
lifetime, both centrality classes 0–10% and 10–50% were used. The signal was extracted in the intervals:
1 ≤ ct <4 cm, 4 ≤ ct < 7 cm, 7 ≤ ct < 10 cm and 10 ≤ ct < 28 cm. To estimate the lifetime, the raw
signal was corrected by the detector acceptance, the reconstruction efficiency and the absorption of 3ΛH
(3
Λ̄
H) in the material. The same dedicated HIJING Monte Carlo simulation and the same procedure used

to determine the pT dependence of the efficiency were used. The sources of systematic uncertainty are
shown in Table 2.

An exponential fit was performed to determine the lifetime. The dN/d(ct) distribution and the exponential
fit are shown in Figure 3. The vertical bars show the statistical uncertainties and the boxes represent the

5

Light	hypernuclei	produc0on	from	ALICE	
ALICE,	arXiv:1506.08453	[nucl-ex]	

§  Similar	yields	and	spectra	for	hyperhelium	and	an)-hyperhelium.	
§  Fiing	with	coalescence	model	requires	coalescence	parameter		
					B3	also	increasing	with	pT	as	well	as	with	centrality.		

3
ΛH and 3Λ̄H production in Pb–Pb collisions ALICE Collaboration

Centrality
3
ΛH
3He ×

p
Λ

3
ΛH
3He ×

p
Λ

0–10% 0.60±0.13(stat.)±0.21(syst.) 0.54±0.13(stat.)±0.19(syst.)

Table 5: S3 for matter and anti-matter. To compute the ratio a B.R. of 25% was assumed for the 3ΛH → 3He+ π
decay.

)c/A (GeV/
T
p

0 0.5 1 1.5 2 2.5 3 3.5
)3 c/2

 (G
eV

2
B

4−10

3−10

) assuming B.R.=25%πHe + 3 (→H Λ
3 

 = 2.76 TeVNNsPb-Pb 

d 0-10%

He3

3B*1kHe 0-20%, 3

HΛ
3 
3*B2kH 0-10%, Λ

3 

ALICE

 (GeV)NNs
10 210 310

3
S

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2 Data
E864 Au-Pt 0-10% 11.5A GeV/c

 = 0.20 TeVNNsSTAR Au-Au 0-80% 
 = 2.76 TeVNNsALICE Pb-Pb 0-10%  

Model
Default AMPT + Coal.
String Melting AMPT + Coal.
Coalescence (DCM model)
Thermal model
(GSI - Heidelberg)
Hybrid UrQMD

) assuming B.R.=25%πHe + 3 (→H Λ
3 

Figure 7: Left: B2 as a function of pT /A for d (full circle) [28], 3He (empty circle) [28], and 3ΛH (full squares).
The B(d,

3
ΛH)

2 and B(d,
3He)

2 were evaluated as explained in the text. k1 =
m2d

m3Hemp
, and k2 =

m2dmΛ
m2pm3

ΛH
. Right: S3 ratio

measured in this analysis compared with previous experimental results (E864 [8] and STAR [9] (triangle and star,
respectively)) and different theoretical models as indicated in the legend.

measured value was included in the computation of the world average of the 3ΛH lifetime. Transverse
momentum yields at mid-rapidity for central (0–10%) Pb–Pb collisions at √sNN = 2.76 TeV were
measured in three pT intervals. The yields of particles and anti-particles were measured in two centrality
classes (0–10% and 10–50%) and compared with different theoretical models. The ratio 3

Λ̄
H/3ΛH is

consistent with unity, as expected at the LHC energy. The measured yields indicate that hypernuclei in
high-energy heavy-ion collisions are produced within an equilibrated thermal environment in which the
temperature is the same as for the other particles produced at the LHC. The 3ΛH/3He (3Λ̄H/

3He) ratio was
also measured and compared with different theoretical models and results from the STAR experiment.
STAR results are higher than ALICE results, but compatible within uncertainties. The 3ΛH coalescence
parameter was also evaluated. Its value increases with pT, and within the uncertainties, is consistent
with those extracted for deuteron and 3He nuclei [28]. The ratio S3 =3ΛH/(3He×Λ/p) was evaluated
and compared with different theoretical models and measurements from previous experiments. The
value of S3 suggests that the production of nuclei and hypernuclei at the LHC can be described with a
thermodynamic approach, and is similar to the one calculated by the Hybrid UrQMD model [49]. No
conclusions can be drawn about the AMPT + coalescence model [57], since no prediction of dynamical
coalescence models is available at the LHC energy. The measured S3 value excludes the rising trend in
AMPT seen up to RHIC energies extends to LHC energies. The S3 measured at AGS, RHIC and LHC
are compatible within uncertainty with a value which is independent of the centre of mass energy of the
collision.
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For	a	system	of	par)cles	1	and	2	with	phase-space	distribu)ons	fi(xi,ki)		
normalized	to																																						,	number	of	par)cle	3	produced		
from	coalescence	of	N1	of	par)cle	1	and	N2	of	par)cle	2	
	

		Sta)s)cal	factor	for	two	par)cles	of	spin		
		J1	and	J2	to	form	a	par)cle	of	spin	J			g = 2J+1

(2J1+1)(2J2+1)

The	above	formula	can	be	straighoorwardly	generalized	to	
mul)-par)cle	coalescence,	but	is	usually	used	by	taking	par)cle	
Wigner	func)ons	as	delta	func)ons	in	space	and	momentum.		

Wigner	func)on	Wi(xi’,ki’)	centers	around	xi	and	ki		
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Coalescence	model	for	deuteron	produc0on	
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Wigner	phase-space	distribu0on	func0on	for	triton		
and	helium3	
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A multiphase transport (AMPT) model 

Default: Zhang, Ko, Li & Lin, PRC 61, 067901 (00); Lin, Pal, Ko, Li & Zhang, 
PRC 64, 041901 (01); 

§ 	Initial conditions: HIJING (soft strings and hard minijets) 
§  Parton evolution: ZPC 
§  Hadronization: Lund string model for default AMPT      
§  Hadronic scattering: ART 

§ 	Convert hadrons from string fragmentation into quarks and antiquarks 
§  Evolve quarks and antiquarks with ZPC  
§  When partons stop interacting, combine nearest quark and antiquark    
   to meson, and nearest three quarks to baryon (coordinate-space coalescence) 
§  Hadron flavors are determined by the invariant mass of quarks 

String melting:  Lin & Ko, PRC 65, 034904 (02); Li, Ko & Pal, PRL 89, 152301 (02) 

Lin, Ko, Li, Zhang & Pal, PRC 72, 064901 (05);  
http://www-cunuke.phys.columbia.edu/OSCAR      
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Pb+Pb	@	2.76	GeV	from	AMPT		
Transverse	momentum	spectra	
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Zhu,	Ko	&	Yin,	PRC		
92,	064911	(2015)	

§  Default	AMPT	works	beder	than	string	mel)ng	due	to	baryon		
					problem	in	lader,	but	both	not	perfect.	 10	
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Coalescence	factor	

§  Coalescence	factor	is	overes)mated	for	deuteron	and		
					underes)mated	(default)	and	overes)mated	(mel)ng)	for	triton							
					and	helium-3.	Need	to	improve	AMPT	for	nucleon	produc)on		 11	
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§  AMPT	+	Coalescence	reproduces	data	reasonably	well.	
§  Blast	wave	mode	fails.	
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K.-J. Sun, L.-W. Chen / Physics Letters B 751 (2015) 272–277 275

Table 1
Parameters of the blast-wave-like analytical parametrization for (anti-)nucleon 
phase–space freezeout configuration.

T (MeV) ρ0 R0 (fm) τ0 (fm/c) #τ (fm/c) ξp ξp

FO1 111.6 0.98 15.6 10.55 3.5 10.45 7.84
FO2 111.6 0.98 12.3 8.3 3.5 21.4 16.04

Furthermore, we assume the harmonic wave function for all the 
light (anti-)nuclei in the rest frame except the (anti-)deutrons for 
which we use the well-known Hulthén wave function (see, e.g., 
Refs. [40,41]). The Wigner function of the nucleus can then be ob-
tained as [42]

ρW
c (x1, . . . , xM; p1, . . . , pM)

= ρW (q1, · · ·,qM−1,k1, · · ·,kM−1)

= 8M−1 exp
[
−

M−1∑

i=1

(q2
i /σ

2
i + σ 2

i k2
i )

]
, (18)

with σ 2
i = (mi w)−1 where the harmonic oscillator frequency ω is 

related to the root-mean-square (rms) radius of the nucleus as fol-
lows

〈
r2

M

〉
= 3

2M
1/ω

∑M
i=1 mi

M∑

i=1

⎡

⎣mi

⎛

⎝
M∑

j=i+1

1
m j

+
i−1∑

j=1

1
m j

⎞

⎠

⎤

⎦ . (19)

Therefore, σ 2
i can be determined by 

〈
r2

M

〉
. In the case of m1 = m2 =

· · · · ·· = mM = m, one can obtain σ 2 = 2M
3(M−1)

〈
r2

M

〉
.

3. Result and discussion

3.1. (Anti-)nucleon freezeout configuration from light (anti-)nuclei 
production

We focus on the midrapidity light (anti-)nuclei production in 
central Au+Au collisions at √sNN = 200 GeV in this work. In this 
case, there are totally six parameters in the blast-wave-like an-
alytical parametrization for (anti-)nucleon phase–space freezeout 
configuration, namely, the kinetic freeze-out temperature T , the 
transverse rapidity ρ0, the longitudinal mean proper time τ0, the 
time dispersion #τ , the transverse size at freeze-out R0, and the 
fugacity of particle ξ .

For proton phase–space freezeout configuration, we obtain the 
local temperature T = 111.6 MeV, the transverse rapidity ρ0 =
0.978, and a constraint on the combination of the proton fugac-
ity ξp , τ0, #τ and R0, by fitting the measured spectrum of protons 
in Au+Au collisions at √sNN = 200 GeV for 0–5% centrality [48]. 
To extract the values of ξp , τ0, #τ and R0, we further fit the 
measured spectra of deuterons and 3He [49] simultaneously us-
ing the results from the coalescence model (see the Subsection 3.2
for the details), which leads to R0 = 15.6 fm, τ0 = 10.55 fm/c, 
#τ = 3.5 fm/c and ξp = 10.45. For antiprotons, we assume they 
have the same phase–space freezeout configuration as protons ex-
cept the fugacity is reduced to ξp = 7.84 to describe the measured 
yield ratio p̄/p = 0.75 [48]. Table 1 summarizes the parameters 
of the blast-wave-like analytical parametrization for (anti-)nucleon 
phase–space freezeout configuration (denoted as FO1). It should be 
pointed out that we have neglected the difference between protons 
and neutrons (antiprotons and antineutrons) for the phase–space 
freezeout configuration due to the small isospin chemical potential 
at freezeout in Au+Au collisions at √sNN = 200 GeV [29]. Based on 
the freezeout configuration of (anti-)nucleons, one can then predict 
the production of light (anti-)nuclei using the coalescence model.

Table 2
Statistical factor gc , root-mean-square radii rrms [50,51] and binding energy Eb [52]
of light (anti-)nuclei.

d (d) 3He (3He) 4He (4He) 5Li (5Li) 6Li (6Li)

gc
(2×1+1)

22
(2× 1

2 +1)

23
(2×0+1)

24
(2× 3

2 +1)

25
(2×1+1)

26

rrms (fm) 1.96 1.76 1.45 2.5 2.5
Eb (MeV) 2.224 7.718 28.296 26.330 31.994

Fig. 1. Transverse momentum distributions of light nuclei at midrapidity (y = 0) in 
central Au+Au collisions at √sNN = 200 GeV predicted by coalescence model with 
FO1 (solid lines) and FO2 (dashed lines). The experiment data of protons is taken 
from the PHENIX measurement [48] whereas those of light nuclei are from the STAR 
measurement [12,49]. The data point of protons from STAR measurement has been 
scaled by a factor of 0.6 to correct the weak decay effects [54].

3.2. The production of light (anti-)nuclei

We use the coalescence model described above to calculate the 
production of light (anti-)nuclei. In the coalescence model, the 
statistical factor gc is quite important and it is given by gc =
2 j+1

2N [24] with j and N being, respectively, the spin and the nu-
cleon number of the nucleus. The spins of d, 3He, 4He, 5Li and 6Li 
are 1, 1/2, 0, 3/2 and 1, respectively. Furthermore, the rms radius 
rrms of the light nucleus is also important since it determines the 
harmonic oscillator frequency parameter ω in the Wigner function 
of the nucleus. The rrms of d, 3He, 4He, 5Li and 6Li are taken to be 
1.96 fm, 1.76 fm, 1.45 fm, 2.5 fm and 2.5 fm, respectively [50,51]. 
Here the rrms = 2.5 fm for 5Li is estimated based on the work in 
Ref. [51]. For the antinuclei, we assume they have the same ground 
state properties as their corresponding nuclei. Table 2 summarizes 
the statistical factors, rms radii as well as the binding energies [52]
of different light (anti-)nuclei. It should be mentioned that while 
d (d), 3He (3He), 4He (4He) and 6Li (6Li) are stable, 5Li (5Li) is un-
stable against the proton (antiproton) decay with half-life of about 
370 × 10−24 s (i.e., 111 fm/c) [53] and thus it may be identified 
through the p–4He (p–4He) invariant mass spectrum in heavy-ion 
collisions.

Fig. 1 shows the predicted midrapidity transverse momentum 
distributions of p, d, 3He, 4He, 5Li and 6Li together with the ex-
perimental data of p from PHENIX collaboration [48] and the data 
of p, d, 3He and 4He from STAR collaboration [12,49,54] in central 
Au+Au collisions at √sNN = 200 GeV. It is seen that the coales-
cence model predictions with the freezeout configuration FO1 are 
in very good agreement with the measured transverse momentum 
distributions of p, d and 3He as expected but significantly under-
estimate the measured yield of 4He by a factor of about 6. The 
similar feature was also observed in the calculations in Ref. [22].

From Table 2, one can see that 4He has a specially larger bind-
ing energy value compared to d or 3He, and thus it is more 
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Table 1
Parameters of the blast-wave-like analytical parametrization for (anti-)nucleon 
phase–space freezeout configuration.

T (MeV) ρ0 R0 (fm) τ0 (fm/c) #τ (fm/c) ξp ξp

FO1 111.6 0.98 15.6 10.55 3.5 10.45 7.84
FO2 111.6 0.98 12.3 8.3 3.5 21.4 16.04

Furthermore, we assume the harmonic wave function for all the 
light (anti-)nuclei in the rest frame except the (anti-)deutrons for 
which we use the well-known Hulthén wave function (see, e.g., 
Refs. [40,41]). The Wigner function of the nucleus can then be ob-
tained as [42]

ρW
c (x1, . . . , xM; p1, . . . , pM)

= ρW (q1, · · ·,qM−1,k1, · · ·,kM−1)
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i = (mi w)−1 where the harmonic oscillator frequency ω is 

related to the root-mean-square (rms) radius of the nucleus as fol-
lows
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Therefore, σ 2
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3. Result and discussion

3.1. (Anti-)nucleon freezeout configuration from light (anti-)nuclei 
production

We focus on the midrapidity light (anti-)nuclei production in 
central Au+Au collisions at √sNN = 200 GeV in this work. In this 
case, there are totally six parameters in the blast-wave-like an-
alytical parametrization for (anti-)nucleon phase–space freezeout 
configuration, namely, the kinetic freeze-out temperature T , the 
transverse rapidity ρ0, the longitudinal mean proper time τ0, the 
time dispersion #τ , the transverse size at freeze-out R0, and the 
fugacity of particle ξ .

For proton phase–space freezeout configuration, we obtain the 
local temperature T = 111.6 MeV, the transverse rapidity ρ0 =
0.978, and a constraint on the combination of the proton fugac-
ity ξp , τ0, #τ and R0, by fitting the measured spectrum of protons 
in Au+Au collisions at √sNN = 200 GeV for 0–5% centrality [48]. 
To extract the values of ξp , τ0, #τ and R0, we further fit the 
measured spectra of deuterons and 3He [49] simultaneously us-
ing the results from the coalescence model (see the Subsection 3.2
for the details), which leads to R0 = 15.6 fm, τ0 = 10.55 fm/c, 
#τ = 3.5 fm/c and ξp = 10.45. For antiprotons, we assume they 
have the same phase–space freezeout configuration as protons ex-
cept the fugacity is reduced to ξp = 7.84 to describe the measured 
yield ratio p̄/p = 0.75 [48]. Table 1 summarizes the parameters 
of the blast-wave-like analytical parametrization for (anti-)nucleon 
phase–space freezeout configuration (denoted as FO1). It should be 
pointed out that we have neglected the difference between protons 
and neutrons (antiprotons and antineutrons) for the phase–space 
freezeout configuration due to the small isospin chemical potential 
at freezeout in Au+Au collisions at √sNN = 200 GeV [29]. Based on 
the freezeout configuration of (anti-)nucleons, one can then predict 
the production of light (anti-)nuclei using the coalescence model.

Table 2
Statistical factor gc , root-mean-square radii rrms [50,51] and binding energy Eb [52]
of light (anti-)nuclei.

d (d) 3He (3He) 4He (4He) 5Li (5Li) 6Li (6Li)
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Eb (MeV) 2.224 7.718 28.296 26.330 31.994

Fig. 1. Transverse momentum distributions of light nuclei at midrapidity (y = 0) in 
central Au+Au collisions at √sNN = 200 GeV predicted by coalescence model with 
FO1 (solid lines) and FO2 (dashed lines). The experiment data of protons is taken 
from the PHENIX measurement [48] whereas those of light nuclei are from the STAR 
measurement [12,49]. The data point of protons from STAR measurement has been 
scaled by a factor of 0.6 to correct the weak decay effects [54].

3.2. The production of light (anti-)nuclei

We use the coalescence model described above to calculate the 
production of light (anti-)nuclei. In the coalescence model, the 
statistical factor gc is quite important and it is given by gc =
2 j+1

2N [24] with j and N being, respectively, the spin and the nu-
cleon number of the nucleus. The spins of d, 3He, 4He, 5Li and 6Li 
are 1, 1/2, 0, 3/2 and 1, respectively. Furthermore, the rms radius 
rrms of the light nucleus is also important since it determines the 
harmonic oscillator frequency parameter ω in the Wigner function 
of the nucleus. The rrms of d, 3He, 4He, 5Li and 6Li are taken to be 
1.96 fm, 1.76 fm, 1.45 fm, 2.5 fm and 2.5 fm, respectively [50,51]. 
Here the rrms = 2.5 fm for 5Li is estimated based on the work in 
Ref. [51]. For the antinuclei, we assume they have the same ground 
state properties as their corresponding nuclei. Table 2 summarizes 
the statistical factors, rms radii as well as the binding energies [52]
of different light (anti-)nuclei. It should be mentioned that while 
d (d), 3He (3He), 4He (4He) and 6Li (6Li) are stable, 5Li (5Li) is un-
stable against the proton (antiproton) decay with half-life of about 
370 × 10−24 s (i.e., 111 fm/c) [53] and thus it may be identified 
through the p–4He (p–4He) invariant mass spectrum in heavy-ion 
collisions.

Fig. 1 shows the predicted midrapidity transverse momentum 
distributions of p, d, 3He, 4He, 5Li and 6Li together with the ex-
perimental data of p from PHENIX collaboration [48] and the data 
of p, d, 3He and 4He from STAR collaboration [12,49,54] in central 
Au+Au collisions at √sNN = 200 GeV. It is seen that the coales-
cence model predictions with the freezeout configuration FO1 are 
in very good agreement with the measured transverse momentum 
distributions of p, d and 3He as expected but significantly under-
estimate the measured yield of 4He by a factor of about 6. The 
similar feature was also observed in the calculations in Ref. [22].

From Table 2, one can see that 4He has a specially larger bind-
ing energy value compared to d or 3He, and thus it is more 

Sun	and	Chen,	PLB	751,		
272	(2015)	

Binding	energy	effect	on	an0maUer	produc0on	

§  4He	is	formed	earlier	
					because	its	larger	binding	
					energy.	
§  Assuming	a	similar	effect		
					for	5Li	and	6Li	leads	to	their	
					enhanced	produc)on.	
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Transverse	momentum	spectrum	and	ellip0c	flow	at	RHIC	

Centr. (%) ⇠ ⌧0 (fm/c) TK (MeV) �0 R0 (fm) c1 c2 (GeV/c) s2 a (GeV/c)�1

0-80 1.76 9.0 130 0.67 10.0 0.148 2.12 -0.04 0.25

§  Transverse	momentum	spectra	are	well	reproduced.	
§  Deuteron	ellip)c	flow	is	too	large,	while	3He	ellip)c	flow	is	small.	

Yin,	Ko,	Sun	&	Zhu,	PRC	95,	054913	(2017)		

16	



Extended	blast-wave	model	

§  Both	deuteron	and	3He	ellip)c	flows	are	beder	described	aser		
				allowing		nucleons	with	momenta	larger	than	p0=0.9	GeV	more	
				spread	in	space	when	their	momenta	are	more	aligned	along	the		
				reac)on	plane.	
	

Momentum� space correlation : R = R0ea(pT�p0)
, (|p

x

| > |p
y

)
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Nucleon	number	scaled	ellip0c	flow	

§  Approximate	nucleon	number	scaling	of	deuteron	and	helim-3		
					ellip)c	flow	at	low	pT/A	from	coalescence	model.	 18	



Dynamical quark coalescence model 
Based on the phase-space distribution of strange quarks from AMPT  
and including quark spatial and momentum distributions in hadrons 

Although scaled phi and Omega satisfy constituent quark number  
scaling, they are smaller than the strange quark elliptic flow. 

Chen & Ko, PRC 73,  
044903 (06) 
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Transverse	momentum	spectra	and	ellip0c	flow	at	LHC	

Centr. (%) ⇠ ⌧0 (fm/c) TK (MeV) �0 R0 (fm) c1 c2 (GeV/c) s2 a (GeV/c)�1

10-20 5.5 13.5 120 0.84 17.0 0.09 4.6 -0.07 0.05
30-40 5.0 10.5 120 0.825 13.0 0.15 3.3 -0.12 0.02

Zhu,	Zheng,	Ko	&	Sun,	arXiv:1710.05139	[nucl-th]	
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A	rela0vis0c	transport	(ART)	model	for	HIC	

Li	&	Ko,	PRC	52,	2037	(1995)		

§ 	Based	on	BUU	model	with	explicit	isospin	dependence	
§ 	Including	baryons	N,	Δ(1232),	N*(1440),	N*(1535),	Λ,	Σ	and	
			mesons	π,	ρ,	ω,	η,	K	
§ 	Including	baryon-baryon,	meson-baryon	and	meson-meson	
			elas)c	and	inelas)c	scadering	with	empirical	cross	sec)ons		
			if	available,	otherwise	from	theore)cal	models	
§ 	Effects	of	higher	nucleon	and	delta	resonances	up	to	2	GeV		
			are	included	as	intermediate	states	in	meson-baryon	scadering	
§ 	Very	successful	in	describing	many	experimental	results	at	AGS	
§ 	Used	as	a	hadronic	aserburner	in	the	AMPT	model			
§ 	Extended	to	include	deuteron	produc)on	(n+p	→ d+π)	and		
			annihila)on	(d+π → n+p) as	well	as	its	elas)c	scadering							
			[Oh,	Ko	&	Lin,	PRC	76,	054910	(2007)]	
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Deuteron	emission	0me	distribu0ons	

§ 	Similar	emission	)me		
			distribu)ons	for	protons		
			and	deuterons	in		
			coalescence	model	
§ 	Slight	different	deuteron		
			early	emission	)me		
			distribu)on	in	transport			
			and	coalescence	models			
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Time	evolu0on	of	proton	and	deuteron	numbers	

§ 	Both	proton	and	deuteron	numbers	decrease	only	slightly		
			with	)me	→ 	early	chemical	equilibra)on	

23	



0 10 20
0

7

14

21

28

35

0 10 20 30
0

4

8

12

16

20

Chemical	freeze-out	in	rela0vis0c	heavy	ion	collisions	

Jun	Xu	&	CMK,	PLB	772,	290	(2017)	

§  Both	ra)o	of	effec)ve	par)cle	numbers	and	entropy	per	par)cle	
remain	essen)ally	constant	from	chemical	to	kine)c	freeze-out.	
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Summary		

§  Coalescence	model	using	kine)c	freeze-out	nucleons	from	blast-	
					wave	model	→	light	nuclei	transverse	momentum	spectra		
					consistent	with	data	from	RHIC	and	LHC.	
	
§  To	describe	experimental	data	for	light	nuclei	ellip)c	flow	requires	
					high	momentum	nucleons	more	spread	in	space	when	their		
					momenta	are	more	aligned	along	the	reac)on	plane.	
					
§  Deuteron	yield	in	kine)c	approach	are	essen)ally	fixed	at	chemical		
					freeze	out	(higher	temperature)	as	in	sta)s)cal	model.		Like	other		
					hadrons,	they	acquire	non-zero	chemical	poten)al	at	kine)c	freeze		
					out	(lower	temperature).		Their	constancy	during	hadronic	
					evolu)on	is	accompanied	by	the	constancy	of	entropy/par)cle.	
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