
Light	
  (an*-­‐)nuclei	
  produc*on	
  and	
  flow	
  in	
  rela*vis*c	
  
HIC:	
  A	
  microscopic	
  coalescence	
  approach	
  	
  

§ 	
  Mo$va$on	
  
§ 	
  Data	
  on	
  light	
  nuclei	
  produc$on	
  	
  
§ 	
  Deuteron	
  	
  
	
  	
  	
  -­‐	
  Elementary	
  deuteron	
  produc$on	
  processes	
  
	
  	
  	
  -­‐	
  Deuteron	
  produc$on	
  in	
  transport	
  model	
  
	
  	
  	
  -­‐	
  Deuteron	
  produc$on	
  in	
  coalescence	
  model	
  
§  Triton	
  and	
  helium	
  and	
  their	
  hypernuclei	
  
§ 	
  Summary	
  

1	
  

	
  	
  	
  	
  	
  	
  	
  	
  Che-­‐Ming	
  Ko	
  
Texas	
  A&M	
  University	
  



2	
  

Mo*va*on	
  

where	
  the	
  coalescence	
  parameter	
  BA	
  is	
  related	
  to	
  the	
  size	
  and	
  
temperature	
  of	
  the	
  emiGng	
  system	
  as	
  well	
  as	
  the	
  nuclear	
  radius.	
  	
  

§ 	
  Tes$ng	
  this	
  idea	
  using	
  a	
  transport	
  model	
  that	
  explicitly	
  takes	
  	
  
	
  	
  	
  into	
  account	
  the	
  produc$on	
  and	
  dissocia$on	
  of	
  deuteron	
  as	
  well	
  	
  
	
  	
  	
  as	
  their	
  elas$c	
  scaJering	
  in	
  hadronic	
  maJer.	
  

§ 	
  Understanding	
  ellip$c	
  flow	
  of	
  light	
  nuclei	
  such	
  as	
  if	
  there	
  are	
  
	
  	
  	
  nucleon	
  number	
  scaling	
  and	
  nega$ve	
  values	
  at	
  low	
  pT.	
  

§  Light	
  nuclei	
  produc$on	
  in	
  HIC	
  provides	
  another	
  means	
  for	
  	
  
	
  	
  	
  	
  	
  studying	
  the	
  size	
  of	
  emiGng	
  system	
  and	
  its	
  space-­‐$me	
  	
  
	
  	
  	
  	
  	
  evolu$on	
  as	
  the	
  coalescence	
  model	
  gives	
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In	
  terms	
  of	
  coalescence	
  radius	
  p0,	
  	
   [Gutbrod	
  et	
  al.,	
  PRL	
  37,	
  667	
  (1976)]	
  	
  

In	
  the	
  density	
  matrix	
  formalism,	
   [Sato	
  &	
  Yazaki,	
  PLB	
  98,	
  153	
  (1981)]	
  

ν	
  and	
  νA	
  are	
  size	
  parameters	
  of	
  emiGng	
  source	
  and	
  nuclei,	
  respec$vely	
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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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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
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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.
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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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Yields and elliptic flow of d(d) and 3He(3He) in Au+Au collisions at √
sNN = 200 GeV S1089
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Figure 2. Upper panel: pT spectra of d(d) (left panel) and 3He(3He) (right panel) for different
centralities. Solid symbols and open symbols represent the positive charged particles and negative
charged particles, respectively. Lower panel: coalescence parameters B2 and

√
B3 as a function

of pT /A for positive charged particles (left panel) and negative charged particles (right panel).
Errors are statistical only.

a smaller coalescence parameter indicates that the correlation volume at thermal freeze-out is
larger and the probability of formation of light nuclei is less. Figure 3(a) shows v2 as a function
of pT for d + d, 3He + 3He and d in minimum-bias collisions. The results with both v2 and pT

scaled by A are shown in figure 3(b). For comparison, the baryon v2 [9] is also shown as the
solid line. d + d and baryon v2 seem to follow the A scaling within errors, indicating that the
d + d are formed through the coalescence of p(p) and n(n) just before the thermal freeze-out.
The scaled 3He + 3He v2 appears to deviate from the baryon v2. Further conclusions are limited
by poor statistics, so clearly more data are needed. The d v2/A as a function of centrality
fraction is shown in figure 3(c). The two panels represent results for two different regions
of pT . d has a negative v2 in central and mid-central collisions in the transverse momentum
range of 0.2 < pT < 0.7 GeV/c. This negative v2 is consistent with a large radial flow, as the
blast-wave predictions show. At the same pT /A where the d is negative, the p v2 is consistent
both with zero and with the d v2, due to large uncertainties. Though the blast-wave model
predicts the generic feature of negative v2, quantitative agreement between data and model
throughout the entire centrality and pT range is lacking.

4. Summary

Taking advantage of combining STAR TPC and TOF detectors capabilities, we have measured
the d(d) and 3He(3He) transverse momentum spectra and elliptic flow. The value of the

S1090 H Liu (for the STAR Collaboration)
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Figure 3. (a) The elliptic flow parameter v2 from minimum-bias collisions as a function of pT for
3He + 3He (triangles), d + d (filled circles) and d (open circles); solid line represents the baryon
v2. (b) d + d and 3He + 3He v2 as a function of pT , both v2 and pT have been scaled by A.
Errors are statistical only. (c) Low pT d v2/A (filled squared) as a function of centrality fraction
(0–10%, 10–20%, 20–40%, 40–80%, respectively). Errors are statistical only. p v2 is also shown
as open triangles. Blast-wave predictions are shown as solids lines (d) and dashed lines (p).

coalescence parameters B2 and
√

B3, extracted from the spectral measurements, are found to
be consistent. Systematic studies of B2 and B3 have shown decreasing trends as a function
of collision centrality, consistent with an increasing source size from peripheral to central
collisions. Comparative analysis of the elliptic flow measurements shows that d(d) and
p(p) v2 scale with atomic mass number A, which is expected natural consequence of final-
state coalescence. The negative d v2 values observed at low pT are consistent with a large
radial flow in the soft sector.
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0:3<pT < 1:5 GeV=c in the PbSc. This gave
!59 000 !d" d. An invariant mass analysis of the ! !
K"K# decay channel yielded !340 000! mesons with
relatively good signal to background (14%– 42% for the
mass window jminvj $ 5 MeV=c2 about the ! meson
peak) over the range 1:0<pT < 5:5 GeV=c for K"K#

pairs.
The reaction plane method [6] was used to correlate the

azimuthal angles of charged tracks with the azimuth of the
event plane "2, determined via hits in the two BBCs
covering the pseudorapidity range 3:0< j"j< 3:9. The
large pseudorapidity gap #"> 2:75 between the central
arms and the particles used for reaction plane determina-
tion reduces the influence of possible nonflow contribu-
tions, especially those from dijets [36]. Charge averaged
values of v2 $ hcos!2%’p #"2&"i=hcos!2%"2 #"RP&"i
were evaluated for #', K', % !p&p, and % !d&d. Here, the
denominator represents a resolution factor to correct for
the difference between the estimated "2 and the true
azimuth "RP of the reaction plane [6,37]. The estimated
resolution factor of the combined reaction plane from both
BBCs has an average of 0.33 over centrality, with a maxi-
mum of about 0.42 in midcentral collisions [6,12]. The
associated systematic error is estimated to be !5% for
#', K', and % !p&p. A pT dependent correction factor
(!5%–11%) was applied to the v2 values for % !d&d, to
account for background contributions to the (anti)deuteron
peak (signal) in the m2 distributions (dash-dotted curve in
Fig. 1(a):

 v% !d&d
2 %pT& $ (vs"bg

2 %pT& # %1# R&vbg
2 %pT&)=R; (1)

where vs"bg
2 %pT& is the measured v2 for % !d&d" background

at a given pT , R is the ratio signal=%signal " background&
at that pT , and vbg

2 %pT& is the elliptic flow of the back-
ground evaluated for m2 values outside of the % !d&d peaks.

Extraction of the elliptic flow values for the ! meson
%v!

2 & followed the invariant mass (minv) method [38]. For
each event, minv, p

pair
T , and ’pair for each K"K# pair were

evaluated. Then, for each ppair
T bin, vpair

2 $ hcos!2%’pair #
"2&"i was evaluated as a function of minv as shown in
Fig. 1(b). The value v!

2 %pT& was then obtained from
vpair
2 %minv& via an expression similar to Eq. (1):

 vpair
2 %minv& $ v!

2 R%minv& " vbg
2 %minv&(1# R%minv&); (2)

where R%minv& $ N!%minv&=(N!%minv& " Nbg%minv&) and
N!%minv& and Nbg%minv& are distributions for the ! meson
and the combinatoric background, respectively, N!%minv&
is obtained from the distribution Npair%minv& of K"K# pairs
from the same event (foreground); Nbg%minv& is the distri-
bution of pairs obtained from different events with similar
centrality, vertex, and event plane orientation [39].
Figure 1(c) shows a representative example of the latter
distributions for 1:6 * ppair

T * 2:7 GeV=c and reaction
centrality 20%–60%. A clear peak signaling the ! meson
is apparent in the foreground distribution for minv !
1:02 GeV=c2. The background distribution was normal-
ized to that for the foreground in the region 1:04<minv <
1:2 GeV=c2 and subtracted to obtain the N!%minv& distri-
bution shown in Fig. 1(d); a relatively narrow ! meson
peak is apparent.

Determination of the ratio R%minv& was facilitated by
fitting this distribution with a Breit-Wigner function plus
a linear function, as shown by the solid curve in Fig. 1(c).
To ensure robust v!

2 extraction, the combinatorial back-
ground was constructed such that vbg

2%mix&%minv& gave the

same value as vpair
2 %minv& for minv values not associated

FIG. 1. (a) m2 distribution for !d, d for pT $ 1:6–2:9 GeV=c,
(b) hcos!2%’pair #"2&"i versus minv; the solid line is a fit to the
data with Eq. (2). (c) minv distributions for foreground (points)
and background (dashed line) K"K# pairs (ppair

T $
1:6–2:7 GeV=c) for 20%–60% central Au" Au collisions.
(d) minv distribution after subtraction of the background.
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FIG. 2 (color online). Comparison of differential v2%pT& for !
mesons, % !d&d, #', K', and % !p&p (as indicated). Results are
shown for 20%–60% central Au" Au collisions.
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tral)]. The 20%–92% centrality bin is dominated by mid-
central events, due to larger track multiplicities relative to
peripheral events.

Systematic uncertainties have several sources: errors in
particle identification, DC-TOF hit match efficiency, the
uncertainty in momentum scale, d and !d hadronic interac-
tion correction, and uncertainty in occupancy corrections.
All the systematic uncertainties are added in quadrature,
depicted by the gray bars in Fig. 2.

The pT spectra Ed3N=d3p are fitted in the range 1:1<
pT < 3:5 GeV=c to an exponential distribution in mT !
!!!!!!!!!!!!!!!!!!!

p2
T "m2

q

. The inverse slopes (Teff) of the spectra are
tabulated in Table I. The deuteron inverse slopes of Teff !
500–520 MeV are considerably higher than the Teff !
300–350 MeV observed for protons [5,6]. The invariant

yields and the average transverse momenta (hpTi) are
obtained by summing the data over pT and using a
Boltzmann distribution, d2N

2!mTdmTdy
/ mTe#mT=Teff , to ex-

trapolate to low mT regions where we have no data. The
extrapolated yields constitute $ 42% of our total yields.
The rapidity distributions, dN=dy, and the mean transverse
momenta, hpTi, are compiled in Table I for three different
centrality bins. Systematic uncertainties in dN=dy and
hpTi are estimated by using an exponential in pT and a
‘‘truncated’’ Boltzmann distribution (assumed flat for
pT < 1:1 GeV=c) for alternative extrapolations.

With a binding energy of 2.24 MeV, the deuteron is a
very loosely bound state. Thus, the observed deuterons can
be formed only at a later stage in the collision. The proton
and neutron must be close in space and tightly correlated in
velocity to coalesce. As a result, d and !d yields are a sen-
sitive measure of correlations in phase space at freeze-out
and can provide information about the space-time evolu-
tion of the system. If deuterons are formed by coalescence
of protons and neutrons, the invariant deuteron yield can be
related [12] to the primordial nucleon yields by

Ed
d3Nd

d3pd
jpd!2pp

! B2

"

Ep
d3Np

d3pp

#

2
; (2)

where B2 is the coalescence parameter, with the subscript
implying that two nucleons are involved in the coales-
cence. The above equation includes an implicit assumption
that the ratio of neutrons to protons is unity. The proton and
antiproton spectra [6] are corrected for feed-down from "
and !" decays by using a MC simulation tuned to reproduce
the particle ratios: ("=p and !"= !p) measured by PHENIX
at 130 GeV [13].

Figure 3 displays the coalescence parameter B2 as a
function of pT for different centralities. Thermodynamic
models [4] predict that B2 scales with the inverse of the
effective volume Veff (B2 / 1=Veff). The lower B2 in more
central collisions may thus reflect the increase in the
participant volume with centrality. We also observe that
B2 increases with pT . This is consistent with an expanding

TABLE I. The inverse slope parameter Teff obtained from a
mT exponential fit to the spectra along with multiplicity dN=dy
and mean transverse momentum hpTi obtained from a
Boltzmann distribution for different centralities.

Teff [MeV] Deuterons Antideuterons

Minimum bias 519% 27 512% 32
0%–20% 536% 32 562% 51
20%–92% 475% 29 456% 35

dN=dy

Minimum bias 0:0250%0:0006&stat'
0:005&syst' 0:0117%0:0003&stat'

0:002&syst'
0%–20% 0:0727%0:0022&stat'

0:0141&syst' 0:0336%0:0013&stat'
0:0057&syst'

20%–92% 0:0133%0:0004&stat'
0:0029&syst' 0:0066%0:0002&stat'

0:0015&syst'

hpTi [GeV=c]

Minimum bias 1:54%0:04&stat'
0:13&syst' 1:52%0:05&stat'

0:12&syst'
0%–20% 1:58%0:05&stat'

0:13&syst' 1:62%0:07&stat'
0:1&syst'

20%–92% 1:45%0:05&stat'
0:15&syst' 1:41%0:06&stat'

0:15&syst'
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FIG. 3 (color online). Coalescence parameter B2 vs pT for
deuterons (left panel) and antideuterons (right panel). Gray
bands indicate the systematic errors. Values are plotted at the
true mean value of pT of each bin, the extent of which is
indicated by the width of the gray bars along the x axis.
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FIG. 2 (color online). Corrected spectra for deuterons (left
panel) and antideuterons (right panel) for different centralities
are plotted vs mT . Error bars indicate statistical errors and gray
bands the systematic errors. Values are plotted at the ‘‘true’’
mean value of mT of each bin, the extent of which is indicated by
the width of the gray bars along the x axis.
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§ 	
  B2~10-­‐3	
  GeV2/c3,	
  Teff~520	
  MeV,	
  dNd/dy~0.025	
  
§ 	
  Approximate	
  nucleon	
  number	
  scaling	
  of	
  v2	
  at	
  low	
  pT	
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A	
  rela*vis*c	
  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	
  scaJering	
  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	
  scaJering	
  
§ 	
  Very	
  successful	
  in	
  describing	
  many	
  experimental	
  results	
  at	
  AGS	
  
§ 	
  Used	
  as	
  a	
  hadronic	
  averburner	
  in	
  the	
  AMPT	
  model	
  	
  	
  
§ 	
  Extended	
  to	
  include	
  deuteron	
  produc$on	
  and	
  annihila$on	
  as	
  	
  
	
  	
  	
  well	
  as	
  elas$c	
  scaJering	
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§ 	
  pp	
  → 	
  dπ+	
  	
  	
  	
  
	
  	
  	
  Shimizu	
  et	
  al.,	
  NPA	
  386,	
  571	
  (1982)	
  

§ 	
  π+d	
  → pp	
  
	
  	
  	
  Pasyuk	
  et	
  al.,	
  PRC	
  55,	
  1026	
  (1997)	
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§ 	
  Cross	
  sec$ons	
  for	
  BB	
  → dπ	
  and	
  Md	
  → BB	
  are	
  assumed	
  to	
  	
  
	
  	
  	
  be	
  same	
  as	
  those	
  for	
  pp	
  → dπ	
  and	
  πd	
  → pp	
  at	
  same	
  	
  	
  	
  
	
  	
  	
  center	
  of	
  mass	
  energy,	
  respec$vely.	
  	
  	
  

€ 

σ(pp→ dπ +) =
1
4
pπ
pp

f (s)

f (s) = 26exp − s− 4.65( )2 /0.1[ ]
+ 4exp − s− 4.65( )2 /2[ ]
+ 0.28exp − s− 6( )2 /10[ ]
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§ 	
  Nd	
  → Nd	
  
	
  	
  	
  Hatanaka	
  et	
  al.,	
  PRC	
  66,044002	
  (2002)	
  	
  	
  	
  	
  

§ 	
  πd	
  → πd	
  
	
  	
  	
  Khandaker	
  et	
  al.,	
  PRC	
  44,	
  21	
  (1991)	
  

10	
  

§ 	
  Cross	
  sec$ons	
  for	
  Bd	
  → Bd	
  and	
  Md	
  → Md	
  are	
  assumed	
  to	
  be	
  same	
  	
  
	
  	
  	
  as	
  those	
  for	
  Nd	
  → Nd	
  and	
  πd	
  → πd	
  at	
  same	
  c.m.	
  energy,	
  respec$vely.	
  € 

σ(Nd→ Nd) = 2500exp − s− 7.93( )2 /0.003[ ]
+ 300exp − s− 7.93( )2 /0.1[ ] +10

€ 

σ(πd→πd) = 63exp − s− 4.67( )2 /0.15[ ]
+15exp − s− 6.25( )2 /0.3[ ]



Ini*al	
  hadron	
  distribu*ons	
  aLer	
  hadroniza*on	
  

§ 	
  Approximated	
  by	
  a	
  blast	
  wave	
  model	
  with	
  temperature	
  T	
  	
  

	
  and	
  transverse	
  flow	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  β=β(r)[1+ε(pT)cos(2φ)]n	
  

where	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ε(pT)=c1exp(-­‐pT/c2),	
  	
  	
  	
  β(r)=β0(r/R0)	
  

and	
  spa$al	
  eccentricity	
  	
  

€ 

s2 =
y 2 − x 2

y 2 + x 2

§ 	
  For	
  minimum	
  biased	
  Au+Au	
  @	
  S1/2NN=200	
  GeV	
  

€ 

€ 

f (x, p)∝exp(−pµuµ /T)

T=175	
  MeV,	
  dNπ+/dy=25,	
  dNp/dy=0.6,	
  β0=0.55,	
  c1=0.7,	
  	
  	
  
c2=0.55	
  GeV,	
  R0=5	
  fm,	
  s2=0.05	
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§ 	
  Very	
  similar	
  ini$al	
  and	
  final	
  
	
  	
  	
  pTspectra	
  due	
  to	
  canceling	
  	
  
	
  	
  	
  effects	
  of	
  decreasing	
  	
  
	
  	
  	
  temperature	
  as	
  a	
  result	
  of	
  
	
  	
  	
  expansion	
  and	
  increasing	
  	
  
	
  	
  	
  collec$ve	
  flow	
  velocity.	
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FIG. 2: Elliptic flow v2 of pions and protons for rapidities
|y| < 0.5. Data are from Ref. [12].

B. Deuterons

In this section, we study the pT spectrum of deuterons
and their elliptic flow. As for other hadrons, we have as-
sumed that they are initially produced by at hadroniza-
tion and then undergo hadronic scattering through which
they can be annihilated and also reproduced. To include
these effects, we have modified the art code embedded
in the ampt model, and the details are given in the Ap-
pendix. The resulting deuteron pT spectrum is given
in Fig. 3 and is seen in relatively good agreement with
the PHENIX data [26]. The calculated deuteron num-
ber in the midrapidity, which is about 0.046, is, how-
ever somewhat larger than the measured one. Further
studies of the reactions involving deuterons as well as
on the hadronization of quarks into deuterons from the
quark-gluon plasma are thus required. Figure 3 also com-
pares the transverse momentum distribution of deuterons
at initial and final states. It is seen that the final one has
a larger inverse slope than the initial one, reflecting the
further development of the radial flow of deuterons by
hadronic rescattering.

Shown in Fig. 4 is the calculated final deuteron ellip-
tic flow. The initial deuteron as well as the final proton
elliptic flow is are also given for comparison. It shows
that the measured elliptic flows of protons and deuterons
are reasonably described by the present approach. We
note that the negative values of deuteron elliptic flow at
low pT (< 1 GeV/c ) reported by the STAR Collabo-
ration [13] is not reproduced by the present model. Al-
though the deuteron elliptic flow from the initial blast wave
model does have small negative values at very low pT , sub-
sequent hadronic scattering has changed them to positive.
Also, the deuteron elliptic flow at larger pT is reduced during
hadronic evolution. More precise studies on the deuteron
elliptic flow at small pT region is, therefore, required both
theoretically and experimentally.

Finally, the numbers of protons and deuterons in the
midrapidity |y| ≤ 0.5 as functions of time are given in
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FIG. 3: pT spectrum of deuterons in midrapidity |y| < 0.5.
Data are from Ref. [26], while lines are the results of this
work. Those of protons are also given for comparison.
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FIG. 4: Elliptic flow v2 of protons and deuterons. Data are
from Refs. [12, 13], while lines are results of this work.

Fig. 5. Both are seen to decrease gradually with time and
this is partially due to scattering into larger rapidities.

C. Comparison with the dynamical coalescence
model

It is of interest to compare the results from the trans-
port model with those from the coalescence model. In
the coalescence model, deuterons are produced by recom-
bination of nucleons at freeze-out using the sudden ap-
proximation. The momentum distribution of produced

Ini*al	
  and	
  final	
  pion	
  and	
  proton	
  ellip*c	
  flows	
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§ 	
  Effect	
  of	
  hadronic	
  scaJering	
  on	
  ellip$c	
  flow	
  is	
  appreciable	
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§ 	
  Hadronic	
  scaJering	
  has	
  some	
  effect	
  on	
  deuteron	
  pT	
  spectrum	
  
§ 	
  Large	
  hadronic	
  scaJering	
  effect	
  on	
  deuteron	
  ellip$c	
  flow	
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§ 	
  Both	
  proton	
  and	
  deuteron	
  numbers	
  decrease	
  only	
  slightly	
  	
  
	
  	
  	
  with	
  $me	
  → 	
  early	
  chemical	
  equilibra$on	
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Coalescence	
  model	
  for	
  deuteron	
  produc*on	
  

€ 

d3Nd

dpd
3 =

3
4

d3x1d
3p1d

3x2d
3p2 f p (x1, p1) fn (x2, p2)∫

× fd
W (x1

' ,x2
' ;p1

' , p2
' )δ(3)(pd − p1 − p2)

fp/n(x,p):	
  proton/neutron	
  phase-­‐space	
  distribu$on	
  func$on	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  at	
  freeze	
  out	
  

fdW:	
  deuteron	
  Wigner	
  distribu$on	
  based	
  on	
  harmonic	
  oscillator	
  
	
  	
  	
  	
  	
  	
  	
  	
  wave	
  func$on	
  	
  

€ 

fd
W (x1

' ,x2
' ;p1

' , p2
' ) = 8exp − p1

' − p2
'( )
2
σ 2 /4 − x1

' − x2
'( )
2
/σ 2[ ]

€ 

σ =1/ µω , µ = mN /2with	
  

€ 

rd
2 =1.96fm→ω = 8.06 ×10−3 GeV
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Deuteron	
  pT	
  spectrum	
  and	
  ellip*c	
  flow	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  from	
  coalescence	
  model	
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§ 	
  Similar	
  pT	
  spectrum	
  from	
  transport	
  and	
  coalescence	
  models	
  
§ 	
  Smaller	
  ellip$c	
  flow	
  at	
  large	
  pT	
  from	
  transport	
  model	
  than	
  
	
  	
  	
  from	
  coalescence	
  model	
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Deuteron	
  emission	
  *me	
  distribu*ons	
  

§ 	
  Similar	
  emission	
  $me	
  	
  
	
  	
  	
  distribu$ons	
  for	
  protons	
  	
  
	
  	
  	
  and	
  deuterons	
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FIG. 8: Normalized freeze-out time distributions of midrapid-
ity protons (diamonds) and deuterons in the transport model
(circles) and in the coalescence model (squares).

that the distribution of deuteron emission times in the
transport model is rather similar to that of nucleons. In
the coalescence model, the deuteron emission time distri-
bution also shows a similar behavior as that of nucleons
with both peaking at t ∼ 10 fm/c. We note that the
non-smooth deuteron early emission time distribution in
the transport model is due to the incomplete destruction
of initial deuterons, particularly those produced near the
surface of the fire cylinder. Introducing a diffused hadron
distribution in the initial state is expected to lead to a
smoother deuteron emission time distribution.

D. Nucleon number scaling of deuteron elliptic flow
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FIG. 9: Scaled elliptic flow in (a) transverse momentum pT

and (b) transverse kinetic energy.

As in the case of the elliptic flows of identified hadrons,
where a scaling according to the number of constituent
quarks in a hadron has been observed [28], it is of in-
terest to see if there is a similar scaling of the pro-
ton and deuteron elliptic flows according to their nu-

cleon number. This is shown in Fig. 9 for the elliptic
flow per nucleon as a function of momentum per nucleon
[panel (a)] or as a function of transverse kinetic energy
[EKT = (m2 + p2

T )1/2 − m] per nucleon [panel (b)]. It is
seen that the nucleon number scaling of the proton and
deuteron elliptic flows is not quite realized in the trans-
port model, particularly at large pT . Although the mea-
sured deuteron elliptic flow is reasonably described by the
transport model, aside at low pT , the proton elliptic flow
in the transport model is somewhat larger than the mea-
sured one. As a result, the present transport model is not
able to reproduce the approximate nucleon number scaling
of proton and deuteron elliptic flows observed in the data.
This scaling is, on the other hand, approximately satisfied in
the results from the coalescence model as shown in Fig. 9.
only show an approximate nucleon number scaling at low
pT . This is different from the coalescence model in which
an approximate nucleon number scaling of the proton
and deuteron elliptic flows holds to all pT and EKT. As
a result, the coalescence model can better describe the
observed nucleon number scaling, which is also shown in
Fig. 9.

IV. SUMMARY AND DISCUSSIONS

We have investigated deuteron production in heavy ion
collisions based on a transport model. This is carried out
by modifying the art code in the ampt model to include
the production and annihilation of deuterons via the re-
actions BB ↔ dM , where B and M stand for a baryon
and a meson, respectively, as well as their elastic inter-
actions with these hadrons. For the initial hadron distri-
butions after hadronization of the quark-gluon plasma,
we use the thermal distribution based on a blast wave
model. The initial hadrons are uniformly distributed in
an elliptic shape with a spatial elliptic anisotropy of 0.05.
With the parameters such as the initial temperature as
well as the transverse flow velocity and anisotropy fit-
ted to reproduce the measured pT spectra and elliptic
flows of positively charged pions and nucleons protons, we
have examined the production of deuterons in relativistic
heavy ion collisions. The calculated deuteron pT spec-
trum is comparable to, although somewhat softer than,
the experimental data measured by the PHENIX Collab-
oration. The deuteron elliptic flow from the transport
model also agrees with that measured by the PHENIX
Collaboration. However, the deuteron elliptic flow was
found to be positive even at small pT in contrary to the
negative elliptic flow of deuterons observed by the STAR
Collaboration. Further investigations both in theory and
experiment are thus required to understand the elliptic
flow of deuterons at low pT and to shed more light on
the mechanisms for the production of low pT hadrons
in relativistic heavy ion collisions. We have also com-
pared our transport model results with those of coales-
cence model and found that the two are very similar,
particularly in the deuteron pT spectra. However, the
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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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  coalescence	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  models	
  → 	
  only	
  approximate	
  nucleon	
  number	
  scaling	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Nega$ve	
  ellip$c	
  flow	
  at	
  low	
  low	
  pT	
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