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We present a measurement of the first-order azimuthal anisotropy, v1, of deuterons from Au+Au collisions at
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√
sNN = 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV recorded with the STAR experiment at the Relativistic Heavy

Ion Collider (RHIC). The energy dependence of the v1(y) slope, dv1/dy|y=0, for deuterons, where y is the
rapidity, is extracted for semi-central collisions (10-40% centrality) and compared with that of protons. While
the v1(y) slopes of protons are generally negative for

√
sNN > 10 GeV, those for deuterons are consistent with

zero, a strong enhancement of the v1(y) slope of deuterons is seen at the lowest collision energy (the largest
baryon density) at

√
sNN = 7.7 GeV. In addition, we report the transverse momentum dependence of v1 for

protons and deuterons. The experimental results are compared with transport and coalescence models.

I. INTRODUCTION

One of the main goals of high-energy heavy-ion collision
experiments is to explore the state and evolution of nuclear
matter under extreme conditions. These experiments measure
the multiplicities of many different particle species and the
correlations between these particles. The correlations between
the azimuthal angles of these particles are particularly infor-
mative. The directed flow, v1, and the elliptic flow, v2, are
the first and second harmonic coefficients of the Fourier ex-
pansion of the particle azimuthal distributions in momentum
space relative to the reaction-plane [1]. The reaction-plane is
defined by the beam direction and the impact parameter. The
directed flow has two components: a rapidity-even function,
veven1 , and a rapidity-odd function, vodd1 . The values of veven1

represent the contribution from event-by-event initial nuclei
geometry fluctuations [2, 3]. This work will focus on the
rapidity-odd component. The values of v1 as a function of
rapidity, y, are sensitive to the amount of expansion the colli-
sion system goes through during the early collision stages [4].

The RHIC has completed the first phase of the Beam
Energy Scan (BES) program [5]. The directed flow v1(y) as
a function of rapidity, y, for different mesons and baryons
has been measured in Au+Au collisions over the range of
beam energies of

√
sNN = 7.7 to 200 GeV [6, 7]. The

slopes dv1/dy|y=0 at mid-rapidity for net-protons and net-
Λ hyperons as a function of collision energy show a min-
imum around

√
sNN = 10-20 GeV. According to a hydro-

dynamic model [8], a minimum dv1/dy|y=0 of net-baryons
as a function of collision energy is a signature of a first-
order phase transition between hadronic matter and the quark
gluon plasma. However, no existing hydrodynamic model
can quantitatively reproduce the measured magnitudes of the
meson and baryon directed flow [6, 7].

Besides the charged hadrons, a large number of light nuclei
are produced in heavy-ion collisions. Their production is
sensitive to the properties of cluster formation and fireball
evolution [9–13]. There are two commonly-used and very
different phenomenological pictures for the mechanisms gov-
erning the production of light nuclei. The thermal model
describes deuteron production as occurring throughout the
whole time evolution of the fireball up to chemical freeze-
out via elementary nucleon-nucleon and/or parton-parton in-
teractions [10, 14, 15]. Such models are able to reproduce the
observed deuteron multiplicities [16, 17]. It is, however, dif-
ficult to understand how deuterons formed in the intermediate
stages of the collisions can survive the subsequent evolution,
as their binding energy (2 MeV) is so small compared with
the fireball temperature (≈150 MeV [18]). Another model
describes deuteron production as occurring much later in the

collision, near kinetic freeze-out, when the temperatures are
much lower [19–23]. This is the coalescence model, in which
two nucleons that are near each other in space and traveling
with similar velocities, can form a deuteron. Thus, the
momentum distribution of these formed deuterons is strongly
related to that of protons. The comparison of light nucleus
directed flow with that of protons can provide additional
information to understand the mechanisms involved in light
nucleus production in high-energy heavy-ion collisions.

Both the EOS and FOPI collaborations observed energy
dependence of the directed flow for protons and deuterons
from Au+Au collisions for lab kinetic energies of 0.1A GeV
to 1.5A GeV [24–26]. These observations suggest that the
directed flow of deuterons has a more pronounced energy
dependence than that of protons. Thus, the light nucleus
directed flow may provide a more sensitive measure of the
collective motion than the lighter hadrons.

In this paper, we present the measurement of the directed
flow for deuterons in Au+Au collisions at

√
sNN = 7.7, 11.5,

14.5, 19.6, 27, and 39 GeV from the STAR experiment. The
results are discussed and compared with AMPT (A Multi-
Phase Transport) calculation [27] and a simple coalescence
model [28].

II. EXPERIMENT AND DATA ANALYSIS

The data used here are for Au+Au collisions at beam
energies of

√
sNN = 7.7, 11.5, 14.5, 19.6, 27, and 39 GeV

collected by the STAR experiment [29] at the RHIC facility.
A minimum bias trigger was used. The 7.7, 11.5, and 39
GeV data were recorded in 2010. The 19.6 and 27 GeV data
were recorded in 2011, and the 14.5 GeV data were recorded
in 2014. The STAR experiment consists of a solenoidal
magnet and different detectors for tracking, triggering, and
particle identification (PID). The Time Projection Chamber
(TPC) [30] is a charged-particle tracking device which covers
the full azimuth and a pseudo-rapidity range |η| < 1. Charged
particle trajectories are reconstructed with the TPC, and the
momentum components are obtained from the curvature of
the helical path in the 0.5 Tesla magnetic field. The two
momentum components in the plane transverse to the beam-
line define the azimuthal angle of each track. The main
detectors used for PID are the TPC and the Time-of-Flight
system (TOF) [31]. The details of other STAR detectors are
described elsewhere [29].
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A.  E v e nt a n d Tr a c k S el e cti o n

F or e a c h e v e nt, t h e l o c ati o n of t h e pri m ar y v ert e x c a n b e
r e c o nstr u ct e d i n t hr e e di m e nsi o ns b y e xtr a p ol ati n g t h e T P C
tr a c k s e g m e nts t o t h e b e a m- a xis.  T h e pri m ar y v ert e x is
r e q uir e d t o b e wit hi n c ert ai n dist a n c es of t h e c e nt er of S T A R
i n t h e dir e cti o ns al o n g t h e b e a m a xis, v z , a n d tr a ns v ers e t o it,
v r , as list e d i n Ta bl e I.

T A B L E I. T h e e v e nt s el e cti o n q u alit y c uts v z a n d v r (s e e t e xt), t h e
n u m b er of e v e nts, a n d t h e b ar y o n c h e mi c al p ot e nti al, µ B [ 3 2], at
e a c h of t h e diff er e nt c ollisi o n e n er gi es st u di e d h er e. T h e c e nt er of
tr a ns v ers e r a di al p ositi o n is l o c at e d at (v x , v y ) = ( 0, - 0. 8 9 c m) f or
1 4. 5 G e V.

√
s N N ( G e V) |v z | ( c m) v r ( c m)

E v e nts
(× 1 0 6 ) µ B ( M e V)

7. 7 7 0 2 4 4 2 0
1 1. 5 5 0 2 1 2 3 1 5
1 4. 5 5 0 1 1 1 2 6 0
1 9. 6 5 0 2 3 6 2 0 5
2 7 5 0 2 7 0 1 5 5
3 9 4 0 2 1 3 0 1 1 5

T h e r e c o nstr u ct e d tr a c ks us e d i n t his a n al ysis w er e r e q uir e d
t o p ass b asi c q u alit y c uts, i n cl u di n g h a vi n g at l e ast 1 5 T P C
s p a c e p oi nts assi g n e d t o t h e m. E a c h tr a c k is als o r e q uir e d
t o e xtr a p ol at e t o wit hi n 1 c m of t h e pri m ar y v ert e x l o c ati o n
( dist a n c e of cl os est a p pr o a c h D C A), a n d h as assi g n e d t o it
at l e ast h alf of t h e p ossi bl e n u m b er of T P C s p a c e p oi nts
( m a xi m u m 4 5) f or its tr aj e ct or y.

T h e c e ntr alit y of e a c h e v e nt is d et er mi n e d b y c o m p ari n g
t h e c h ar g e d p arti cl e m ulti pli cit y m e as ur e d i n t h e e v e nt t o a
M o nt e- C arl o Gl a u b er r ef er e n c e [ 3 3]. T h e r es ults pr es e nt e d
i n t his p a p er us e t h e 1 0- 4 0 % i nt er m e di at e c e ntr alit y r e gi o n
w h er e t h e v 1 (y ) m e as ur e m e nts ar e t h e m ost si g ni fi c a nt. T h e
first- or d er e v e nt pl a n e r es ol uti o n, a n d v 1 its elf, i n m or e c e ntr al
c ollisi o ns ar e r el ati v el y s m all er, w hil e t h e d e ut er o n yi el ds ar e
als o r el ati v el y s m all er i n m or e p eri p h er al c ollisi o ns.

B.  P a rti cl e I d e nti fi c ati o n

We us e a c o m bi n ati o n of t h e T P C a n d t h e T O F f or t h e
i d e nti fi c ati o n of c h ar g e d p arti cl es. Fi g ur e 1( a) s h o ws t h e a v-
er a g e d E / d x distri b uti o n of m e as ur e d c h ar g e d tr a c ks v ers us
m o m e nt u m at

√
s N N = 1 9. 6 G e V. T h e c ur v es d e n ot e t h e

Bi c hs el e x p e ct ati o n v al u es, d E / d x B , f or e a c h s p e ci es [ 3 4].
F or e a c h tr a c k, t h e p arti cl e s p e e d di vi d e d b y t h e s p e e d

of li g ht, β = v / c , c a n b e m e as ur e d b y t h e c o m bi n ati o n
of t h e T P C a n d T O F s yst e ms. T h e T O F t h us pr o vi d es a
m e as ur e m e nt of t h e tr a c k m ass-s q u ar e d, m 2 , a c c or di n g t o

m 2 = p 2 1

β 2
− 1 , ( 1)

w h er e p is t h e tr a c k m o m e nt u m m e as ur e d i n t h e T P C. Fi g-
ur e 1( b) s h o ws t h e m 2 distri b uti o n as a f u n cti o n of m o m e nt u m
at

√
s N N = 1 9. 6 G e V. F or t h e d e ut er o n s el e cti o n, t h e m ass-

p ( G e V/ c)
0 1 2 3 4

 (
k
e

V/
c

m)
〉

d
E/

d
x

〈

2

4

6

8

1 0

1 2
( a)

+π
+

K

p
d

p ( G e V/ c)
0 1 2 3 4

)
4

/
c

2
 (

G
e

V
2

m

0

1

2

3

4
( b)

+π

+
K

p

d

FI G. 1. ( a) T h e d E / d x of c h ar g e d tr a c ks v ers us m o m e nt u m i n
A u + A u c ollisi o ns at

√
s N N = 1 9. 6 G e V. T h e c ur v es ar e Bi c hs el

pr e di cti o ns f or t h e c orr es p o n di n g p arti cl e s p e ci es. ( b) P arti cl e m 2

v ers us m o m e nt u m at
√

s N N = 1 9. 6 G e V. T h e b a n ds, fr o m b ott o m
t o t o p, c orr es p o n d t o π + , K + , pr ot o ns, a n d d e ut er o ns, r es p e cti v el y.

s q u ar e d v al u es ar e r e q uir e d t o b e i n t h e r a n g e 3. 0 G e V 2 /c 4

< m 2 < 4. 0 G e V 2 /c 4 .
T h e s el e cti o n of d e ut er o n tr a c ks usi n g t h e T P C d E / d x

pr o c e e ds vi a t h e v ari a bl e z , d e fi n e d as [ 3 5],

z = l n
d E / d x

d E / d x B

. ( 2)

W h e n usi n g t h e Bi c hs el pr e di cti o n, d E / d x B , f or d e ut er o ns
i n E q. 2 (cf. Fi g. 1), t h e d e ut er o ns ar e t h os e tr a c ks wit h v al u es
of z n e ar z er o. Fi g ur e 2 s h o ws t h e z distri b uti o ns i n diff er e nt
p T r a n g es at

√
s N N = 1 9. 6 G e V. I n t his a n al ysis, t h e d e ut er o n

s el e cti o n i n v ol v es t h e r e q uir e m e nt t h at |z | < 0. 2.

z
0. 6− 0. 4− 0. 2− 0 0. 2 0. 4 0. 6

C
o

u
nt

s

1 0

21 0

3
1 0

41 0
 < 1. 0 G e V/ c

T
 0. 8 < p( a)

z
0. 6− 0. 4− 0. 2− 0 0. 2 0. 4 0. 6

C
o

u
nt

s

1 0

21 0

3
1 0

41 0

 < 1. 5 G e V/ c
T

 1. 0 < p( b)

z
0. 6− 0. 4− 0. 2− 0 0. 2 0. 4 0. 6

C
o

u
nt

s

1 0

21 0

3
1 0

41 0

 < 2. 5 G e V/ c
T

 1. 5 < p( c)

z
0. 6− 0. 4− 0. 2− 0 0. 2 0. 4 0. 6

C
o

u
nt

s

1 0

21 0

3
1 0

41 0
 < 4. 0 G e V/ c

T
 2. 5 < p( d)

FI G. 2. T h e z distri b uti o n f or d e ut er o n i n v ari o us p T r a n g es i n
A u + A u c ollisi o ns at

√
s N N = 1 9. 6 G e V. T h e d as h e d li n e is a

G a ussi a n fit r e pr es e nti n g t h e distri b uti o n f or d e ut er o ns. T h e d ot-
d as h e d c ur v e is a G a ussi a n fit d e n oti n g c o ntri b uti o ns fr o m π + , K + ,
a n d pr ot o ns.

I n R ef. [ 6], t h e v 1 (y ) of pr ot o ns w as m e as ur e d o v er t h e
r a n g e of 0. 4 G e V/c < p T < 2. 0 G e V/ c . F or t h e d e ut er o ns i n
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t his a n al ysis, t h e tr a ns v ers e m o m e nt u m r a n g e is r estri ct e d t o
t h e s a m e r a n g e i n t er ms of p T / A, or 0. 8 G e V/c < p T < 4. 0
G e V/ c . T h e d ef a ult r a pi dit y wi n d o w f or e xtr a cti n g t h e v 1 (y )
sl o p e is |y | < 0 .6 .

C.  E v e nt Pl a n e

T h e r e a cti o n- pl a n e a n gl e, Ψ R , is t h e a zi m ut h of t h e pl a n e
s p a n n e d b y t h e b e a m dir e cti o n a n d t h e i m p a ct p ar a m et er v e c-
t or. T h e v 1 of t h e pr o d u c e d p arti cl es wit h r es p e ct t o Ψ R c a n b e
m e as ur e d as v 1 = c o s( φ − Ψ R ) , w h er e φ is t h e a zi m ut h al
a n gl e of t h e pr o d u c e d p arti cl e a n d t h e a n gl e br a c k ets i m pl y
a v er a gi n g o v er all t h e p arti cl es i n all e v e nts. As t h e r e a cti o n-
pl a n e a n gl e, Ψ R , c a n n ot b e m e as ur e d dir e ctl y, w e will us e
t h e e v e nt- pl a n e a n gl e [ 1] t o esti m at e t h e r e a cti o n- pl a n e a n gl e
Ψ R . T h e e v e nt- pl a n e w as esti m at e d usi n g t h e v 1 i nf or m ati o n
of t h e fi n al-st at e p arti cl es, a n d h e n c e is c all e d t h e first- or d er
e v e nt- pl a n e ( Ψ 1 ). T h e s elf- c orr el ati o ns w er e eli mi n at e d wit h
t h e l ar g e a c c e pt a n c e g a p b et w e e n t h e T P C, w h er e t h e d e ut er o n
dir e ct e d fl o w w as m e as ur e d, a n d t h e d et e ct ors m e as uri n g t h e
fi n al-st at e p arti cl es us e d t o c al c ul at e Ψ 1 .

T w o b e a m- b e a m c o u nt ers ( B B Cs) [ 3 6] w er e us e d t o r e-
c o nstr u ct t h e v al u es of Ψ 1 . T h e distri b uti o n of r e c o nstr u ct e d
Ψ 1 v al u es is n ot u nif or m d u e t o i m p erf e cti o ns i n t h e B B Cs.
T h er ef or e, a s hifti n g m et h o d [ 1] w as a p pli e d t o fl att e n t h e
distri b uti o ns. T h e fi nit e m ulti pli cit y of p arti cl es i n e a c h e v e nt
li mits t h e pr e cisi o n of esti m ati n g t h e tr u e r e a cti o n- pl a n e vi a
t h e r e c o nstr u ct e d Ψ 1 , s o t h e v al u es of v 1 h a v e b e e n c orr e ct e d
f or t h e e v e nt pl a n e r es ol uti o n : v 1 = c o s( φ − Ψ 1 ) / R 1 .
T h e r es ol uti o n c orr e cti o n f a ct or, R 1 , is d et er mi n e d b y t h e
s u b- e v e nt pl a n e c orr el ati o n m et h o d [ 1], w h er e t h e s u b- e v e nt
pl a n es ar e r e c o nstr u ct e d s e p ar at el y i n t h e e ast a n d w est B B Cs.
Fi g ur e 3 s h o ws t h e R 1 v al u es as a f u n cti o n of t h e c ollisi o n
c e ntr alit y at e a c h c ollisi o n e n er g y.  T h e r es ol uti o n p e a ks
i n mi d- c e ntr al c ollisi o ns. T h e r es ol uti o n i m pr o v es as t h e
c ollisi o n e n er g y d e cr e as es d u e t o t h e str o n g er dir e ct e d fl o w
at t h e r a pi dit y r a n g es c o v er e d b y t h e B B C d et e ct ors.

D. S yst e m ati c U n c e rt ai nti es

T h e s yst e m ati c u n c ert ai nti es o n t h e dir e ct e d fl o w ar e esti-
m at e d b y v ar yi n g t h e crit eri a us e d t o s el e ct tr a c ks a n d i d e ntif y
p arti cl es. T h e a bs ol ut e diff er e n c e b et w e e n t h e r es ults usi n g
t h e d ef a ult a n d t h e v ari e d crit eri a is q u ot e d as t h e s yst e m ati c
u n c ert ai nt y. T h e s yst e m ati c u n c ert ai nt y r el at e d t o t h e tr a c k
s el e cti o n pr o c e d ur e is esti m at e d b y v ar yi n g t h e D C A (fr o m
1 t o 0. 5 a n d 2 c m) a n d t h e n u m b er of T P C s p a c e p oi nts
(fr o m 1 5 t o 2 0). T h e v al u e is f o u n d t o b e a b o ut 6 % a n d
i n d e p e n d e nt of t h e p arti cl e s p e ci es. A d diti o n al s yst e m ati c
u n c ert ai nti es arisi n g fr o m t h e p arti cl e misi d e nti fi c ati o n ar e
esti m at e d b y v ar yi n g t h e PI D c uts o n z a n d m 2 . T h e t y pi c al
m a g nit u d es of t h es e u n c ert ai nti es ar e 4 % f or pr ot o ns a n d 1 5 %
f or d e ut er o ns. T h e s yst e m ati c u n c ert ai nt y c orr es p o n di n g t o
t h e c h os e n r a n g e of t h e d v 1 / d y fit is esti m at e d b y t a ki n g t h e
diff er e n c e b et w e e n t h e b est fitt e d sl o p e, a n d t h e v al u e of t h e
sl o p e wit hi n |y | < 0 .5 . T his u n c ert ai nt y is a b o ut 6 % at

C olli si o n C e ntr alit y( %)
0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0
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ol
ut
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o

n
1

Ψ

0

0. 2

0. 4

0. 6

0. 8 7. 7 G e V 1 1. 5 G e V

1 4. 5 G e V 1 9. 6 G e V
2 7 G e V 3 9 G e V

FI G. 3. T h e v al u es of t h e first- or d er e v e nt pl a n e ( Ψ 1 ) r es ol uti o n R 1

as a f u n cti o n of t h e c e ntr alit y of A u + A u c ollisi o ns at
√

s N N = 7. 7,
1 1. 5, 1 4. 5, 1 9. 6, 2 7, a n d 3 9 G e V. T h e Ψ 1 w as r e c o nstr u ct e d wit h
t h e B B Cs a n d its r es ol uti o n is d et er mi n e d b y t h e c orr el ati o n of t h e
s u b- e v e nt- pl a n e a n gl es d et er mi n e d s e p ar at el y b y t h e e ast a n d w est
B B Cs. D at a pr es e nt e d l at er ( 1 0- 4 0 % c e ntr alit y) ar e i n di c at e d b y t h e
d as h e d-li n e b o x.

√
s N N = 7. 7 G e V. It is t h e c h oi c e of t h e d v 1 / d y fit r a n g e

t h at m a k es t h e l ar g est c o ntri b uti o n t o t h e t ot al s yst e m ati c
u n c ert ai nti es a b o v e 7. 7 G e V. N o n- fl o w c o ntri b uti o ns t o t h e
s yst e m ati c u n c ert ai nt y ar e r e d u c e d d u e t o t h e l ar g e ps e u d o-
r a pi dit y g a p b et w e e n t h e T P C a n d B B C d et e ct ors. T h e e v e nt-
pl a n e r es ol uti o n is esti m at e d vi a t h e c orr el ati o n of t h e e v e nt-
pl a n es c al c ul at e d f or t w o s u b- e v e nts, w hi c h c a n b e aff e ct e d
b y m o m e nt u m c o ns er v ati o n [ 3 7]. T h e p ossi bl e s yst e m ati c
u n c ert ai nt y fr o m t h e first- or d er e v e nt- pl a n e r es ol uti o n esti-
m ati o n is dis c uss e d i n R ef. [ 6]. T h e u n c ert ai nt y is l ess t h a n
2 % . All t h e s o ur c es ar e a d d e d i n q u a dr at ur e as t h e fi n al t ot al
s yst e m ati c u n c ert ai nti es, w hi c h ar e of a si mil ar m a g nit u d e as
t h e st atisti c al u n c ert ai nti es.

III.  R E S U L T S A N D DI S C U S SI O N

Fi g ur e 4 s h o ws t h e r a pi dit y d e p e n d e n c e of t h e dir e ct e d
fl o w, v 1 , of pr ot o ns a n d d e ut er o ns at e a c h of t h e st u di e d
c ollisi o n e n er gi es. T h e v 1 (y ) of d e ut er o ns is a ntis y m m etri c
a b o ut y = 0 . As wit h t h e pr ot o ns, t h e v 1 (y ) of d e ut er o ns
i n cr e as es m o n ot o ni c all y wit h i n cr e asi n g r a pi dit y at

√
s N N =

7. 7 G e V. We o bs er v e a str o n g er v 1 d e p e n d e n c e o n r a pi dit y f or
d e ut er o ns t h a n f or pr ot o ns. T h e li mit e d e v e nt st atisti cs a n d
r el ati v el y l o w er d e ut er o n pr o d u cti o n r at e at hi g h er e n er gi es
m a k es s u c h c o m p aris o ns l ess c ert ai n.

T h e v 1 (y ) sl o p e at mi d-r a pi dit y ( y < |0 .6 |) is o bt ai n e d b y
fitti n g t h e d at a wit h a str ai g ht li n e. F or

√
s N N > 7. 7 G e V,

t h e si g n of t h e v 1 (y ) sl o p e is m ai nl y i n fl u e n c e d b y t h e t w o
d at a p oi nts at t h e e xtr e m e r a pi dit y bi ns. Fi g ur e 5 pr es e nts
t h e r es ulti n g v al u es of t h e v 1 (y ) sl o p e v ers us t h e c ollisi o n
e n er g y f or 1 0- 4 0 % c e ntr al c ollisi o ns. A si g ni fi c a ntl y l ar g er
d e ut er o n v 1 (y ) sl o p e wit h r es p e ct t o pr ot o ns is o bs er v e d at
√

s N N = 7. 7 G e V. T h e d e ut er o n v 1 (y ) sl o p e is o bs er v e d t o
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P arti cl e R a pi dit y ( y)

1
v

0. 5− 0 0. 5

0. 0 2−

0

0. 0 2

7. 7 G e V

A u + A u 1 0- 4 0 %( a)

0. 5− 0 0. 5

0. 0 2−

0. 0 1−

0

0. 0 1

0. 0 2

1 4. 5 G e V

( c)

0. 5− 0 0. 5

0. 0 1−

0

0. 0 1

2 7 G e V

( e)

0. 5− 0 0. 5

0. 0 2−

0

0. 0 2

1 1. 5 G e V

pr ot o n
d e ut er o n

( b)

0. 5− 0 0. 5

0. 0 2−

0. 0 1−

0

0. 0 1

0. 0 2

1 9. 6 G e V

( d)

0. 5− 0 0. 5

0. 0 1−

0

0. 0 1

3 9 G e V

(f)

FI G. 4. R a pi dit y d e p e n d e n c e of v 1 f or pr ot o ns [ 7] ( o p e n s q u ar es)
a n d d e ut er o ns (s oli d cir cl es) i n 1 0- 4 0 % A u + A u c ollisi o ns at

√
s N N

= 7. 7, 1 1. 5, 1 4. 5, 1 9. 6, 2 7, a n d 3 9 G e V. T h e d ot- d as h e d a n d d as h e d
li n es ar e fits t o pr ot o n a n d d e ut er o n v 1 , r es p e cti v el y, at mi dr a pi dit y
(|y | < 0 .6 ) wit h a li n e ar f u n cti o n t o e xtr a ct t h e sl o p es. T h e pl ott e d
u n c ert ai nti es ar e st atisti c al o nl y.

b e c o nsist e nt wit h z er o at all e n er gi es a b o v e 7. 7 G e V, b ut wit h
l ar g e u n c ert ai nti es.

T h e r es ults fr o m t h e d at a w er e c o m p ar e d t o t h os e fr o m t h e
A M P T m o d el [ 2 7]. T his is a h y bri d m o d el w hi c h h as b e e n
us e d t o d es cri b e t h e c h ar g e d p arti cl e m ulti pli cit y, tr a ns v ers e
m o m e nt u m, a n d t h e elli pti c fl o w of i d e nti fi e d p arti cl es i n
r el ati visti c h e a v y-i o n c ollisi o ns. I n t his m o d el, s c att eri n g
a m o n g h a dr o ns is d es cri b e d b y A R T ( A R el ati visti c Tr a ns-
p ort) m o d el [ 3 8]. T h e d e ut er o ns ar e pr o d u c e d a n d diss ol v e d
wit hi n A R T vi a n u cl e ar r e a cti o ns. T h e c e ntr alit y of t h e si m u-
l at e d e v e nts is d et er mi n e d b y i nt e gr ati n g t h e c h ar g e d p arti cl e
m ulti pli cit y distri b uti o n, as w as d o n e f or t h e e x p eri m e nt al
d at a. T h e c o m p aris o n b et w e e n d at a a n d t h e A M P T m o d el
r es ult c a n b e s e e n i n Fi g. 5. A d e cr e asi n g tr e n d f or i n cr e asi n g
c ollisi o n e n er gi es is s e e n i n t h e A M P T si m ul ati o n, w hil e t h e
m o d el si g ni fi c a ntl y o v er pr e di cts t h e o bs er v e d m a g nit u d e of
t h e d e ut er o n dir e ct e d fl o w sl o p e.

A c o m m o nl y- a p pli e d pi ct ur e f or li g ht n u cl e us pr o d u cti o n
i n h e a v y-i o n c ollisi o ns i n v ol v es t h e c o al es c e n c e of n u cl e o ns
w hi c h ar e cl os e t o e a c h ot h er i n s p a c e a n d h a v e si mil ar
v el o citi es.  T h e n, t h e s p e ctr al distri b uti o n of a li g ht n u-
cl e us, d 3 N A / d 3 p A , d e p e n ds o n t h e distri b uti o ns of pr ot o ns,

 ( G e V)N NsC olli si o n E n er g y

7 8 9 1 0 2 0 3 0 4 0

y
=
0

 /
d
y)

1
(

d
v

0

0. 0 2

0. 0 4

0. 0 6

pr ot o n
d e ut er o n
d e ut er o n fr o m A M P T

A u + A u 1 0- 4 0 %

FI G. 5.  Dir e ct e d fl o w sl o p e at mi d-r a pi dit y, d v 1 / d y |y = 0 , as a
f u n cti o n of b e a m e n er g y i n 1 0- 4 0 % A u + A u c ollisi o ns. S oli d cir cl es
r e pr es e nt d e ut er o ns. O p e n s q u ar es ar e t h e p u blis h e d r es ults i n [ 7]
f or pr ot o ns. T h e b a n d d e n ot es t h e r es ults f or d e ut er o ns fr o m A M P T
tr a ns p ort m o d el. St atisti c al u n c ert ai nti es ( b ars) a n d s yst e m ati c u n-
c ert ai nti es ( h ori z o nt al br a c k ets) ar e s h o w n s e p ar at el y. F or visi bilit y,
t h e d at a p oi nts ar e st a g g er e d h ori z o nt all y.

d 3 N p / d 3 p p , a n d n e utr o ns, d 3 N n / d 3 p n , [ 2 1],

E A
d 3 N A

d 3 p A
∝ E p

d 3 N p

d 3 p p

Z

E n
d 3 N n

d 3 p n

A − Z

, ( 3)

w h er e A a n d Z ar e n u cl e us m ass n u m b er a n d c h ar g e n u m b er,
r es p e cti v el y. I n t his pr o d u cti o n m e c h a nis m, t h e e x p e ct e d
v al u e of t h e li g ht n u cl e us dir e ct e d fl o w c a n b e e x pr ess e d as
a f u n cti o n of t h e dir e ct e d fl o w of its c o nstit u e nt n u cl e o ns. As-
s u mi n g t h e pr ot o ns a n d n e utr o ns fl o w si mil arl y, t h e d e ut er o n
v 1 is gi v e n b y [ 2 8]:

v 1 , d(y, p T ) =
2 v 1 , p(y,

p T

2 )

1 + 2 v 2
1 , p(y,

p T

2 )
, ( 4)

w h er e e a c h c o nstit u e nt n u cl e o n h as h alf t h e p T a n d t h e s a m e
r a pi dit y as t h e d e ut er o n. T h e n o n e c a n c al c ul at e t h e e x p e ct e d
v 1 f or t h e d e ut er o ns fr o m t h e m e as ur e d v 1 f or pr ot o ns [ 7],
ass u mi n g as us u al t h e ( u n m e as ur e d) n e utr o n fl o w is t h e s a m e
as t h at of t h e ( m e as ur e d) pr ot o ns. As t h e pr ot o n v 1 1 , E q. 4
c a n b e si m pli fi e d as

v 1 , d(y, p T ) ≈ 2 v 1 , p(y,
p T

2
). ( 5)

T his i n di c at es t h at, i n t h e c o al es c e n c e m e c h a nis m, t h e v 1 of
pr ot o ns a n d d e ut er o ns will f oll o w a n at o mi c m ass- n u m b er
s c ali n g. I n f a ct, E q. 4 a n d E q. 5 c a n b e a p pli e d t o a n y
a nis otr o p y c o ef fi ci e nt. F or t h e elli pti c fl o w of li g ht n u cl ei,
t h e S T A R c oll a b or ati o n h as o bs er v e d s u c h a m ass- n u m b er
s c ali n g i n

√
s N N = 7. 7- 2 0 0 G e V A u + A u c ollisi o ns [ 3 9]. T h e

e x p e ct ati o n w o ul d t h us b e t h at t h e v 1 (y ) sl o p e f or d e ut er o ns
w o ul d h a v e t h e s a m e si g n as t h at o bs er v e d f or t h e pr ot o ns
a n d h a v e a l ar g er m a g nit u d e. I n Fi g. 5, wit hi n t h e st atisti c al
a n d s yst e m ati c u n c ert ai nti es, t h e d e ut er o n v 1 (y ) sl o p e at mi d-
r a pi dit y is c o nsist e nt wit h t his e x p e ct ati o n at

√
s N N = 7. 7
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FI G. 6. T h e p T d e p e n d e n c e of v 1 / A i n |y | < 0 .6 f or pr ot o ns ( o p e n
s q u ar es) a n d d e ut er o ns (s oli d cir cl es) i n 1 0- 4 0 % A u + A u c ollisi o ns
at

√
s N N = 7. 7, 1 1. 5, 1 4. 5, 1 9. 6, 2 7, a n d 3 9 G e V. St atisti c al

u n c ert ai nti es ( b ars) a n d s yst e m ati c u n c ert ai nti es ( h ori z o nt al li n es)
ar e s h o w n s e p ar at el y.

G e V. F or
√

s N N > 7. 7 G e V, t h e d e ut er o n v 1 (y ) sl o p es h a v e a
diff er e nt si g n t h a n t h e c orr es p o n di n g pr ot o n v 1 (y ) sl o p es wit h
l ar g e u n c ert ai nti es.

T o f urt h er t est t h e c o al es c e n c e m o d el, w e st u di e d t h e p T

d e p e n d e n c e of t h e dir e ct e d fl o w, v 1 , at all m e as ur e d e n er gi es,
w hi c h is s h o w n i n Fi g. 6. At

√
s N N = 7. 7 G e V a n d 1 1. 5

G e V, t h e v al u es of v 1 (p T ) i n di c at e a m ass- n u m b er s c ali n g f or
p T / A > 1 G e V/ c wit hi n |y | < 0 .6 , w hil e t h e v al u e of t h e
d e ut er o n v 1 / A s h o ws a n e n h a n c e m e nt t o w ar ds l o w er p T / A
at

√
s N N = 7. 7 G e V. T his e n h a n c e m e nt is n ot c a us e d b y t h e

k n o c k- o ut d e ut er o n b a c k gr o u n d wit h its n e gli gi bl e pr o d u cti o n
at

√
s N N = 7. 7 G e V [ 3 5].

At f or w ar d r a pi diti es, t h e E 8 7 7 c oll a b or ati o n o bs er v e d s u c h
a n e n h a n c e m e nt of t h e v 1 (p T ) of d e ut er o ns, trit o ns, 3 H e , a n d
4 H e at p T < 0 .5 G e V/ c i n A u + A u c ollisi o ns at a b e a m e n er g y
of 1 0. 8 A G e V [ 4 0]. T h e c a us e of t h e l o w p T e n h a n c e m e nt of
t h e d e ut er o n v 1 i n t h e

√
s N N = 7. 7 G e V A u + A u c ollisi o ns is

u n cl e ar.

I V. S U M M A R Y

I n s u m m ar y, w e pr es e nt t h e mi d-r a pi dit y dir e ct e d fl o w
v 1 (y ) of d e ut er o ns i n A u + A u c ollisi o ns at

√
s N N = 7. 7-

3 9 G e V. At 1 0- 4 0 % c e ntr alit y, t h e v 1 (y ) sl o p e, d v 1 / d y |y = 0 ,
s h o ws a str o n g i n cr e as e at t h e l o w est c ollisi o n e n er g y of
√

s N N = 7. 7 G e V, a n d is c o nsist e nt wit h z er o f or e n er gi es
a b o v e 7. 7 G e V. T h e A M P T tr a ns p ort m o d el si g ni fi c a ntl y
o v er esti m at es t h e v al u es of d e ut er o n v 1 (y ) sl o p es at m ost
m e as ur e d c ollisi o n e n er gi es.  T h e c o al es c e n c e m o d el f or
d e ut er o n pr o d u cti o n pr e di cts a n at o mi c- m ass- n u m b er s c ali n g
of t h e pr ot o n a n d d e ut er o n v 1 . At

√
s N N = 7. 7 G e V a n d 1 1. 5

G e V, t his is a p pr o xi m at el y v ali d f or t h e v 1 (p T ) d at a at hi g h er
p T wit hi n |y | < 0. 6, w hil e t h e v 1 (p T ) s h o w e n h a n c e m e nts
t o w ar ds v er y l o w p T at

√
s N N = 7. 7 G e V. T h er e is at pr es e nt

n o e x pl a n ati o n f or t his e n h a n c e m e nt. Str o n g er c o n cl usi o ns
will b e p ossi bl e wit h t h e e v e nt st atisti cs a c hi e v e d wit h t h e
B e a m E n er g y S c a n II pr o gr a m.

A C K N O W L E D G E M E N T

We t h a n k t h e R HI C O p er ati o ns Gr o u p a n d R C F at B N L,
t h e N E R S C C e nt er at L B N L, a n d t h e O p e n S ci e n c e Gri d
c o ns orti u m f or pr o vi di n g r es o ur c es a n d s u p p ort. T his w or k
w as s u p p ort e d i n p art b y t h e Of fi c e of N u cl e ar P h ysi cs wit hi n
t h e U. S. D O E Of fi c e of S ci e n c e, t h e U. S. N ati o n al S ci e n c e
F o u n d ati o n, t h e Mi nistr y of E d u c ati o n a n d S ci e n c e of t h e
R ussi a n F e d er ati o n, N ati o n al N at ur al S ci e n c e F o u n d ati o n of
C hi n a, C hi n es e A c a d e m y of S ci e n c e, t h e Mi nistr y of S ci-
e n c e a n d Te c h n ol o g y of C hi n a a n d t h e C hi n es e Mi nistr y of
E d u c ati o n, t h e Hi g h er E d u c ati o n S pr o ut Pr oj e ct b y Mi nistr y
of E d u c ati o n at N C K U, t h e N ati o n al R es e ar c h F o u n d ati o n of
K or e a, C z e c h S ci e n c e F o u n d ati o n a n d Mi nistr y of E d u c ati o n,
Yo ut h a n d S p orts of t h e C z e c h R e p u bli c, H u n g ari a n N ati o n al
R es e ar c h, D e v el o p m e nt a n d I n n o v ati o n Of fi c e, N e w N ati o n al
E x c ell e n c y Pr o gr a m m e of t h e H u n g ari a n Mi nistr y of H u m a n
C a p a citi es, D e p art m e nt of At o mi c E n er g y a n d D e p art m e nt
of S ci e n c e a n d Te c h n ol o g y of t h e G o v er n m e nt of I n di a, t h e
N ati o n al S ci e n c e C e ntr e of P ol a n d, t h e Mi nistr y of S ci e n c e,
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of R ussi a a n d G er m a n B u n d es mi nist eri u m f ur Bil d u n g, Wis-
s e ns c h aft, F ors c h u n g a n d Te c h n ol o gi e ( B M B F), H el m h olt z
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