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Abstract. We study single spin asymmetries of D̄0 and D− mesons in polarized proton–proton collisions.
A two component model is used to describe charm meson production. The production of D mesons occurs
by recombination of the constituents present in the initial state as well as by fragmentation of quarks in the
final state. This model has proved to describe the production of charm. The recombination component in-
volves a mechanism of spin alignment that ends up in a single spin asymmetry. Experimental measurements
of single spin asymmetry for pions at RHIC are compared with the model. Predictions for the asymmetry in
D mesons are presented.

1 Introduction

Single spin asymmetries have received much attention in
recent years. This is so mainly because this asymmetry has
implications for our understanding of quantum chromody-
namics (QCD). A model calculation in a gauge theory has
been undertaken in [1]. In that work it is shown that final
state interactions in deep inelastic lepton–proton scatter-
ing lead to single spin asymmetries at leading twist in per-
turbative QCD. Single spin asymmetries are produced by
the interference of complex phases in the amplitudes that
couple to the same final state.
The Fermilab E704 Collaboration [2–4] observed

a strong asymmetry in inclusive production of charged
and neutral pions with polarized proton and anti-proton
beams. This experiment found a strong dependence on
xF of this asymmetry. Other measurements are now avail-
able [5–8].
The single spin asymmetry is defined by

A(xF, pT) =
dσ↑− dσ↓

dσ↑+ dσ↓
(1)

where dσ↑ and dσ↓ represent the differential cross section
of particle production when the proton comes with spin up
or down with respect to the production plane.
To explain single spin asymmetries, severalmodels have

been proposed [9–18]. The Collins effect considers single
spin asymmetries as the result of different hadronizations
for quarks with different polarization. Along these lines we
present here a mechanism that would explain such a differ-
ence. Anselmino et al. [19] predict a single spin asymmetry
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in D mesons at RHIC energies. They obtained a positive
and small asymmetry.
In a two component model, the total cross section for

the production ofD mesons is given by

dσD

dxF dpT
=
dσDrec
dxF dpT

+
dσDfrag
dxF dpT

(2)

where the label indicates the process involved, “rec” stands
for recombination, and “frag” stands for fragmentation
and represents the contribution of quarks that hadronize
in the final state. Measurements of π0 production at RHIC
show a single spin asymmetry, which is positive and large
at high xF [20].
Charm mesons represent a new system where a heavy

quark is produced. It is therefore interesting to look at
single spin asymmetries in this framework. Production of
heavy quarks have been extensively studied both experi-
mentally and theoretically. This sets the guideline to study
new phenomena, namely spin asymmetries, in the produc-
tion of heavy quarks.

2 The two component model

A two component model has been successfully used to de-
scribe the production asymmetry of charm ha-
drons [21–23]. The leading particle effect can be explained
by considering the initial state in the hadronization pro-
cess. The two component model takes into account the
initial state in the collision of hadrons. The remnants of
colliding particles modify the differential cross section of
the produced particles. In what follows we will study the
effects of the initial spin of the proton on each of these
processes, namely recombination and fragmentation.
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2.1 The recombination process

In recombination, the production of hadrons occurs when,
e.g., a quark from the sea of the proton joins a valence
quark present in the initial state. In this process the sea
quark is accelerated and Thomas precession seems to have
an impact on the final state [24, 25]. In the recombination
mechanism, we make use of the correlation between the po-
larized proton and the orientation of the u quark. In order
to produce a D̄0 meson, the valence u(↑) quark in the up-
wards polarized proton recombines with a c̄ from the sea.
The c̄ quark must flip its spin down to form a D scalar
meson. In order to produce a D− meson, the valence d(↓)
quark from the upwards polarized proton recombines with
a c̄ quark from the sea.
In the recombination process, the differential cross sec-

tion for D̄0 production when the proton comes with the
spin up can be written

dσ↑rec
dxFdpT

∣
∣
∣
∣
∣
D̄0

∼ g↑u|M
↓
c̄ |
2+ g↓u|M

↑
c̄ |
2 , (3)

where g↑u represents the probability of finding a u quark in
the proton aligned with the proton spin and g↓u the proba-
bility of finding it anti-aligned.
For the case when the proton comes with spin down, the

differential cross section can be written as

dσ↓rec
dxFdpT

∣
∣
∣
∣
∣
D̄0

∼ h↑u|M
↓
c̄ |
2+h↓u|M

↑
c̄ |
2 (4)

where h↑u(h
↓
u) denotes the probability of finding a u quark

in a proton anti-aligned (aligned) with its spin down. In
both cases, M denotes the probability of spin flip at the
moment of recombination for the c̄ quark.
ForD− production, the differential cross section via re-

combination when the proton comes with spin up (down) is
given by

dσ↑rec
dxFdpT

∣
∣
∣
∣
∣
D−

∼ g↑d|M
↓
c̄ |
2+ g↓d|M

↑
c̄ |
2 (5)

dσ↓rec
dxFdpT

∣
∣
∣
∣
∣
D−

∼ h↑d|M
↓
c̄ |
2+h↓d|M

↑
c̄ |
2 (6)

where g↑d(g
↓
u) denotes the probability of having a d quark

aligned (anti-aligned) with the proton spin and similarly
h↑d(h

↓
u) when the proton comes with its spin down.
We will follow the lines of the recombination model

used in [24, 25]. According to that, the scattering ampli-
tude for p(↑, ↓)→D+X is inversely proportional to the
energy difference between intermediate (i) and final state
(f) [24, 25], i.e.

Ms ∝
1

∆E±S ·ωT
, (7)

where ∆E represents the change in energy in going from
the quarks to the hadronic final state in the absence of the

spin effect, ωT denotes the Thomas frequency, and the sign
depends on the orientation of the spin. In the infinite mo-
mentum frame, ∆E for D̄0 production can be written as

∆ED̄0 =
1

2xFp

[
p2Tū+m

2
ū

1− ξ
+
p2Tc +m

2
c

ξ
−p2T

D̄0
−m2D̄0

]

(8)

with ξ = xc̄
xF
and xF = xu+xc̄. Here mū and mc are the

masses of the quarks involved in the recombination pro-
cess, andmD̄0 is the mass of the charm meson formed with
transverse momentum pT

D̄0
. The quarks have a transverse

momenta pTū and pTc at the moment of coalescence. We
assume that the xF carried by the meson is given by the
sum of the momentum fraction of the quarks that recom-
bine to build it. In that process ξ is a function describing
themomentum transfer of the c̄ quark duringmeson forma-
tion, i.e. it maps the momentum of the quark in the initial
state to the final momentum of the meson.
The Thomas frequency is given by

ωT =
4(1−2ξ)

xFp∆X0(1+2ξ)2
pTh . (9)

As in (8), p is the momentum in the center of mass of
the collision. ∆X0 is the scale where recombination takes
place. A more detailed presentation of the precession
model can be found in [24, 25].
In [26], ξ(xF) is explicitly computed using a recombi-

nation model for the Λ0 baryon formation. According to
the results presented in [26], the effect does not change
drastically when a linear parametrization for ξ(xF) is used.
Henceforth we use

ξ(xF) =
1

2
(1−xF)+0.1xF (10)

for the sake of simplicity [24, 25]. We takemu = 0.005GeV,
md = 0.010GeV and mc = 1.5 GeV in agreement with the
PDG values [27]. As in [24, 25], we use 〈p2T〉u,d = p

2
Th
/4+

〈k2T〉 with 〈k
2
T〉 = 0.25GeV

2. The scale ∆X0 is fixed to
5 GeV−1, which is a reasonable value considering the scale
of the recombination process. Finally mD̄0 = 1.864GeV
andmD− = 1.869GeV.

2.2 The fragmentation process

We assume that particles created by the fragmentation
process lose information about the spin polarization of the
proton in the initial state. They do not contribute to the
single spin asymmetries, i.e.

dσ↑frag
dxF dpT

=
dσ↓frag
dxF dpT

. (11)

The differential cross section forD meson production is
usually characterized as follows:

d2σ

dxFdp2T
∼ (1−|xF|)

n exp(−bp2T) . (12)
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This parametric equation describes the experimental data
very well. Here n depends on the type of hadron produced
in the fragmentation and it grows with increasing energy.
We use n= 8.6 and b= 0.8 at

√
s= 38.8GeV for pp inter-

actions and D meson production [28]. The final results do
not depend strongly on the values of n and b. We studied
the behavior of the spin asymmetries for different values
of these parameters and found no significant change. The
change in the values n from say 4 to 12 (or b from 0.3 to 4)
change the lower part of xF in the asymmetry, but the dif-
ference is too small to be considered. This is expected since
the asymmetry is generated by the recombination compon-
ent in the production.

3 Single spin asymmetries

In the scenario where the D̄0 andD− meson originate from
two different processes, the single spin asymmetry (1) is
given by

AN (xF, pT) =
dσ↑rec− dσ

↓
rec

dσ↑rec+ dσ
↓
rec+2dσfrag

. (13)

The fragmentation components in the numerator cancel
each other; see (11). Using (3) and (4) we obtain

AD̄
0

N (xF, pT) =
(g↑u− g

↓
u)(|M

↓
c̄ |
2−|M↑c̄ |

2)

(g↑u+ g
↓
u)(|M

↓
c̄ |2+ |M

↑
c̄ |2)+2dσfrag

.

(14)

Using (7) for the amplitudes M c̄
↑ and M↓c̄ , the single spin

asymmetries for D̄0 production can be written as

AD̄
0
(xF, pT) =

g↑u− g
↓
u

g↑u+ g
↓
u

ωT

∆E

⎡

⎢
⎣

1

1+
∆E2 dσfrag

g
↑
u+g

↓
u

⎤

⎥
⎦ . (15)

In a similar way, for aD− meson we obtain

AD
−

N (xF, pT) =
g↑d− g

↓
d

g↑d+ g
↓
d

ωT

∆E

⎡

⎢
⎣

1

1+
∆E2 dσfrag

g
↑
d
+g
↓
d

⎤

⎥
⎦ , (16)

where δuu =
g
↑
u−g

↓
u

g
↑
u+g

↓
u

and δdd =
g
↑
d
−g↓
d

g
↑
d
+g↓
d

represent the transver-

sities of the quarks in the proton. The transversity distri-
bution is the difference in the number of quarks with trans-
verse polarization parallel and antiparallel to the proton
transverse polarization. It is of fundamental importance
for our understanding of the nucleon structure.

4 Transversity distribution models

The transversity gives the distribution of quarks with
transverse spin inside a transversely polarized hadron. We

do not know much about transversities. The transversity
distributions δqq have never been measured. The reason is
that the usual source of information on the nucleon par-
tonic structure is deep inelastic scattering, but transversity
distributions are chirally odd in inclusive processes of DIS,
and observable effects are therefore absent. It has been
suggested that transversities can be measured through
spin asymmetries, but as we will show here, asymme-
tries are a combined effect of δq

q
and the spin dependent

hadronization. Some estimates of the transversities have
been worked out and we will use some of them to get
some insight into the effect they may have upon single spin
asymmetries.

4.1 Naive model of transversity

Theoreticallyonecanobtainsomeconstraintson δq
q
[15–18].

The wave function of the proton can be used to determine
the polarization of the valence quarks inside. In accordance
with this, 53 of the u valence quarks in a polarized pro-
ton on average are aligned in the same direction as the
proton spin. On the other side, 13 of the d valence quarks
are aligned with the proton spin. In this model, the sea
quark pairs are not polarized. A parametrization for the
quark distribution [29, 30] is used and the transversities
are

δu

u
=
2

3
δd

d
=−
1

3
. (17)

Figure 1 shows the transversity together with other model
predictions. Note that the transversity for d is smaller than
for u quarks.

Fig. 1. Transversities of the proton according to the three
models in [15–18, 31–40], discussed in the text
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4.2 Diquark model of transversity

Within the framework of the quark–diquark model, the
diquark serves as an effective particle, which is called
the spectator [31–33]. In the quark–diquark model a two-
quark function is used to describe hadrons with spin 0 or
1. Some nonperturbative effects, such as gluon exchange in
the hadronic debris, can be effectively taken into account
by the mass of the diquark spectator. More explicitly, the
unpolarized valence quark distribution in the proton can
be expressed as the probability of finding a quark q to be
scattered, while the diquark spectator is in a D state (S or
V) and the transversity distribution can be written

δu

u
=
2

3

{

(xMP +mu)
2[9R̂6V− R̂

6
S]

(xMP +mu)2(3R̂6V+ R̂
2
S)+3R̂

2
SR̂
6
V+ R̂

2
VR̂
6
S

}

δd

d
=−
2

3

(xMP +md)
2

[2(xMP +md)2+ R̂2V]
, (18)

where R̂V and R̂S are given by

R̂V =
√

Λ20(1−x)+xmV−x(1−x)M
2
p

R̂S =
√

Λ20(1−x)+xmS−x(1−x)M
2
p

here Λ0 is a mass parameter and we adopted a value of
0.5 GeV in our numerical calculation. In a similar way,mS
and mV are the masses of the diquark in a scalar and vec-
tor spin state and Mp the mass of the proton. We use the
following values in our simulation: 0.9 GeV, 1.1 GeV and
0.938GeV, respectively. The quark masses are taken as
mu =md = 0.35GeV [31–33].

4.3 Melosh–Wigner model of transversity

The quantity δq
q
to be measured in polarized deep in-

elastic scattering is defined by the axial current matrix
element. In the light-cone or quark–parton description,
δq
q
= q↑(x)−q↓(x), where q↑(x) and q↓(x) are the probabil-

ities of finding a quark or antiquark with longitudinal mo-
mentum fraction x and polarization parallel or antiparallel
to the proton spin in the infinite momentum frame. The
Wigner rotation factor ranges from 0 to 1; thus δq

q
meas-

ured in polarized deep inelastic scattering cannot be iden-
tified with the spin carried by each quark flavor in the pro-
ton rest frame. They write quark transversity distributions
for u and d (the light-cone SU(6) quark-spectator model)
as [34–40] follows:

δu=

[

uV(x)−
1

2
dV(x)

]

WS(x)+
1

6
dV(x)WV(x)

δd=−
1

3
dV(x)WV(x) , (19)

where WS(x) and WV(x) are the Melosh–Wigner rotation
factors. They use the GRV parameterization of unpolar-
ized quark distributions [41] as input for u, d quarks.

In Fig. 1, we show the transversity for these models as
a function of xB.

5 Results

A similar analysis has been done for pion production with
a polarized beam. As in charm meson production, pions
may be produced by recombination. As in the case of
charm mesons the pions are formed by a valence quark
present in the initial state, which coalesces with a sea
quark. We test the ideas presented here with the data al-
ready available in pion production. Figures 2 and 3 show
single spin asymmetries measured for π0, with transverse
momentum 0.2< pT < 2.0GeV and 0.3< pT < 1.2 GeV in
proton–proton collisions [2–4]. The curves correspond to
the model presented here and with transversities as dis-
cussed above. We can see that the diquark model [31–33]
shows a good behavior at small xF, and it describes the
data at high values of xF too.
We next go to higher energies and compare the re-

sult with the data obtained at RHIC [20]. Figure 4 shows
the single spin asymmetry for π0 [20] as a function of xF
for pT > 1.0 GeV. The models using the three transversity
parametrizations are shown together.
As in the case of Figs. 2 and 3, the model of [31–33] has

a good behavior at small and high xF.
Figure 5 shows the single spin asymmetries for D̄0

and D− production, with three different transversities,
as it would be seen at RHIC energies. The asymmetry

Fig. 2. Single spin asymmetry for π0 [2–4] in the framework
of the two component model with three different transversity
parametrizations [15–18, 31–40]. The center of mass energy of
the reaction is

√
s= 19.4 GeV
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Fig. 3. Single spin asymmetry for π0 [2–4] in the framework
of the two component model with three different transversity
parametrizations [15–18, 31–40]. The center of mass energy of
the reaction is

√
s= 18.5 GeV

Fig. 4. Single spin asymmetry for π0 [20] in the framework
of the two component model with three different transversity
parametrizations [15–18, 31–40]. The center of mass energy of
the reaction is

√
s= 200 GeV

grows with xF up to a maximum value. Note that the
vertical scale is different from the one used in Figs. 2
and 3.

Fig. 5. Single spin asymmetry for D̄0 and D− in the frame-
work of the two component model with three different transver-
sity parametrizations [15–18, 31–40]

The single spin asymmetries predicted for charm me-
sons are smaller than for π0.
The origin of single spin asymmetries has been at-

tributed to the different aspects of particle production:
polarized structure functions and polarized fragmentation
functions.
In [1] the authors use a QCD motivated quark–diquark

model of a nucleon to calculate single spin asymmetries in
semi-inclusive electroproduction. Single spin asymmetries
in deep inelastic scattering have also been studied in [42].
The authors present a discussion of different approaches
and relate some aspects that may link with the physics be-
hind. In [43] the transverse momentum distributions are
associated with nonperturbative QCD effects.
Here we present a two component model to explain the

phenomena. In general terms the model describes quanti-
tatively the experimental data.
A prediction for D̄0 and D− at RHIC energies is ob-

tained using three different transversity parametrizations.
The models for the transversity used here seem to have
a small effect on the final prediction. However, it is im-
portant to mention that in using transversities we assumed
factorization (see (3) and (4)) for the parton densities. At
the slender level of rigor of our model we use this approach,
which could be solved with a more involved procedure and
deeper knowledge of the parton functions.
Figure 6 shows the asymmetries obtained with the

model presented here with those in [19]. The two curves
of the model by Anselmino et al. correspond to (a) the
maximized quark Siver function keeping the gluon Sivers
function to zero and (b) to a maximized gluon Sivers func-
tion with the corresponding quark function set to zero. In
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Fig. 6. Comparison of the single spin asymmetries obtained
with the model presented here (solid , dash and dotted curves)
with those obtained by Anselmino et al. [19] (solid in the upper
part and dot dashed curve)

their model, Anselmino et al. obtain these asymmetries for
D = D0, D̄0, D+, D−. Henceforth, measuring the sign of
the asymmetry for D− would be a good test of the ideas
presented here.
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