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1. Introduction

The Collins effect [1] has played an important role in the understanding of single spin asymmetries (SSAs) in various high energy
processes, such as semi-inclusive deep inelastic scattering (SIDIS), hadron production in pp collision, and eTe~ annihilation into hadron
pairs. The mechanism can be traced back to the so-called Collins fragmentation function [1], denoted by H:-, which is a transverse
momentum dependent (TMD) nonpertubative object entering the factorized description of hard processes. It originates from the correlation
between the transverse momentum of the fragmenting hadron and the transverse spin of the parent quark. Differently from the ordinary
unpolarized fragmentation function D1, the Collins function is time-reversal-odd and chiral-odd. The extraction of the Collins function has
been performed in Ref. [2], and in Ref. [3] by considering TMD evolution.

For quite some time it was believed that the dominant contribution to the transverse SSA for hadron production in pp collision comes
from the Qiu-Sterman function T (x, x) [4,5], which can be related to the transverse-momentum dependent (TMD) Sivers parton density

fit(x, p%) [6]: Tr(x,x) = —fdzp%%f# (x, p3)Isipis. The latter one also contributes to the Sivers SSA in semi-inclusive deep inelastic
scattering (SIDIS) under the TMD factorization. However, a recent study [7] showed that the function Tr(x, x) extracted from p’p — hX
does not match the sign of the Sivers function fitted from SIDIS data. This is the so-called “sign-mismatch” puzzle. It was suggested [8]
that the twist-3 fragmentation contribution may be important for the SSA in pp collision, and could be used to solve the puzzle. This
was further confirmed by a phenomenological analysis [9] on SSA of inclusive pion production in pp collision [10-13] within the collinear
factorization, showing that the fragmentation contribution combined with the Tr(x, x) extracted from SIDIS data can well describe the SSAs
in p"p — m X. In this framework, three twist-3 fragmentation functions, A (2), H(z) and I:IEU(Z, z1), participate. The first one corresponds
to the first moment of the TMD Collins function and has been applied to interpret the SSA in pp collisions in previous studies [14,15].
The second one appears in subleading order of a 1/Q expansion of the quark-quark correlator, while its TMD version H(z, k%) is also a
twist-3 function. The function I:I;‘U(z, z1) is the imaginary part of Hpy(z, z1), which involves the F-type multiparton correlation [8,14,15].
The three functions are not independent, as they are connected by the equation of motion relation
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Fig. 1. One loop level diagrams utilized to calculate the correlator in the spectator model. The double lines in (c) and (d) represent the eikonal lines. The hermitian conjuga-
tions of these diagrams, which we have not shown here, also contribute.
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In the last equation we have used H(z) to denote the “moment” of Hﬁu(z, z1). The function H might also contribute to the sing¢s SSA in
SIDIS through the coupling with the transversity distribution [16].

Except for H, currently the quantitative knowledge about the other twist-3 fragmentation functions mainly relies on the parametriza-
tion in Ref. [9]. These fragmentation functions not only play crucial role in the understanding of the SSA in pp' — hX process, but also
give significant contribution to the SSAs in single-inclusive leptoproduction of hadrons: £pt — hX collision [17]. The fragmentation con-
tribution at the twist-3 level also enters the description of the longitudinal-transverse spin asymmetry [18] in the process ¢~ N — hX.
Therefore, it is important to perform further theoretical and model study to provide information of H and H complementary to the
phenomenological analysis. Besides, the function H(z) also encodes interesting information regarding the quark-gluon-quark correlation
during the parton fragmentation. In this work we will study those fragmentation functions from the model aspect. Particularly, we will
perform a calculation of the functions H and H for the first time, using a spectator model. This model has been applied to calculate the
Collins function for pions [19-24] and kaons [24], by considering the pion loop, or the gluon loop. In our calculation we will incorpo-
rate the effect of the gluon loop. We first calculate the TMD functions H(z, k%) and H(z, k%). The corresponding collinear functions are
obtained by integrating over the transverse momentum.

2. Spectator model calculation of H and H

Here we setup the notations adopted in our calculation. We use k and P, to denote the momenta of the parent quark and the final
hadron, respectively. We also apply the following kinematics:

k% + k3 M?
k= (k™ k" kr)= (k L) kT) Py = (P, Py .071) = (Zk L, ) ; (2)

2k~ " 2zk

where the light-front coordinates a¥ = a - n* have been used, k; denotes the momentum component of the quark transverse to the two
light-like vectors n*, and z = P, /k~ is the momentum fraction of the hadron. The transverse momentum of the hadron with respect to
the parent quark direction is given by K1 = —zkr.

2.1. Calculation of H up to one gluon loop

The fragmentation function H(z, k%) can be obtained from the following trace

1
P H(z, 12) = STAG, kp)io®Pys], (3)
h

where A(z, kr) is the TMD correlation function that is defined as:

1 dé+d2§T ol Er oot
A(Z,kr)=ZXX: / T eNEOIUS ¢ U+ oy WER X) (h XIT O UG, U o1 10) o (4)

Here Z/{(Ca,b) denotes the Wilson line running from a to b at the fixed position c, to ensure the gauge invariance of the operator. In the
spectator model, the tree level diagrams lead to a vanishing result because of lack of the imaginary phase. To obtain a nonzero result one
has to go to the loop diagrams. In one-loop level there are four different diagrams (and their hermitian conjugates) that may contribute
to the correlator A(z, k%), as shown in Fig. 1. These include the self-energy diagram (Fig. 1a), the vertex diagram (Fig. 1b), the hard vertex
diagram (Fig. 1c), and the box diagram (Fig. 1d). They have also been applied to calculate the Collins function in Refs. [23,24].

We will focus on the favored fragmentation function, i.e. the fragmentation of u — 7. In this case the expressions for each diagram
in Fig. 1 are as follows:

i 4Cras (¢+m)
221)2(1 - 2)P, (kK> —m?)>

d*l Vﬂ(k_’+m)7//L(k+m)
@m)4 (k=12 —m? +ige)(% +ig)’
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Zqnys K — Pn+ ms) Eqn ys ¥ + m)

(5)
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Here ggy is the coupling of the quark-hadron vertex, m the mass of the quark in the initial state, and ms the mass of the spectator quark.
In Eqgs. (7) and (8) we have applied the Feynman rules for the eikonal lines.

In the calculation of T-odd functions, one should utilize the Cutkosky cut rules to put certain internal lines on the mass shell to obtain
the necessary imaginary phase. For T-odd fragmentation functions, only the cuts through the gluon line and the intermediate quark line
inside the loop give rise to the result. This corresponds the following replacements

1 — — —2mis (), — =27is((k —D?). 9)

12 +ie
Here the cuts through the eikonal lines do not contribute. This directly links to the universality of the TMD fragmentation func-
tions [25-28], which has been verified intensively in literature. Another issue that should be addressed is the choice of the quark-hadron
coupling gqn. When choosing the point-like coupling, there is a divergence appearing at large kr region in the calculation of the collinear
fragmentation function:

(k=02 +ie

H(z):/dzl(TH(z, k%):zZ/deTH(z, k3). (10)

In the literature two different approaches have been applied to regularize this divergence. One strategy is to adopt a cut on kr by putting
an upper limit k7. The other is to choose a form factor for g4, which depends on the quark momentum. Here we will utilize the second
approach. Following the choice in Ref. [24], we adopt a Gaussian form factor for the coupling,

k2

e A2

8qh — 8qh (11)

z

where A2 has the general form A2 =A2/(z%(1 — z)#). The A, «, and B are the parameters of the form factor that will be determined
in the next section. The advantage of the choice in Eq. (11) is that it can also reasonably reproduce [24] the unpolarized fragmentation
function.

In Eq. (6) or (8), in principle one of the form factors should depend on the loop momentum [. Here we will drop this dependence and
merely use k? instead of (k—1)? in that form factor to simplify the integration. The same choice has also been adopt to calculate the Collins
function [24], which is a leading-twist fragmentation function. For the subleading-twist T-odd functions the situation is more involved. As
shown in Ref. [29], the calculation of T-odd twist-3 TMD distributions suffers from a light-cone divergence. In phenomenological studies
the divergence has to be regularized [29,30] by introducing form factors, explicitly depending on loop momentum. However, as we will
show later, we find that in the case of twist-3 fragmentation functions, the calculation is free of this light-cone divergence. The reason
behind this distinction is that the kinematical configuration contributing to T-odd fragmentation functions is different from that to the
T-odd distribution functions.

After performing the integration over [ using the cuts in Eq. (9), we organize the expression for H(z, k%) as follows

2 —2k2
ZO{quﬂCF e A2 1

Qm)* z22(1 —2) Mp(k? —m?2) (
The four terms in the bracket of the right hand side of (12) have the forms

H(z.k}) = H (2. k3) + Hepy (2. k7) + H(o) (2. k) + Ha) (2, k%)) : (12)

2
m m
Ha(z,k}) = @ G ) =m (1= 2/2mp (13)
k% —m? 4+ m?
Hp(z, k%) = (Wh —mgly | (K2 —m?+ (1 —2/2ymd), (14)

H(z, k3) = —((ms — m) (k* — mmg) +mmp)I1/(k* —m?) — (mg —m + zm) I3k~ , (15)
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Hao (2. 03) = — ((ms —m + zm) (A(ms, mp) + ((1 — 22k +m? — mg) (k2 —m24(1- 2/z)mﬁ) ))
2zk%
—zm (k2 = m2 + (1 = 2/20m})) I — I ((ms — m)(& — mmg) -+ mm? ) + (mg — m + zm) I3k~ (16)
The functions I; represent the results of the following integrals
_ 45012 Y N L % N
I _/d BE)3((k—D? —m?) = (k m ) , (17)
S(IAH8((k — % —m? 2/ (my, my)
12=fd4l ()8 ((k — 1) mz)z_ LI P i (zmh ms) ’ (18)
(k= Pp—D% —mg 2).(mp, mg) k2 —m2 +m? + /A(my, my)
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13:/(141()((< )y —m) (19)
—I=+ie

with A(mp, ms) = (k% — (mp, + ms)?) (kK2 — (my, —mg)?).

We would like to point out that the quark-photon hard-vertex diagram gives nonzero contribution to H(z, k%), as shown in Eq. (15).
This is different from the calculation of the Collins function Hll, in which case the contribution from the hard-vertex diagram van-
ishes [24]. We note that this is because the Dirac structure of H(z, k%) appearing in the decomposition of the correlation function A(z, kt)
is different from that of the Collins function. The sum of H)(z, k%) and Hg)(z, k%) can be cast into

I
Hicia) (2 k3) = ﬁ ((mS —m + zm) (A(mg, my) + ((l —22)k* +m} — m?) (k2 —mi4+(1- 2/z)mﬁ) ))
—zm<l<2—m2+(l—2/z)m2))1 (D ( —my(k? — 2 20
S A RY) 12— m2 2 ) ((mg —m)(k* —mmy) +mmh) ) (20)

where the terms containing I3 cancel out. As we can see, the final result of H(z, k%) in Eq. (12) is free of the light-cone divergence.

2.2. Calculation of H with gluon rescattering

The fragmentation function H(z, k%) originates from the quark-gluon-quark (qgq) correlation [16,31]:

g’;+
A 1 [dstd’er [
o _ ik-& +, 47
sgakn =Yoo [0 [eéor [fanL
X +oot
_ - 0 +
x GF L MUG oo W) Phs X) (P XIP QUG o U, 010 oo (21)
nr=&r
where F*V is the antisymmetric field strength tensor of the gluon. Using the identity
%--%- OO+
/ dnt =+ / dnt o0& F0")
+oot —oo™t
. o0 _,‘(l_L)p—(§+_n+)
i 1 1\e \# a)h
% ! (z - Z) Fie
with 6@ is the Heaviside function, we can rewrite the qgq correlator as
i(1_1\p=p+
- 1 [ detd2gpdnt R S LA
o 2zN, (2m) z n) ;-5 —ie
x (OligF 7% (M (€)|Pp; X) (Py: X|9(0)[0) =0 " (23)
nr=&r

Here we have suppressed the Wilson lines for brevity. In Eqs. (22) and (23) we use 1/z — 1/z; to denote the momentum fraction (along
the minus light-cone direction) of the gluon with respect to the final state hadron, following the notations Ref. [8]. Thus 1/z; gives the
momentum fraction of the quark correlated with the gluon.

The fragmentation function H can be extracted from the correlator A% (z, k7) by the following projection:

1 - - -
ETr[A%(z, kr)og"1=H(z, k%) +iE(z, k%). (24)
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k-1

Fig. 2. Diagram relevant to the calculation of the qgq correlator in the spectator model.

The integrated fragmentation function H(z) = z2 S d%krH(z, k%) is related to the collinear twist-3 fragmentation function H;U(z, z1) by

H(z) =27 /—PV HFU(z 71), (25)

where I:I;U(Z, z1) is the imaginary part of Hry(z, z1) that appears in the decomposition of the F-type collinear correlator [8,15]

det ,E + i(1_1\p- o _
i} f 5 f A6 2P 01ig P (671 Pa X) (Pas XIH(0)[0)

=My [Ei op " ys Hru(z, 21)]- (26)

The diagram used to calculate the fragmentation function H in the spectator model is shown in Fig. 2, which represents a qgq corre-
lation. The left hand side of Fig. 2 corresponds to the quark-hadron vertex (Pp; X|y(0)|0), which has the following form in the spectator
model

0Py o),

(27)
with Px denoting the momentum of the spectator quark. The right hand side of Fig. 2 corresponds to the vertex (0|igFI°‘(n+)xp(§+) X
[Pn; X), whose expression can be given in a similar way. The differences are that one should consider the field strength tensor F¢f,
as denoted by the circle at the end of the gluon line in Fig. 2. Its Feynman rule (on the right hand side of the cut) is given by
i(q“g?p —qPg%)54, with p and b the indices of the gluon line. Thus, we can write down the expression for the qgq correlator as:

~ . 4CF“5 1
A% (z, kt) =i
Ak =1 e —op, K —m?

d* gy — G g K — I+ m) ganys | — Pr — I+ ms) Y (k — Pr 4 ms) ggnys (k +m)
)4 (== +ige)((k — D2 —m2 —ig)((k — P — )2 —m2 —ie)(2 — ig)

where we have used the replacement

(1 - l) Py 1. (29)
z 21

According to Egs. (24) and (28), the contribution to H comes from the imaginary part of sub-diagram shown on the right hand side of
the cut in Fig. 2. In order to do this, again one needs to apply the Cutkosky cutting rules to integrate over the internal momentum I, that
is, to consider all the possible cuts on the propogators appearing in Eq. (28). However, only the cuts on the gluon line and the fragmenting
quark survive, as shown by the short bars in Fig. 2. Other combinations of cuts are kinematically forbidden or cancel out each other. In
particular, the total contribution from the pole of the eikonal propagator is zero. To demonstrate this, we consider two different cases. The
first case is to take the poles of 1/(—I~ % ig) and 1/(I? — ig), therefore, I has to be zero. This yields vanishing H since there is a factor
I~ g ““ —I$g™" in the numerator of Eq (28). The second case is that one applies the cut on 1/(—I~ £ig) and 1/((k —)> —m? —ig), or on
1/( I~ +ie) and 1/((k — Py, — % — ms —ig). However, these two contributions cancel out each other. This is because the pole positions
for I* from the propogators 1/((k — I)> —m? —ig) and 1/(—I~ +ie) and 1/((k — Py —I)> — m2 — ig) are on the same half plane, which
means that the integration over It vanishes with the delta function §(I7) (since k= — P, >0)

; (28)

[5% :
21 ((k—D2 —m2 —ig)((k — P, — )2 —m? — 18)

+
N/i : 1 _ —...=0 (30)
21 2k (k+ — ) +--- — ie)@(k~ — Py )kt — Py —I1F) - —ig)

Therefore, we will again apply the cutting rules given in Eq. (9) to perform the integration over [, and the factor 1/(1/z —1/z; £ ie) will
take the principal value, as also shown in Refs. [32,33]. This means that H is process independent in the spectator model, similar to the
Collins function and H. The final result for H has the form
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Table 1
Fitted values of the parameters in the spectator model. The values of the last three parameters are fixed in the fit.
ms (GeV) A (GeV) &an m (GeV) o B
0.53 218 5.09 0.3 (fixed) 0.5 (fixed) 0 (fixed)
2 — K
asgqyr e A2 z 1

H(z, %) =

— _ 2
(27'[)4 F 72 (1—2) My (kz — mz) { A(ms m)kT

+ (ms —m+zm)[AK? + kF) + BM}p/z — I1/z — (k* —m?) ]2 /7]

+ [ — mmg)(ms —m) + mm2 ][11/(2zk*) + A/z + B] } : (31)
Here A and B denote the following functions
__h 202 2 2\ D 2., .2 2
= Y <2k (k mg mh) - + (k +m, ms) ) (32)
2k? k2 +m? —m?
B=—— 2 1+ T Ty, (33)
A(mp, my) 7

which appears in the integration

/d“lw 812 8((k —D? —m?)
(k— Py —12—m?

— AKkM + B PP, (34)

3. Numerical result

In this section we present the numerical result for the fragmentation functions H and H. To this end the values of the parameters
in the model have to be specified. In Ref. [24] the parameters of the model were determined by fitting the model result of unpolarized
fragmentation function D{(z) with the Krezter parameterization [34] of D1(z). The parameters were then used to make prediction on
the Collins function. In this paper we will obtain the parameters by fitting simultaneously the model calculations of the unpolarized
fragmentation function and the Collins function with the known parameterizations of them, since the Collins functions have been extracted
and are well constrained by the e*e~ annihilation data and the SIDIS data. Specifically, we will use the half-kr moment of the Collins
function

H{"?(2) = z2/d2kT '2%'}11 (z.k2) (35)
h
in the fit.

For the theoretical expressions of D; and H:-, we use the calculation in the same model, which has already been done in Ref. [24].!
For the parameterization of D1, we will adopt the DSS leading order set [35]. For the parameterization of the Collins function, we apply
the recent extraction by Anselmino et al. [2]. We note that in Ref. [2], the DSS fragmentation function is also used to extract the Collins
function.

Our model calculation is valid at the hadronic scale which is rather low, while the standard parametrization of Dy is usually given at
Q2 > 1 GeV2. Therefore we extrapolate the DSS D; fragmentation to that at the model scale Q% = 0.4 GeV? in order to perform the fit.
For the same reason, the Collins function should be evolved at that scale for comparison. However, the evolution of the Collins function
is rather complicated [14,36,37]. In the extraction of the Collins function in Ref. [2], the authors used the assumption that the Collins
function evolves in the same way of D1(z). The same assumption has also used in Ref. [24] For consistency we will use this assumption
since in the fit we use the parametrization of Collins function from Ref. [2].

In Table 1 we list the fitted values of the parameters in the model. In the left panel of Fig. 3, the curve (the solid line) vs z for
the unpolarized fragmentation function D1 (z) at the model scale Q2 = 0.4 GeV? is compared with the curve (dotted line) from the DSS
parameterization. We also show the result (dashed line) calculated from the parameters fitted in Ref. [24]. In the right panel of Fig. 3, we
display the fitted curve for H 51/ 2 (z) and compare it with the parametrization of Ref. [2].

In the left panel of Fig. 4 we plot our prediction on H(z) and H(z) using the parameters in Table 1. We present the result at the
model scale Q2 = 0.4 GeV2. We find that the sign of the favored H(z) is negative and its magnitude is sizable. This is consistent with
the extraction in Ref. [9], where a negative H(z) for the favored fragmentation is given. For the function H(z), we find that the result is
nonzero and has a minus sign. In Ref. [9], a similar result is also hinted by the fit on H?U(z, z1), which contribute substantially to A
through Eq. (1).

According to Eq. (1), the three twist-3 fragmentation function should satisfy the equation of motion relation, which is a model inde-
pendent result derived from QCD. However, from Eqs. (12), (31) and (36), one cannot find out an obvious relation among them since in
the spectator model they are calculated from different diagrams. Thus we numerically check the relation (1) and show the comparison

1 We recalculate the Collins function and find that our result does not exactly agree with the result in Ref. [24]. For completeness we present our result for HlL in
Appendix A.
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Fig. 3. Unpolarized fragmentation function D1 (z) (left panel) and the half moment of the Collins function (right panel) vs z for the fragmentation u — 7+ at the model scale
Q2 =0.4 GeV2. The parameters are fitted to the parameterizations in Refs. [35] and [2]. The result in Ref. [24] (dashed lines) is also shown for comparison.
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Fig. 4. Left panel: The twist-3 fragmentation functions H(z) and H(z) vs z, plotted by the solid line and the dashed line, respectively. Right panel: H(z) compared with
—2zH(z) + H(z) in the spectator model.

between H(z) (solid line) and —2zH (z) + H(z) (dashed-dotted line) on the right panel of Fig. 4. We find that the two curves are close,
which indicates that the relation holds approximately in the model, therefore it provide a crosscheck on the validity of our calculation.

4. Conclusion

In this work, we studied the twist-3 fragmentation function for H and H in a spectator model. We first calculated the TMD functions
H(z, k%) and H(z, k%), and then we obtained the corresponding collinear functions by integrating over the transverse momentum. In our
study we considered the gluon rescattering effect and found that the hard-vertex diagram gives nonzero contribution to H. Using the
parameters fitted to the known parameterizations of D1 and Hll simultaneously, we presented numerical results of H and H. We found
that our results agree with the recent extraction from the SSA in pp collision. We also tested the equation of motion relation among
A(2), H(z) and H(z), the numeric result shows that the relation approximately holds in our calculation. Our study may provide useful
information on the twist-3 fragmentation function complementary to phenomenological analysis.
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Appendix A. Results of the Collins function

Here we present the model result of the Collins function [24]

—2k?
e A2

206582, Cr
(2m)4

Mp
22(1 —2) (k2 —m?2)

Hi(z.k3) = — (H]i(a) (2.13) + Hiy) (2. 13) + Hiyy (2, k%)) (36)
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The three terms in the brackets correspond to the results from Fig. 1a, Fig. 1b, and Fig. 1d, respectively. In our calculation we find that

those terms have the form

2
m m
Hi @z k)=—— (3-"")1
1@ k1) (kz_m2)< kz) 1
m2 —m?2 — k? 4k*m?
Mmpmg) | Ampmom 2

Hip) (2, k3) = 2msl — 2(ms —m) <

Hig) (2.K3) = {—134(22m 4 2ms —2m) + I [2zm (k2 —m? 4+ M2(1-2 /z))

220
+ 2(ms —m) ((22 — DI — M2 +m2 — zm(m +ms))]] .

Here I34 is the combination of two integrals

Vk2(1 -2)

S

Iza=k~ (13 +(1 -2k — m2)14) =7ln

with

4 SUH8(k—D? —m?)
l4=fd ! ,
(I~ +ig)(k—p—D2 —m?

(37)

(41)

We find that in (38) there is a new term proportional to mg —m that was not contained in Eq. (29) of Ref. [24]. Also in Eq. (39) the
coefficient of certain terms containing ms; —m has a factor of 2 compared to Eq. (30) of Ref. [24]. But our calculation returns to the results

in Ref. [23] in the case mg =m and by setting the form factor to 1.

References

[1] J.C. Collins, Nucl. Phys. B 396 (1993) 161, arXiv:hep-ph/9208213.
[2] M. Anselmino, M. Boglione, U. D'Alesio, S. Melis, F. Murgia, A. Prokudin, Phys. Rev. D 87 (2013) 094019, arXiv:1303.3822 [hep-ph].
[3] Z.B. Kang, A. Prokudin, P. Sun, F. Yuan, arXiv:1410.4877 [hep-ph].
[4] J.w. Qiu, G.F. Sterman, Nucl. Phys. B 378 (1992) 52.
[5] J.w. Qiu, G.E. Sterman, Phys. Rev. D 59 (1999) 014004, arXiv:hep-ph/9806356.
[6] D.W. Sivers, Phys. Rev. D 41 (1990) 83;
D.W. Sivers, Phys. Rev. D 43 (1991) 261.
[7] Z.B. Kang, ].W. Qiu, W. Vogelsang, F. Yuan, Phys. Rev. D 83 (2011) 094001, arXiv:1103.1591 [hep-ph].
[8] A. Metz, D. Pitonyak, Phys. Lett. B 723 (2013) 365, arXiv:1212.5037 [hep-ph].
[9] K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak, Phys. Rev. D 89 (2014) 111501, arXiv:1404.1033 [hep-ph].
[10] J. Adams, et al., STAR Collaboration, Phys. Rev. Lett. 92 (2004) 171801, arXiv:hep-ex/0310058.
[11] B.L Abelev, et al., STAR Collaboration, Phys. Rev. Lett. 101 (2008) 222001, arXiv:0801.2990 [hep-ex].
[12] L. Adamczyk, et al., STAR Collaboration, Phys. Rev. D 86 (2012) 051101, arXiv:1205.6826 [nucl-ex].
[13] J.H. Lee, et al., BRAHMS Collaboration, AIP Conf. Proc. 915 (2007) 533.
[14] E. Yuan, J. Zhou, Phys. Rev. Lett. 103 (2009) 052001, arXiv:0903.4680 [hep-ph].
[15] Z.B. Kang, F. Yuan, J. Zhou, Phys. Lett. B 691 (2010) 243, arXiv:1002.0399 [hep-ph].
[16] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, PJ. Mulders, M. Schlegel, ]. High Energy Phys. 0702 (2007) 093, arXiv:hep-ph/0611265.
[17] L. Gamberg, Z.B. Kang, A. Metz, D. Pitonyak, A. Prokudin, Phys. Rev. D 90 (7) (2014) 074012, arXiv:1407.5078 [hep-ph].
[18] K. Kanazawa, A. Metz, D. Pitonyak, M. Schlegel, Phys. Lett. B 742 (2015) 340, arXiv:1411.6459 [hep-ph].
[19] A. Bacchetta, R. Kundu, A. Metz, PJ. Mulders, Phys. Lett. B 506 (2001) 155, arXiv:hep-ph/0102278.
[20] A. Bacchetta, R. Kundu, A. Metz, PJ. Mulders, Phys. Rev. D 65 (2002) 094021, arXiv:hep-ph/0201091.
[21] L.P. Gamberg, G.R. Goldstein, K.A. Oganessyan, Phys. Rev. D 68 (2003) 051501, arXiv:hep-ph/0307139.
[22] A. Bacchetta, A. Metz, ]J. Yang, Phys. Lett. B 574 (2003) 225, arXiv:hep-ph/0307282.
[23] D. Amrath, A. Bacchetta, A. Metz, Phys. Rev. D 71 (2005) 114018, arXiv:hep-ph/0504124.
[24] A. Bacchetta, L.P. Gamberg, G.R. Goldstein, A. Mukherjee, Phys. Lett. B 659 (2008) 234, arXiv:0707.3372 [hep-ph].
[25] A. Metz, Phys. Lett. B 549 (2002) 139, arXiv:hep-ph/0209054.
[26] J.C. Collins, A. Metz, Phys. Rev. Lett. 93 (2004) 252001, arXiv:hep-ph/0408249.
[27] E. Yuan, Phys. Rev. Lett. 100 (2008) 032003, arXiv:0709.3272 [hep-ph];
F. Yuan, Phys. Rev. D 77 (2008) 074019, arXiv:0801.3441 [hep-ph].
[28] L.P. Gamberg, A. Mukherjee, PJ. Mulders, Phys. Rev. D 77 (2008) 114026, arXiv:0803.2632 [hep-ph];
L.P. Gamberg, A. Mukherjee, PJ. Mulders, Phys. Rev. D 83 (2011) 071503, arXiv:1010.4556 [hep-ph].
[29] L.P. Gamberg, D.S. Hwang, A. Metz, M. Schlegel, Phys. Lett. B 639 (2006) 508, arXiv:hep-ph/0604022.
[30] Z. Lu, . Schmidt, Phys. Lett. B 712 (2012) 451, arXiv:1202.0700 [hep-ph].
[31] E Pijlman, arXiv:hep-ph/0604226.
[32] Z.T. Liang, A. Metz, D. Pitonyak, A. Schafer, Y.K. Song, J. Zhou, Phys. Lett. B 712 (2012) 235, arXiv:1203.3956 [hep-ph].
[33] A. Metz, D. Pitonyak, A. Schaefer, J. Zhou, Phys. Rev. D 86 (2012) 114020, arXiv:1210.6555 [hep-ph].
[34] S. Kretzer, Phys. Rev. D 62 (2000) 054001, arXiv:hep-ph/0003177.
[35] D. de Florian, R. Sassot, M. Stratmann, Phys. Rev. D 75 (2007) 114010.
[36] Z.B. Kang, Phys. Rev. D 83 (2011) 036006, arXiv:1012.3419 [hep-ph].
[37] K. Kanazawa, Y. Koike, Phys. Rev. D 88 (2013) 074022, arXiv:1309.1215 [hep-ph].


http://refhub.elsevier.com/S0370-2693(15)00433-5/bib436F6C6C696E733A313939326B6Bs1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib416E73656C6D696E6F3A32303133767161s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B616E673A323031347A7A61s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib5169753A313939317767s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib5169753A313939386961s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib5369766572733A313938396363s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib5369766572733A313938396363s2
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B616E673A32303131686Bs1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4D65747A3A323031326374s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B616E617A6177613A32303134646361s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4164616D733A323030336678s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4162656C65763A323030386166s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4164616D637A796B3A323031327864s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4C65653A323030377A7A68s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib5975616E3A323030396477s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B616E673A323031307A7A62s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4261636368657474613A32303036746Es1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib47616D626572673A32303134656961s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B616E617A6177613A32303134746461s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4261636368657474613A323030316469s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4261636368657474613A32303032746Bs1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib47616D626572673A323030336567s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4261636368657474613A32303033786Es1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib416D726174683A323030356776s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4261636368657474613A323030377763s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4D65747A3A32303032697As1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib436F6C6C696E733A323030346E78s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib5975616E3A323030376E64s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib5975616E3A323030376E64s2
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib47616D626572673A323030387974s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib47616D626572673A323030387974s2
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib47616D626572673A323030367275s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4C753A323031326775s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib50696A6C6D616E3A32303036766Ds1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4C69616E673A323031327262s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4D65747A3A323031326671s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B7265747A65723A323030307966s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib6465466C6F7269616E3A32303037616As1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B616E673A323031307876s1
http://refhub.elsevier.com/S0370-2693(15)00433-5/bib4B616E617A6177613A32303133756961s1

	Twist-3 fragmentation functions in a spectator model with gluon rescattering
	1 Introduction
	2 Spectator model calculation of H and H̃
	2.1 Calculation of H up to one gluon loop
	2.2 Calculation of H̃ with gluon rescattering

	3 Numerical result
	4 Conclusion
	Acknowledgements
	Appendix A Results of the Collins function
	References


