Lawrence Berkeley National Laboratory
Nuclear Science

Title
Single spin asymmetry in forward pA collisions. Il. Fragmentation contribution

Permalink
https://escholarship.org/uc/item/1w0159mn

Journal
Physical Review D, 95(1)

ISSN
2470-0010

Authors

Hatta, Yoshitaka
Xiao, Bo-Wen
Yoshida, Shinsuke

Publication Date
2017

DOI
10.1103/physrevd.95.014008

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1w0159mn
https://escholarship.org/uc/item/1w0159mn#author
https://escholarship.org
http://www.cdlib.org/

PHYSICAL REVIEW D 95, 014008 (2017)

Single spin asymmetry in forward pA collisions. II.
Fragmentation contribution
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We compute the twist-three fragmentation contribution to the transverse single spin asymmetry (SSA) in
light hadron production p'p — hX and p’A — hX including the gluon saturation effect in the unpolarized
nucleon/nucleus. Together with the results in our previous paper, this completes the full evaluation of the
SSA in this process in the “hybrid” formalism. We argue that the dependence of SSAs on the atomic mass
number in the forward region can elucidate the relative importance of the soft gluon pole contribution from
the twist-three quark-gluon-quark correlation in the polarized nucleon and the twist-three fragmentation

contribution from the final state hadron.

DOI: 10.1103/PhysRevD.95.014008

I. INTRODUCTION

Transverse single spin asymmetries (SSAs) in inclusive
hadron production in nucleon-nucleon  scattering,
p'p = hX, remain one of the long standing puzzles in
hadron physics. In recent years, the physicists at the
Relativistic Heavy Ion Collider (RHIC) have planned
and explored the SSAs in the forward hadron production
in nucleon-nucleus collisions, pTA — hX [1,2]. This not
only provides additional information on the underlying
mechanism for the SSA phenomena but also help us
understand the small-x saturation of the gluon distributions
in large nuclei.

In a previous paper [3], we have computed the SSA of
light hadrons in proton-nucleus collisions p'A — hX
including the small-x gluon saturation effect in the nucleus.
We adopted the so-called hybrid approach [4,5] where the
collinear  twist-three = Efremov-Teryaev-Qiu-Sterman
(ETQS) functions [6,7] are used on the polarized proton
side and the unintegrated (k7-dependent) gluon distribution
is used on the nucleus side. We find that leading terms in
the forward region come from the soft-gluon pole con-
tributions of the twist-three ETQS matrix elements in the
transversely polarized nucleon. In particular, the so-called
derivative term will dominate the SSA in the forward
region. From this, we concluded that the asymmetry Ay
does not depend on the saturation scale of the nucleus. Of
course, for a complete evaluation in this hybrid approach,
we also have to take into account the twist-three fragmen-
tation function contributions (see, also, [8]). The goal of
this paper is to carry out this part of the calculation.

In the purely collinear framework, the twist-three frag-
mentation function contribution has been first studied in [9]
and completed in [10] (see a recent review [11]). The gauge
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and Lorentz invariance of the result has been recently
established [12]. In the forward region of plA collisions,
the saturation effect in the nucleus becomes important. The
effect of saturation on the fragmentation contribution has
been so far considered only in the kp-factorization
approach [13] which involves the Collins function [14].
However, in the Sivers-type contribution, we have found
[3] that the ky-factorization approach [15] misses the
dominant derivative term. Whether this happens also in
the fragmentation contribution is phenomenologically
important, especially in view of the recent claim [16] that
the SSA in p'p — hX is completely dominated by the
“genuine twist-three” fragmentation function, with both the
Sivers and Collins contributions playing only a minor role.
However, the assumption of a large genuine twist-three
fragmentation function made in [16] has not been tested yet
because there are no other available experimental data
sensitive to this function. In this paper, we show that the
dependence of SSA on the mass number of the nucleus, as
recently measured at RHIC [2], can be such a test.

In the hybrid formalism,' the single transverse spin-
dependent cross section can be schematically written as

dAc(p'A - hX)

E =
! &SP,
, dz
= e”STiPhj/ Z_Q{Dh/q(Z)GF(xp?xp) ® F(xy Pyr/2)
+ hy(x,)H(z) ® F(x,. Pyr/2)}. (1)

'"The twist-three contribution from the unpolarized nucleon/
nucleus in the current kinematics is suppressed in the small-x
calculations and neglected in this paper.

© 2017 American Physical Society
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The first term is what we have calculated in Ref. [3], and
the second term is the object of this paper. In the above
equation, Sy represents the traverse polarization vector of
the projectile, and Py is the transverse momentum of the
final state hadron. Here, /;(x,) is the collinear leading-
twist quark transversity distribution function, and D(z) is
the leading-twist fragmentation function, whereas
Gp(x,.x,) and H(z) represent the twist-three ETQS
distribution from the polarized nucleon and the twist-three
fragmentation function, respectively. The small-x satura-
tion physics is encoded in the unintegrated gluon distri-
bution (or the dipole gluon distribution) F(x,, kr).
Although both of the contributions in (1) are classified
as twist-three in the collinear approach, the underlying
mechanisms are different. The twist-three terms associated
with the incoming polarized nucleon comes from the initial/
final state interaction effects which are necessary to
generate a phase from the pole contributions. On the other
hand, the twist-three fragmentation function contributions
do not need a phase from the scattering amplitudes as we
show in the following calculations. Because of this
|

gl _ 1 { / %Tr[A(z)S(z)] +

"#p, 4sn)
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difference, we expect that the two contributions depend
differently on the saturation scale (or the atomic mass
number).

The rest of the paper is organized as the following. In
Sec. II, we compute the twist-three fragmentation contri-
bution in the hybrid approach without including the
saturation effect in the target. We explicitly check that,
at large-P,r, our result agrees with the previous result
obtained in the collinear factorization framework [10]. We
then include the saturation effects and present the complete
formula in Sec. III. Finally in Sec. IV, we discuss the
phenomenological consequences of our result.

II. FRAGMENTATION CONTRIBUTION TO SSA

In this section, we compute the fragmentation contribu-
tion to SSA in the hybrid approach in the “dilute” limit, i.e.,
without including the saturation effect in the target. Our
starting point is Eq. (54) of Ref. [17] which was derived for
semi-inclusive DIS (SIDIS) ep! — ehX but is valid also
for p'p — hX. The spin-dependent part of the cross
section is

dz ws  OS(K)
/?ImTr {Aa(z) 5K :|K=P7h

- [ (AR, ) (S + B )] @)

where P), is the momentum of the measured hadron
species h whose mass is neglected P; =2P;P; —
P2, = M? ~0. The momenta of the polarized and un-
polarized protons are denoted by p* and ¢*, respectively.
The center-of-mass energy is then s ~2p*qg~. Here, A’s
describe the fragmentation process into 4, and S’s
represent the rest of the cross section. We are interested
in the forward region P} > P, > P; and keep only the
leading contributions in Pj,7/P; . In this kinematics, S

[

and ST are depicted in the first and the last two diagrams
of Fig. 1, respectively. (S is the mirror image of S”.) In
our approach, the transverse momentum of the final state
hadron P;,; comes from the intrinsic transverse momen-
tum of the small-x gluon from the unpolarized target.
This is why we only consider 2 — 1 scattering instead of
2 — 2 scattering.

The twist-three fragmentation functions are contained in
A’s as

pT |

FIG. 1. Fragmentation contribution to single spin asymmetry in the hybrid approach. The left diagram represents the first two terms in
(2). The middle and the right diagrams represent the last term in (2).
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M .
Az) = 2—ZG/1(1175€MWP"€1(Z) + ..., (3)
M P B
Af =S 151 (D) + o 4)
M P N
A%(z),22) = 775Z—fYA€i“WP”EF(Z1,Zz) +.... (35

where M is the proton mass. We use the conventions
DF = 9" — igA*, vs = iy%'y?y3, and Pr = e’lo‘p"WpPh(7
with €13 = +1. The two-dimensional antisymmetric ten-
sor € is defined as €!2 = —e?! = 1 so that et~ = €'/ (we
use Latin letters i, j, [ = 1, 2 for transverse indices). Here,
wh is a vector which satisfies the conditions P, - w = 1 and
w? = 0. Explicitly,

o 1, .
(w7 ) = 5 (P P =P

PHYSICAL REVIEW D 95, 014008 (2017)

The largest component is w™ ~ 1/P; . The three functions
in (3)—(5) are not totally independent. They satisfy the
relation

. ) d7 1 .
T = [ G0, )

The relevant distribution function for the transversely

polarized proton is the transversity distribution A, (x),

<p|l//l/_/|p> = <l/_/i7/50lwl//>i7/50;w + .

oo =

TS )
__P 2Tl/dxh1(x)iy5o"+..., (8)

where S is the transverse spin vector normalized as
2
ST = 1

A. First term

Let us calculate the three terms in (2) one by one. The
integrand of the first term reads

T _ 2 Mp+STl' AawP), 7 3 H —i,V H M
1[A(2)S(2)] = —g°Cp————€&"™"e1(z) | dxhi(x) | dkTrliyso™'y 0,4irsy"]

4z

% <CI|A;4 (k)Av(_k) |Q>
N2—1

P
(27)*8 %) (xp + k- —h>

= —(2n)*¢? MSti ganr, 41(2)
z

8N,

N2-1
2N,

where Cp =

Pl =xzpT =xpp”,

Py, =k,

<

1 (%) Trliyso™y osqirsr1(qlA, (k)AL (=K)|q). ©)

and & = (0,k", %T) The momentum conserving delta function fixes the components of P/ as

ﬁhT = Z%T- (10)

Spin-dependent cross sections are often measured at fixed xz. In the forward region in which we are interested, xp ~ 1.

Working out the trace of gamma matrices, we get

€lawPh Tr[i]/5 G—iyuo./mi},sy”]A” (k)Ay(_k)

= —8(—e"Pi(AIA, + ALAT) + €M (ATA; + A,AT) — e MPIAKA))

~
~

One might be puzzled by this complicated expression
which cannot be rewritten as a gauge invariant combination
of F*(k) =i(k*A¥ — k*A*) + O(g). In fact, the other
terms in (2) also give similar, gauge variant terms, and
the identity (7) is needed to check whether the sum is gauge
invariant [12]. However, this is beyond the scope of this

-8 . . . . .
F(é‘ljphj(AlAl +AlAl) + €Il<Ph1<2A_A_ +AJAJ) + P;(A_AI +A1A_))> (11)
h

[
work. A simple counting argument A~ ~ g~ ~ P} > Al ~
P+ shows that the whole expression (11) is subleading by a
factor (P),7/P;)? compared to what we keep in the end,
and at this subleading level, diagrams other than those in
Fig. 1 come into play. We thus simply ignore (11) for the
present purpose.

014008-3



HATTA, XIAO, YOSHIDA, and YUAN PHYSICAL REVIEW D 95, 014008 (2017)

B. Second term
The second term in (2) is evaluated as

OS(K MS: -
ImTr [Ag(z) 81((“)} » = _g2<27z)4WTl€AawPhIme(Z)
x =\ (K* 1) M ipso=iys Dy [ (AL (ROAL () (12)
aKa 4 z H v K:ﬁ’

where we introduced the notation K* = (0,K™, K 7). We use the trick

B o p o
e | s 2, R0

= 9K< [y (K*/ p)Trliyso ™'y ysKyr' 1A (K)A, (= K)] P
— hy (X)Tr[iyso™"v"ysyarar* A, (k)A, (k). (13)

The second term on the right-hand side has exactly the same y-matrix structure as in (9).% It is thus subleading in energy and
can be dropped.3 As for the first term in (13), we find

... .
ZTr[WsO' l},nyKy/lyﬂ]A/lAU
=6(K-AA” +A"K-A—- K A*A,) — 6;(K - AA"+ A'/K - A — K'A*A,)
+ K;(A"A' = AIA7) + A)(K~A' = K'A™) + (K~A' = K'A7)A,. (14)
The dominant term is ~8;K"A~A~ which combines with other terms to form the gauge invariant operator4
FHF,; = K (K"A"A, — (K- AA~ + A"K - A)) + K*A~A~ + O(9)
=K (K"A*A, — (K-AA™ + A"K - A)) + K*A"A™ 4+ O(g). (15)
To twist-two accuracy, we only keep this term and use

L) K Gk I Gl K. (=K (16

where G is the unintegrated gluon distribution of the unpolarized proton. The K-derivative can be decomposed as

O B R P8 9 )
i+wP, _ ~ i-wP, _ 7 ijwP, _~ ~ J _ — .
TG SR Tl { <8K+ aK—> - aKJ (17)

The K™ -derivative can be safely neglected. However, the K~ -derivative should be kept since 1/K~ ~ z/P;, is large. This
can be combined with the K, -derivative as

d P, P

- 6(n, =22 Bor) (18)

Py 0 0 K-
( Pl 8K‘+8KJ>G<xg q’ T) ke d(P/2) xz°s  z

’One can replace y,7; — 1 [¥ar74] due to the presence of ",

*Incidentally, if we add thls term to (9), we get the combination 2 — Ime(z) which appears in the 1dent1ty (7).

Note that terms proportional to K> and K, can be omitted. If the K” derivative in (13) acts on K, it gives g,; and vanishes when
contracted with e*®"n_If the derivative does not act on K ,, then after setting K, = P,,/z we get zero P,;e*™F» = (. Similarly, if the
derivative acts on K2, it gives K, and vanishes after replacing K, — P,,/z. If the derivative does not act on K2, then again it vanishes
because K? — P,zi/z2 =0.

014008-4
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We thus arrive at

|, = ) ()i (2)S e’

2N,

IS(K M
ImTr[Ag(z) ( )} J = i
kP xz*s' z

_ Pir Pur
d(Pi/Z) G(xg ) (19)

C. Third term

The last term in (2) is the “genuine twist-three” contribution

ImTr[A% (21, 22) (S5 (21, 22) + SK (21, 22))]

27)* .
= QZM(4”) hy (x)Sgie"™ P ImEL (2, 2)
%)
Trliyso~'y" b P, P P P\ * P, P
x{& tlirso ”513””]2(56.‘,<—”——’1—k) —gaﬂ(k+2—”—2—h> +5;(2k+—”——”> )
2 (k + Ph<1/21 - 1/Zz>) 4| 22 Vi 21 22 <1 2/ a
1 - xp+Py(1/21 = 1/2,) ] } (Au(k)A, (k)
- Tr |iyso™' v ysPry " o+ e ) —————. 20
N, [}’5 PP R (e = 1)) (h <) N1 (20)

The two terms correspond to the middle and right diagrams of Fig. 1 and have different dependence on N ... Let us first look
at the O(1/N,) contribution. The quark propagator contains two terms, xp and £,(1/z; — 1/z,). The former gives
xp TP Teliyso Tl ys Py Y ra + (0 < V)[(ALA,)
_16P;

—h AmwPy <AA(P;A" — P;A‘) + (P;Ai - Pj,A‘)A,l + 53(A‘Ph A+ P, -AAT — P;A"Aﬂ)). (21)
22

Using relations such as

AP, -A+P,-AA~ — PrAPA, — 2 (JRA-A~ + k~k; (A=Al + AIA-) — (k- )2AIA,
h 14 k T i

- —li—fF—”F; (22)
and (16), we can rewrite (21) in the form
P}T A—wP), | = fr—i —i i =y - + =ty — ijki i
16k—_€ WF F~' 4+ FT'F; = 8, F#F,) = 16P e/~ Hw Phl<k—2T+5j>G(xg,kT)
= —16€"P;;G(x,. kr). (23)

The other term P, (1/z; — 1/z,) can be evaluated as

P Triyso ™"y ysPyr iy Pural = —=Phe’ ™ i Tely 'y (1ot = 1aPits)]
= —ZiPZPZEJ'aWPhEl(l/m—Tr[y_]/iybyo—}/S]
= —16P! Py, (24)

Multiplying by A,A, and adding the p <> v terms, we get

y k;
= —8eliz3 <—2k—1F—ﬂF; + F#Fj, + F;,F* = F;0,A" — G”A”FJT>. (25)

The first term gives the gluon distribution G, while the other terms are subleading. The factor in the denominator is
simplified as

014008-5
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11 2 P2/ 1
(oo (- D)) B (1), 26
21 2 22 \X1 22

Next we compute the O(N,.) contribution. It is easy to see that the terms proportional to & in the three-gluon vertex do

not contribute. (Note that Ky~ = %y‘.) The terms proportional to g,; can be evaluated similarly to (24)

. 1 1 . 1 1
e 281 2)) w2 (L)) Yo
21 2p 1 22

1 1) € ok I 3 . o
= 16z§<z—g> k—_{—kjF "F +7(FjﬂF H4 F #Fm)} —8ﬁeu(aﬂAﬂFj + F70, - A"). (27)

Among the terms proportional to &, only the term 2k, gives a nonvanishing contribution. Using k, = (P}, — 65 P} )/ 22, we
get

16PF - ‘ .
IO o By (A AT+ A~ PLAAT 4 AA) Py A 4 ARy A= PAVA)
16 /1 . . . i 22 ey e
z—g<§e/Z(FﬂF "+ F lel)+€lJPhjk__F ”Fy>- (28)

The factor in the denominator is

11 N
-y -2
1 22 2122
All in all, (20) becomes
_ 27)* ImEr(z;,z2
ImTr[AL (21, 22) (S5 (21, 22) + SR (21, 22))] = —g*My (4 3 hl(x)STi¥

823 .. Glx, kr) 1 4z .
2P, (N2 )| = 260D AFT + F70-A) b,
AR (o) a0
(30)
where we omitted higher twist terms. We kept the gauge-dependent terms just to note that the prefactor 1/(N2 — 1) has been

canceled so that they have the same N, dependence as the other gauge dependent terms in (9). Below we omit them because
they are also subleading.

D. Comparison to the fully collinear result
Summing (19) and (30), we finally obtain, relabeling z, — z,

do'™  Mau* . .. [dz d P, P
E,—= TS el | ZZh —Ime G — Zhr 2T
"@P, N T /% 1<x>{ ") el (xg x’s’ 2

dzy z ImEgp(zy,2) G(x, Pyr/2) 1
+4Phj/z_21_L N2 -1 gP%,T Ne+ G-/ o

1z z

Zz 2]

Let us check if (31) is consistent with the result previously obtained in the collinear twist-three framework relevant in the
high-P;r region [10]. At large Pj; > AQCD and small-x, we can use (cf. [18])

2 / 4
a; z dx N.og xz"s
G(.xg,PhT/Z> z—zﬂz —P%T/7G(xl)ng<xg/_x/) ~ ﬂ_z —PiT /dx/G(_x/)’ (32)

where G(x) is the usual collinear gluon distribution and Py, is the splitting function. Equation (31) reduces to

014008-6
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d frag 6
Eh ° —4M / € STIP]’l] (P2Z )3/dx/G(x/)
dzl 1 ImEgp(z;.2) ( 1 )}
Ime(z) + NZ+—— ¢ (33)
{ i i- Ni-l a(i-1)

This should be compared with Eq. (15) of [10] which uses different notations for the fragmentation functions,
Mér = —-M,H,  Mylmé =2M,H,  MImEg(z),7) = 2M,22H3 (2, 21). (34)

Taking the limit § > 7| in the quark-gluon channel (8 = xx's, 7 = —2% p*P; = —P}, /7> are the partonic Mandelstam
variables), we find

dofrae 2 M d dx’ 1
E, T = -2k, py, / : / S h(0G()

&P,
» (H(Z) 22 /@H%’U(Z,zl)> 233

z N:-1) 7z (=17 ) P
2 i j dz ! /
= 4aSMh€’fST,~Phj 3 dx hl (X)G X
Z
. 272 dzlﬁ§U(2,21)< 11 xz®
x ( =2H(z) + /— NZ 4+ — —. (35)
( Ne-1J 4 -3 ai=3/ ) (Pig)’

where we used (7). This agrees perfectly with (33).

III. INCLUDING SATURATION EFFECTS

We now include the gluon saturation effects. We closely follow the strategy used in [3]. The diagrams to be computed are
shown in Fig. 2. The zigzag lines represent the Wilson line U arising from the eikonal exponentiation

Xy - 2 o - b
igrt A (k)t* — y* /ﬁe”""k’f(U(xT) -1), U(xp) = exp (ig/dx*A;(er,xT)t“). (36)
7
In the high energy limit, the unpolarized target can be viewed as a highly Lorentz contracted shockwave. The multiple
scatterings (the zigzag lines) between the polarized proton and the target can only occur either before or after the collinear
gluon splitting. This is why we only need to consider the two diagrams as shown in Fig. 2.

A I I

]0)r 1 1

FIG. 2. Fragmentation contribution with saturation effects. The zigzag lines represent the multiple insertion of the A~ field in the
eikonal approximation.

014008-7
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The unintegrated gluon distribution G(x,, k7) is converted to the correlation function of Wilson lines

3Gy kr) | Ne [ dxrdyr g5, (gl 5 Te[UT(37)U(Fr)]lg)
K2 2rta; | (2x)? (qlq)

N,
=520 F(x,, kr), (37)

N

where (g]g) = 2¢~(27)36®)(0) = 2¢~ [ dx*d*%;. Evaluated at x, = Py -, (37) becomes

P nT xsN ¢ P nr
Glx,— | = Flx,,—]. 38
< 7z > 27, vz (38)
In the derivative term of (31), which now comes from the left diagram of Fig. 2, it is enough to make this replacement. The
genuine twist-three terms are more complicated because they involve an extra collinear gluon which can be dressed by the

Wilson line as shown in the right diagram of Fig. 2. Still, the topology of the diagram is very similar to the one considered in
[3]. We find that their color structures are exactly the same and read

/ Py d5rd%y
(27)°

« (THU GIUEIY (U - NiTr[u*@>U<x>1>

Cc

(277-')25(%7‘ + 27‘ - ﬁhT/ZZ) lkT Z-HfT e l y

2

- - o N2 -
~ a0 g+ 71 = Pin/a) (g Pl ) = 690r) ) Pl Prrf), (39
where we used the large-N,. approximation in the nonlinear term

(T [U" U E)9) @ITUT @ UR)]lg) (40)

(T U U ERITIU (U R)]g) ~ (alq)

We now compute the hard part. There are two propagator denominators

/df— . !
((—”—f)z—l—le)((xp—i-f——) + ie)

2

(41)

The two poles in £~ are located in the opposite sides of the real axis because E r(21,2-) has a support at z; > z, [17]. We
pick up the pole at (P—lh —£)? = 0 at which

1 22

=- (42)
(xp+¢-— %)2 z (P/,r fT)
As for the numerator, we only need to calculate the component 4 = v = +,
. P 1 1 32(P)2 . [Py
e*™Pi Ty [iysa_’yJ’ysPhny’L (—h - f) yﬂ} <—29a/3 (— - —) P+ 25;{ka> > (P,) €l (ﬂ - fj> :
21 21 2 21 71
We thus arrive at the product
Py
- . A= P N2 -
/ Plrd =56 ( ky + 1 ==L ) (=== F(x,. ¢1) = 6@ (kr) | F(x, Ppr/22)
(P/,T y ) fd
Py -
_’J — . N2 N P
/dsz = d < 2= (xqfr) -5 <fT_£>>F(xquhT/ZZ)' (43)
( & fd ’ V) ’
In the dilute limit, F (x Cr) > f d*x7 and (43) correctly reduces to the combination in (33)

014008-8
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Py;

In the general case, we can perform the angular integral

L
/JZKT;J;I—QJZF(KT) :2”21PT
(Fr—7¢r

—r)
and obtain

o™ M

. [dz - d
E,———=—S7¢" | —xh{(x)4 —Ime(z) —— F| x,,
AL [ <>dp,/z(g

h

+4@ oo@

Pur

7z ImEp(zy,2) < 27N?

2 21_1 2
PirJ: 7= Ne—l

21

This is the main result of this paper. If we assume the form

dzﬁ 2 /02
F(xg, LﬂT) = 7‘[ Q;CT e_fT/Qx , (4’7)
” N

which is a good approximation when #2 < Q?, we get

T,

PHYSICAL REVIEW D 95, 014008 (2017)

P <N§ + ﬁ) Flxy Par/2). (44)

hT Z 2 21

P, [Pl
W [T g F(ey) (45)

hT JO

’)

Pyr/z 1
/ CrdlrF(xy, 1) + —5—< | F(xg Par/2) p. (46)
0 2 (g - g)

Thus the effect of saturation is to reduce the O(N?)
contribution for P,r < z;Q,.

IV. DISCUSSION

The total spin-dependent cross section in the saturation

P regime is the sum of (46) and the soft gluon pole
2 W
fﬂ.’];]c /P/IT/Z] defTF(fT) _ Nz(l _ e_?) (48) contribution calculated in [3],
d*xr Jo ‘
|
doSOF aMxp .. /l dz 1 d 2
E,—=-— €S —D(z){—i ‘ (ﬂF(x , P /z))G (x, x)
“#p,  2Ni-1) ML 2 (Pur/2)oPljz\ 2 "0 M g
2Ph ‘/Z d

+mF(xg7PhT/Z)xaGF(x’ x)}’ (49)

where G(x, x) is the Qiu-Sterman function [7]. (As shown
in [3], the contribution from the soft fermionic pole
vanishes in the saturation region.) Note that in (49) the
P{l-derivative acts on P%T times F, not F itself as in (46).

Let us discuss the phenomenological implications of our
result. Consider the dependence of the asymmetry Ay on
the atomic mass number A. In the kp-factorization
approach, one only has the Collins-like term proportional
to Imé ~ H in (46). Assuming the form (47), one gets

d P!
——F~_LF, (50)
oP) ;

at low momentum P,y < Q,. Since 0 x A!/3, one finds
that Ay o< A~'/3, namely, the asymmetry is suppressed in
pA collisions. This is essentially the result of [13]. Turning
to the other terms in (46) proportional to ImE, we see that
the O(N?) term scales as

Ph’l'

P hj T202 NP_hzj (51)
05
for Agep < Py << Q. Therefore, this term also leads to
the behavior Ay ~A~!/3. On the other hand, the O(N?)
term has a different Pj,; dependence ~P, ,/'/P%lT which
implies Ay ~ A°. However, a recent study [16] suggests
that this term is numerically small compared to the
other terms in (46). We thus conclude that Ay from
the twist-three fragmentation functions (46) scales as
Ay ~A7'3 in the forward region at low momentum
Agcp < Pyr < Q. This is in contrast to the observation
in [3] that Ay from the ETQS function (49) is indepen-
dent of A. Indeed, the dominant term in the forward
region is expected to be the derivative term x4 Gp(x, x).
Since its coefficient is proportional to Py;/P3;, we
get Ay ~ A°,
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Experimentally, the preliminary STAR data [2] show that
Ay is almost independent of A at least up to xz = 0.7. This
favors the interpretation that SSA is dominated by the
derivative term in (49). However, such an interpretation is
inconsistent with the recent fit to the p'p — hX data in
[16]. There it was concluded that neither the Sivers nor
Collins contribution extracted from the SIDIS data is
sufficient to explain the observed asymmetry. To resolve
this problem, the authors assumed that the genuine twist-
three function ImE » ~ H %U, not previously constrained by
any data, is large. In particular, the term proportional to N2
in (46) was found to be the dominant contribution. Yet, our
result (48) shows that this term is most strongly affected by
the saturation effect and, as we have just argued, gives rise

PHYSICAL REVIEW D 95, 014008 (2017)

to the scaling Ay ~ A~'/3. We thus think more work and
more data are needed to finally pin down the origin of SSA
in QCD.
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