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1. Introduction

Particle production in hadron-hadron scattering with transverse momentum of produced particle(s) much smaller than the in-
variant mass is described in the framework of TMD factorization [1-5]. The typical factorization formula for particle production in
hadron-hadron scattering looks like [1,6]

do
ndia = Z / d’b @ DLD ) (x g, by D p(x g, by (S f = X)
i
+ power corrections + Y —terms a.1n

where 7 is the rapidity, D 7/A (x,z,n) is the TMD density of a parton f in hadron A, and o(f f — X) is the cross section of production
of particle(s) X of invariant mass m§( = Q2 by the fusion of two partons.

Typically, leading first term in Eq. (1.1) is given by quark-antiquark TMDs (or two-gluon TMDs in the case of Higgs boson
production). The second term stands for the power corrections given by a series in qi /Q? while the third describes transition to the
regime qi ~ Q? governed by the collinear factorization.

The significance of power corrections is twofold. First, they show up to what qi the differential cross section is given by the first
term in the formula (1.1) with controlled accuracy. For example, the estimate for Z-boson production in DY process gives power
corrections reaching order of few per cent at 4- Q ~ i [71.

The second use of power corrections is due to the fact that for certain characteristics of a scattering the power corrections are
actually the leading terms. It turns out that some angular distributions of produced particle(s) are defined by quark-quark-gluon

TMDs forming power corrections ~ @ For example, the symmetric DY hadronic tensor W),,, defined as’
def .
W@ 2 G 3 [ @t 5 (0npald OOKIOlpap) 1)
1 _igx 1
= 2o /d4x e 5P as Pl (), (0) + 4 Vip. pp). (1.2)

has 4 tensor structures for unpolarized hadrons. Two of them are determined by leading-twist quark TMDs while two other ones start

2
from terms % and ~ % described by quark-quark-gluon TMDs. Note that while q—i power corrections were known for more than

2
two decades [8], there was no calculation of % until recently, starting from the paper [7].

! Here p,,pp are hadron momenta, g is the momentum of DY pair, ), denotes the sum over full set of “out” states and J, W= Ye /u'/f 7.¥, is an electromagnetic
current. We take into account only u,d, s, ¢ quarks and consider them massless. In principle, one can include “massless” b-quark for qi > mi.
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pA “Projectile” fields : |8] < oy,

>r\1 “Central” fields

Kea8odBoo

PB

“Target” fields : |a| < ot

Fig. 1. Rapidity factorization for DY particle production.

2
In two previous papers [9,10] I calculated such % power corrections and found DY angular distributions at small Bjorken xp in

the leading order in NL In this paper I generalize the results of Ref. [9] to arbitrary values of x . As a result, the number of relevant

TMDs increases: for urclpolarized protons, in addition to eight quark-antiquark TMDs, there are about twenty quark-antiquark-gluon
TMDs on é, leading-N, level.

The paper is organized as follows. In section 2 I outline the derivation of TMD factorization by rapidity factorization of the double
functional integral for a cross section of particle production. Also, I briefly remind the method of calculation of power corrections
based on approximate solution of classical Yang-Mills equations [7]. In Sect. 3 I present the leading-twist result and discuss the
types of é power corrections calculated in this paper. In the next three Sections I calculate different types of Lz power corrections
using the aforementioned method. The result is presented In Sect. 7 and discussed in Sect. 8. The necessary technical formulas and
parametrizations of relevant TMDs can be found in appendices.

2. TMD factorization from rapidity factorization

2
We use Sudakov variables p = ap, + fip, + p,, where p, and p, are light-like vectors close to p, and pp so that p, =p, + mT )2

2
and pg =p, + ’"T pi with m being the proton mass. Also, we use the notations x, = x, p’l’ and x, =x, pg for the dimensionless light-
cone “Ioffe times” x, = \/§x+ and x, = \/gx_. Our metric is g"¥ = (1,—1,—1,—1) which we will frequently rewrite as a sum of

longitudinal part and transverse part:

g =g +gl = %(p'fli +pip) +g) 2.1)
Consequently, p- q = (a,8, + aqﬂp)% — (p,q), where (p,q), = —p;q'. Throughout the paper, the sum over the Latin indices i, j, ...
runs over two transverse components while the sum over Greek indices y, v, ... runs over four components as usual.

Following Ref. [11] we separate quark and gluon fields into three sectors (see Fig. 1): “projectile” fields A,y 4 with |f| <o,
“target” fields B,,,yp with || <o, and “central rapidity” fields C,,y with |a| > o, and |f| > o, see Fig. 1. (For convenience, I
call hadron A by the name “projectile” and hadron B by the name “target”.) Our goal is to integrate over central fields and get the
amplitude in the factorized form, i.e. as a product of functional integrals over A fields representing projectile matrix elements (TMDs
of the projectile) and functional integrals over B fields representing target matrix elements (TMDs of the target). In the spirit of
background-field method, we “freeze” projectile and target fields and get a sum of diagrams in these external fields. As we shall see
below, for the purpose of calculation of most of the power corrections we can set § = 0 for the projectile fields and a = O for the target
fields. The corrections to this approximation are O( ;"—25) and O( :’TZS) and can be neglected almost everywhere, see the discussion in
Sect. 3.2.3. '

In the coordinate space, the f = 0 approximation means that projectile fields do not depend on x, and a = 0 means that target
ones do not depend on x,.2 In this case, as discussed in Ref. [9], central fields at the tree level are given by a set of Feynman diagrams
with retarded propagators in background field A+ B and y 4 + yp. The set of such “retarded” diagrams represent the solution of QCD
equations of motion with sources being projectile and target fields. After summation of these diagrams the hadronic tensor (1.2) can
be represented as

/ d*xe ¥y / 2300 (@ )P AP A2, 1P4) / dz,(pgl®p(z;)Ipp). 2.2)

1
@t

where ¢, , are coefficients and @ can be any of the background fields promoted to operators after integration over projectile and
target fields.

2 Beyond the tree level, the integration over C fields produces logarithms of the cutoffs o, and o, which match the corresponding logs in TMDs of the projectile
and the target, see the discussion in Ref. [12].
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In general, solution of classical QCD equations with projectile and target sources is a formidable task which still awaits its solution.

2
Fortunately, as demonstrated in Ref. [9], at our kinematics we have a small parameter % < 1 and it is possible to expand classical
solution for central fields in powers of this parameter. It is convenient to choose a gauge where A, = 0 for projectile fields and B, =0
for target fields.® (The existence of such gauge was proved in appendix B of Ref. [11] by explicit construction.) Also, since we are
dealing with tree approximation and quark equations of motion, it is convenient to include coupling constant g in the definition of
«—

gluon fields so that D,y =0,y —iA,y,y D,=0,y +igA, and F, v=0,4,—-0,A,—i[A, Al
As demonstrated in Ref. [7], the expansion of classmal quark ﬁelds in powers of pl/p has the form*
Y(x) = Y1(x) + Y0 + ..., (2.3)
where (P, =0, + A, + B))
/2 1
Y, = +Y,, Y, =5 +E&, E =-= ,
1 L 1 1 1 1 1 p BJ_a+iGWA
l’1< 1 ) 1( P /s /s )
B o= - +=
1 s \f+ie 1)V 52 ﬂ+telsla+ie a+ie J‘ﬁ+ Biya
_ - - 1
e

p—ie/ s fp—ie “a—ie a-—ie J‘ﬂ—te
- = - /i 1
V) =yp+Y, Y, = 52+~l2’ 2y = _TAJ_ﬂ_{_ieWB
l”z( 1 ) 1( 14 1 1 14 )
= = Iz —
2 s a+i€A WB+s2 ﬂ+iePLa+ie+a+ieP B +ie ALy
e e e = p
Yy =gu+Y, Y, =545, & = (lI/B )AJ_ .
g - o (A )I’z ( P I’z I’ P )
=2 WB( —i€) 2 2 PJ‘ ie-’-oz—telSl —ze) 2.4

and the dots stand for higher-order power corrections.® In the above formulas

X,

1. wulx,x)) = _i/dX: lI/A(xfsxl)s
a+ie

Xo
_ 1 . _
(94— )(x.,xl) = / dx! fa(xl,x ) 2.5)
and similarly for ——. For brevity, in what follows we denote (¥ — )(x) = (u/ h— )(x) and (¥p %)(x) = (l[_lBﬁ)(X). Similarly to

Eq. (2.5), more comphcated expressions for ¥ should be read from right to left, for example
ll_/Aﬂ(%Pl% + %PJ_%)(X) = /dz II/A(Z)B(Z)(Z|]’I Pj_p—z + ,’—ZPJ_”—” ) (2.6)

with a — ie and § — ie in the denominators. Here (x| f(p)|y) = (2x)™ [ d¥pe~P*~Y) f(p) are Schwinger’s notations for propagators.
The contributions from the terms E;,=; were calculated in Ref. [9] in the a,, B, < 1 approximation and in this paper we will
= =

repeat the calculation relaxing the aforementioned condition. The contributions from the terms =], £ are new and will be calculated
in Sect. 5.

3. Hadronic tensor at Q2 > qi: leading twist and power corrections

As we noted above, we take into account only hadronic tensor due to electromagnetic currents of u,d, s,c quarks and consider
these quarks to be massless. It is convenient to define coordinate-space hadronic tensor multiplied by NC§ (and denoted by extra
“check” mark) as follows

W, (x) = NCE(A,B|J”(x)JV(0)+;4<—>v|A,B) (3.1)

3 Throughout the paper, we will keep different notations A, and B; for the projectile and target gluon fields because of different gauge choices, see e.g. Egs. (A.11)
and (A.12).

4 The corresponding expansion of classical gluon fields is presented in Ref. [11], but we do not need it here.

5 The relevant expressions for =/ ,:’ from Ref. [7] are more complicated than those of Eq. (2.4) but the additional terms are shown in Sect. 5 to be negligible.
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so that
W, (q) = —s/2 /d4x eI (x).
H (27)*N, v
1 2 —ia,x,—if, x4 +i(q.X) | T
T]\]C / dx,dx*d x, e 4 q7* L [’[’”V(X). (3.2)

- or

Hereafter we use notation |A, B) = |py4, pg) for brevity.
For future use, let us also define the hadronic tensor in mixed representation: in the momentum longitudinal space but in the
transverse coordinate space

W, (q) = / d*x; &ILW, (a,. By x 1), (3.3)
Wylag, Byxy) = m/dx.dx* e (A, BT, (x,, x4, x,)J,(0) + 4 < V|A, B).
After integration over central fields in the tree approximation we obtain
W, (x) = N, %(A, B|J (X, X4, x,)J,(0) + u < v|A, B) (3.4
where

Ho_ TH u u H
JE =T+ g+ T+,

2er Ul Thp = De ey (3.5)
7 7

m
JA

and similarly for J g and J g A Here (A, B|O(y 4, A VB B,,)lA, B) denotes double functional integral over A and B fields which gives
matrix elements between projectile and target states of Eq. (2.2) type.

The leading-twist contribution to W,.(q) comes only from product J :“ p(X)J E 4(0) (or J g 4 (X)JX 200, while power corrections may
come also from other terms like J ,l; (x)JE(O). However, as demonstrated in Refs. [7,9], at leading- N, power corrections come only
from J /f; B(x)JE A(O) orJ ]’; " (x)JX B(O). Since these contributions are diagonal in flavor, we will perform the calculations for one flavor
of quarks (with J, W= y?y”u/) and will write down sum over flavors only in the final result (7.1).

3.1. Leading-N, terms from J% ,(x)J}, ,(0)

With our é, leading- N, accuracy we get from Eq. (2.4):
a5, (0) + x o0 = ¥ ()" P (0)P,0) " P10) + x =0 + ...
= [(#a+ Y1), (wp + o) O] (@ + Y2) O, (wa + Y1)O)] + x <0
= [W4®)r,w )] [#50)r, w4 (0)] (3.6)
+E +ED®r, w0 [FO0)r,wa0)] + [ 4x)r,wpx)] [#0)r, (E; +E)O)]
+ [T4 )7, w0)] [Ey + EDO)rwa0)] + [W4(x)r,(Ey + ED)] [#50)r,w4(0)]
+ B0y, wpX)] [#50)7,E1(0)] + [W4(x)7,Ea(x)] [E2(0)y, w4 (0)]
+ [E,07,wp()] [E20)7, w4 (0)] + [W4(x)7,Ea ()] [#5(0)7, B, (0)]
+ (8,07, E0)] [#0)r, w4 0)] + [W4(X)r,wp(0)] [E2(007,E,(0)] + x <0,

where the square brackets mean trace over Lorentz and color indices.®
First, let us consider the leading-twist term and power corrections coming from the first term in the r.h.s. of this equation.

3.2. Contribution of quark-antiquark TMDs
3.2.1. Leading-twist contribution
As we mentioned, the leading-twist term comes from the first term in the r.h.s. of Eq. (3.6). Using Fierz transformation (A.1) one

obtains the quark-antiquark contribution in the form

Wii(x) = &([- ( ) p5(0 0 0
) = =< ([Pateoxy YW x )] [0, w4 0)] + e v) + xo

6 As demonstrated in Sect. 6, the terms coming from expressions with one =, Z; and one Ef,E; are negligible in our approximation).
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guv _ _ _ _ _ _
=5 (=W awallWpwp) + [WarswallWprswpl + [Wav,wal[Wpy vl
- = _ l — aff —
+ [Wararswallsr“vsypl = 5Wac wallWpo,wp)
1, _ 1, _
- % ([War,wallWgy,wpl+puev) - % (W a7, 7swAllFpy, yswpl + u e v)

1, - _ _ _
+ g ([WAD-VCIWA][WBG;IHWB] + [WAo-yaWA][WBgvaWBD + x<0 (37)

where the arguments of the fields are the same as in the Lh.s. From the parametrization of two-quark operators in section A.2.1, it is
clear that the leading-twist contribution to W), (q) comes from

1 _ _
RSN CIAA I ZIIAZIC) (3.8)
1 1 _ _
+ 5= (8780 +8780) — 28,08 ) W4 ()0 4 O 0)0 wp ()]

1 o, o o - —
+ 5 (88" = 638) = 81 DI A arsWA OOy yswp()]

8uv
- %[wA<x>wA<0>1[wB<0>wB(x)1 +x0

B
1°

a

With the leading-twist accuracy we can replace 6z - % P1uPys 55 — % b, 8% = % 125 pf , and get

W,, = :—zgjv([pr<x>p2wA(0>1hpB<0)p1wB(x)] +[F4 ()P 5w A OO, 75w (X))

1 ] ]
+ 5 (828 + 818 — 88 Aoy QN7 00, FWp ()] + x =0 3.9

—2 —
where gy, = 2 (py,py, + 4 < v) and g, = g, — G-

As mentioned above, the dependence of y, on x, and yp on x, is very slow so at the leading-twist order we can replace
wa(x) = wy(x,,x)) and yp(x) = wp(x,,x ) (the corrections will be considered in next Section).

Next, after integration over background fields A and B we promote A, y4 and B, y to operators A, . A subtle point is that
our operators are not under T-product ordering so one should be careful while changing the order of operators in formulas like Fierz
transformation. Fortunately, all operators in the r.h.s of Eq. (3.9) and in similar formulas for power corrections are separated either
by space-like intervals or light-like intervals so they commute with each other. We get”

Wl = g PO x DB O) A (FOp e x))p + (B ® By < P15 @ Py1s) (3.11)

1 i i
+ 5 (8o + 838~ &1, 82, ) (7, X )0 S (0)) 4 (§(0)0, "W (x,, X)) g + X0

Hereafter we use notations (0) 4 = (p410|p4) and (O) , = (pp|O|pp) for brevity. The corresponding leading-twist contribution to
W”v(q) has the form [13]

NON IR —16”14N / dx,dx,d?x; e T HEILN (x)
c
1 _ _
=~ / a2k, (= gk, 111 k)F\Byras = k) + Fi(ag k) f1Bpoa = k1))
c
1
— — kg = kg + k=, + gy, (kg = o),

X [ (g e T By, = ko) + B g kDR (B, = k)] ) (3.12)

To compare with general formula (1.1) we need to identify a;, = x, and f}, = x. To avoid confusion with coordinates, throughout
the paper we will keep notations «, and f,.

7 In a general gauge for projectile and target fields these matrix elements read

ATy, wO)py) = (pslw)y,[x,x = cop,][x — cop,, —cop, 1[=c0p,, 01w (0)|p,),
(Pelv®)r,wO)lpg) = (pglwx)r,[x,x — cop;1lx — cop, —cop, [[—cop;, 01y (0)|pg) (3.10)

where [x,y] = Pexp{ i fol du x' A, ((ux + (1 —u)y) }, and similarly for other matrix elements.

6
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3.2.2. Types of é power corrections
Let us outline power corrections calculated in this paper. As I mentioned in the Introduction, only leading- N, power corrections
up to > will be taken into account. Specifically, this means the PCs

2 H v 2 2
q q,49 m m
SO PR I I Y PR It P
W, (@) ~ & [1+Q2], - [1+Q2], g0+ Qzl’ (3.13)
H v H v
1 v 1 1 J 0 2
gr Pl trev), (maivuev)., Slpai+uev), o5 58

Among those, corrections ~ p’l‘ zqi are of order é while the rest is ~ é Here mi ~ qi,mz. When counting powers of é we do not

distinguish between qi, ki and m? but in concrete formulas we keep them different so we can consider, for example, case qi > m?.
Similarly, parametrically we do not distinguish between s and Q% = g Bys — qi but keep track in our formulas so they are correct
both at s ~ 0% and s> Q2.

Let us also specify the terms which are not calculated in this paper. Roughly speaking, they correspond to terms in Eq. (3.13)

multiplied by extra power(s) of =L or by extra —. Our strategy in the next sections is to compare a certain term in VV”V to terms in

Eq. (3.13), and, if it is smaller, neglect and if 1t 1s of the same size, calculate.

3.2.3. Power corrections due to quark-antiquark TMDs

As one can see from parametrization in Sect. A.2.1, the r.h.s. of Eq. (3.7) contains not only the leading-twist contributions (3.12),
but also a number of power corrections.

We start from the corrections obtained by expansions

2
VOO = W %0+ X, 2D 3 0) + o
PO = W% 0) + 3, 2 D, (41,0, 0) + o (3.14)

for projectile matrix elements and

2
w(x) w(xJ_,O,x*)+x,§D*1//(xJ_,0,x*) + ..
_ _ 2_ <
w(x) = w(xl,O,x*)+x*§y/ D, (x,0,x,) +... (3.15)

for the target ones.
Let us show that second terms in these expansions are ~ é To this end, note that D, ~ ﬁpmjs <o,s. As discussed in Ref. [12],

2 2
the natural scales for rapidity factorization outlined in Sect. 2 are o, ~ % and o, ~ %. Adding estimates x, ~ ai, Xy~ ﬂl we get
q q q q
2 2
q q
2p o~ Lo A (3.16)
* P 2
s a, ayBys (0]
for the projectile and
2 2
q q
x_zD* ~ ia,s ~—t L (3.17)
s B, a,B,s 0?

for the target matrix elements. This means that no further terms in expansions (3.16), (3.17) are necessary and moreover, the only
place where we need these corrections is the leading contributions (3.9).8
Before expansions (3.15) it is convenient to use translational invariance and make a shift in Eq. (3.9)

1 - * x* — . .
Wi = et (o 5w (= 5 Da@ (= 3w (x5

Lo o111 o1
@ P < Pars @ P15+ (8 + 88~ En8E)

X (0 (o 3 )ofu (= S al (= 5o (xex . 5 )
X, b X, X,
+(xnFr e CF e S = (-51)

1
Wl.tl @

1= 35 [ e x)p, DO 4 (O W, x))

8 The author is indebted to A. Vladimirov for clarifying this point.
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+ x.(‘/_/(x.axl)PzW(O»A(V_/(O)pl D* W(x*a xJ_))B + (pz ® Pl And ]5275 ® Pl}’s)

1 _ < _
— (g, + ghh, — ghed) X PG x 0] D) 4500, w(x,x ))g

2s2
+ 2, x )0 (O 4 (500, Dy wixgux)))p| = W+ WD (3.18)
Here
F(x X )P, D.w(0) = Wk x )P, Day(O) 4 — 7 D. (xorx )P0 0), (3.19)

and similarly for other terms. Using parametrizations (A.54) and (A.55), one easily obtains

1 1B tio)
D _ 2 ia, X, —if, x4 +i(g,x) 1t
Wb, b,a0) = = /dx,dx*d x) ¢TI () (3.20)

== / @k {m gk, IR F oy K )T By s = k) + R (g k) (B, — k)
+ fll(aq,kL)me(ﬂq,ql —k)+ fll(aqskj_)me(ﬂqqu_ - kj_)]
+ [ksy(q = )y + Ky (g = k), + 850, (ko = k) L]
X [Rhp(agk DR (Byeqy — k) +Rhp(ag.k DRy (Byuqy k)
+ (@ k DRRp(Byay — k) + Ry (@ k DRAp(Byqy — k)] }
where f(f,.q, — k)= %fl(ﬁ ,q, —k,) etc.

As was mentioned above, for the rest of Lz corrections one can neglect the dependence of projective fields on x, and target ones
on x,. Using parametrizations in Sect. A.2.1, one obtains for quark-antiquark contribution (3.7)

Wi, f,q,) = %/dzkl{ - %gjv{flfl +Aif1) (3.21)

+Hkiy(q =)y +ky(a= k), + 8, (kg = S LFL+ 711

+ Uerpay + Koy UL+ TS} + 1@ = Ry, + (@ = 0L py U fu+ Fif0)

+ %Plyplv{flf; + 1S3+ 4Tmzp2”p2\/{f3fl +f'3f1}}

+ 16!, - 85k q =), — khg - K)E — k(g — I 1(g 8 + 348" ) — mPg,, {2+ Ee)
~555 5k + oG + L= o) U+ A )+ (g5, = el ) (1 + k)

+ (ki + K py) UntTot Tith) + [pay (0 = K07+ paya = ko] (R + R}

+ %(k,q — k), [P1,p1 {h By + Ay Ry} + py,py, (hy By + By ki Y]

2 - -
_ ;mz [(k,q - k)l(gjv + kj(q -+ k- k)ﬂ {hyhs + h3ih3i}]

Hereafter we use the notation

(f1fa+ F112} = Filag k) By ar — ki) + filag ki) fr(Byq1 — k1) (3.22)

so that the argument of the first function is always (ag. k 1) and that of the second is (ﬁq,q | — k), similarly to the leading-twist
contribution (3.12) which we included for completeness.

4. Terms with one quark-quark-gluon operator E; or &,

We separate terms in Eq. (3.6) according to the number of gluon fields (contained in E’s).

v sym p,v

il (1 (1) L 1 i (2b) | i/ 20)
W, W+ WD+ WD+ WoD+ WEP + Wi (4.1)
where leading-twist terms without gluons (quark-antiquark TMDs) were considered in previous Section, and
v N,
W) = —=(A B[] [7500,5,0)]
+ £, w5 [F5Or, WA O] + [#4 ()7, Ex ()] [#50)r, w4 0)]

+ [Wa07,wp ()] [E2(0)y, w4 (0)] + 4 < VA, B) + x <0 (4.2)
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W = Nea BI[# )y, w5 (0] [#50)r,E] (O
w0 = —<(ABI[g4 (), )| [#50)r,Z (0)]
+ [E1r ] [# 0 wa O] + 407, (0] [#50)r, w4 0)]
+ [#A)7, W) [EL O w4 0)] + 4 < VIA B) + x <0 (4.3)
and
WE) = (A, B[ 07, Za 0] [#50, 510
v =5 » B4 (X)y, 2o (X wp(0)r,E( )]
+ 121607, w50] [E0r,waO)] + 1 = VIAB) + x 0 (44)
Wy = Negy B [W4()7,E2 ()] [E2(0)7, w4 (0
() = —=(A Bl [ (0)7,Z2 ()] [E2 0, wa (0)]
+ [EB10r, )] [F50,5, )] + 4 < VIAB) + x =0 (4.5)
We) = N2 (A, BI[E, (07, Za00] [#5O)r wa©
00 = —=(A, BI (2,07, B 0] [#50)r, w4 O)]
+ [ )7, W ()] [E20)7, 51 (O)] + 4 = VA, B) + x <0 (4.6)

The corresponding contributions to W), (¢) will be denoted Wﬂ(‘l/), W,fi ), Wy(f)a, W(z)b and W(Z)C respectively. In this and next two

Sections, I will consider these contributions in turn. Whenever possible, I will refer to calculatlons in Ref. [9] to pinpoint terms which
can be safely neglected. The calculations in this paper are very similar to those of Ref. [9] but much more lengthly. The result is
presented in Sect. 7.

4.1. Terms with B

Let us start with the first term in Eq. (4.2). The Fierz transformation (A.1) yields

1[u7A(x)y,,wB(x)] [75001,2,0)] + perv
gu\/

= . {lvox y u/A(O)] [wa B O] - wk @wh < rsyk @ syl )}
Z(@;ﬁf + 6“5ﬁ -8, 8")
x {[w] HE P . v WA(O)] [ B Oy pw )] + (ra ® 75 < Va¥s @ v575)}
(5"6ﬂ +6050 - %g,,vg“” ZAC ta wA(0>] [7 Bl )o vy ()] (4.7)
where we used Eq. (2.4) E,(0) = ——y‘ B, ;u/A(O). To save space, from now on we use the notations Ay (x) = A(x)y(x) and yA(x) =

W (x)A(x). Note that all colors are in the fundamental representation so e.g. B"™"(x) = (t,)™" B*(x).
Promoting A and B fields to operators and sorting out the color-singlet contributions we get

. 1= N,
W00 = —5(A, Bl wp(0] [3O1Z0)] + 5o vIAB) + x>0 “8)
= 8, U"9(x) + (8760 + 528, — gwg“ﬁ)u“b)(x) + (6560 + 6760 — ngg“ﬂ)U(]c)(x)

where

U99x) = 21?[<u'/(x>p2yféw(o»,,@éi(ow(x)ng - W) @ y(x) < 5w (0) ® rsw(x)]

+xo0
. | . 1 _ i
U ) = 2 [Py, wO) 4 (# B Oy () g
+ WO W) < rsw0)Qrsy(x)+a o f] + x0 (4.9)

U5 = =[5 000yt LW O (FBE O W)y +a =] + x 0

4.1.1. Term U9
It is easy to see that

. 1 B i1 o
019 = = {@Cp,r < v @) 4B Oy ()4
~ WOV < YO ® 15y} + x <0
= —iz—iz(y'/(x)a*iév/(O)) A(F[B;(0)+iB;ys(O)]w(x)), + x <0 (4.10)
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where we used formula
0, ®B —0,;7s®B'ys = 0,;® B
Throughout the paper we will use the notations
A=A, +iAys, A=A, —iAys, B, =B, +iBys, B=B,—iBys

From formula (A.41) and parametrization (A.58) from Appendix A.2.2 we get

1 o . .
U(la) — /dx dx.dzx e iagx, lﬂqx*+1(q,x)J_U(la) X
@ = Jomi, | Axedxds @)
1 2 1z 7l
aquc/d ky (k,q— k) {htég +htég)

= —i

4.1.2. Term Uilﬂb)
In this section we consider

U(lb)(X) % {<V_/(x)7a1’27i 1 w(0)) 4 <V_’Bi(0)}’/)lll(x)>3
+ (W0 @ w(x) « rsw(0) Qysw(x)) + a< ﬂ} + xo0 = U(lb)( )+ U(lb)( - 0)
Let us start from the first term in the r.h.s. of this equation. From Eq. (A.18)
Ul ) = — {(ll/(x)}’,,pzn w(0)) 4
X <wB 0w () + WO)@W(X) < rsw(0) @rsy(x)} + aef

= o { TR L O, BuOW) s = Tpsapag (G012 w O

X (W BO)p, 7 w(x)p - p2ap2,;(u/(x)y,y5 W(O»A(WB(O)plY Ysw(x))pg

+ ;pzﬂ@?(x)pz;w(o»vaB(O)p,yaLw(x»B +aopl.

From Egs. (A.45) and (A.65) we get

L) 1 2 migX By +i(g. X)L 7 (1D)
laﬁ( 9 = 167N, /dx*dx,d x| e g% TIPgXx T lUlaﬁ(x)
1 =
= 2a dzkj_ [(q k)uupzﬁfl(aq»kﬁ[f ﬂq(fj_ —ig By a1 — k)

.  &ap
~ N1 kD) f16(p a1 = kD[ = Kalg =Ky + (@ = 01 7]
1
- L hag kD@ =R +i0) = 28,m2F3) By a1 — k)

+ %pzf,pzﬂ(k, q—k) [f) +ig May.k)(fi = B,LfL —i8)1) (B qs — kl] +taop
where for brevity
7t = By = i8OIByas — k) = T = By(Filhyar — k) = i8,Bpar k)

and similarly for other terms here and throughout the paper.
Next,

U“”)( ) = Uj)(x < 0)

E {w O, py7: ;W(X))A<ll_/Bi(x)YﬂW(0))B
+ W@ QW O0) < rsw(x)®rsw(0)} + aep
{(W(O)pzw(x»,;<u7yﬁlBa(X)w(0)>B + %pzapzﬂ(u‘/(o)nw(x)),;(u'/B(X)plyiw(0)> B

+ %Pz::Pzﬂ(ll_/(O)ViYslI/(X))A(WB(X)]’IViVSW(O)>B

+aef

2 _ _ 1
= PO A T B, 70, WO | -

q

10
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(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)
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Now, from Egs. (A.65) and (A.47) we get

by, | _ 1
U =
28 @ = Torin

/ dx,dx,d?x e ~PgXxFi(g.X)L Uz(i[;)(x)

L
1 = 5 gaﬂ
= 2aW, / a2k, | = Ty kD)6 Bpar = k0@ = R =R + @ - 0} =]

g
- S 7@k D[@ = 0L = ig) = 2B,m” f5] (Bpear — k1)

+ 2o = 00, (71 = 180) gk (1 = Byl 1 1811801 = K)))

+(q- k)alp2ﬁf1(aq’kj_)[f1 =Py (fL +ig 1By qy — kl)] +aep (4.19)
Finally,
1 N . . .
U @ = — / dxydx,dxy ¢t BN (00 0 1 G0 ) (4.20)
167*N,
1

= 5w, [ s{a=0u,mp 71 =L =801+ Al = A+ i)

Sapy 5 L o
- - Ruta =0y +@ -3 22| f1fig + Fific)
1

Eap 2 PR = R 5 _ _
- (@ R3S +ig)+ FilS = igl) =28, f1 s + i f3))
+ 2 paapagla =R [ (UL +igu ) + 171 - i80100)
= B UL +ig L — i1+ [y — gyl +ig )]+ aep
where we used notation (3.22).

4.1.3. Term U;};)
Next, consider

050 == 5 [0y v OV FBO W)y + a s f] + x 0 (4.21)

From Eq. (A.8) we get
U090 =~ (3 (x)io,e00,2w(0) (B 0)c Sw(x) g + @ f
lap 452 v aé *:all/ A\Y sV B
_
452

X DBy, = BOWC) 5+ 2 pap(5)0 s, 2w O (T BOPw ()

{00, W O) 47 B0, ()5 + HF 051, Ty O

+ 2 s (P SO AT BOP W5 = 5 20ap (P00 2 O) 4 (0 B O, W ()

+ 2 (Drabp + D) P00, WOV T B O,y ()5 | + s (4.22)

where we used the fact that

(F(O)[B,(0)o.; — B;(0)o. Jw(x)), =0 (4.23)
for unpolarized hadrons. Next, from Eq. (A.62) and Eq. (A.59) we obtain
o), \ — 1 2 iagx,—ifyx,+i(gx) (o)
Ulaﬁ(q) = 627N, /dx*dx,d x| e '%*Thex 'q"LUlnﬂ(x) (4.24)
1

_ 2 1,1 .= . 7L 7
= BN / d’k, [(hq—khgaﬁhl (a. ky)lie—ieg + p,hy +hpl(By.q. — k)
1 - T
- Pzﬂkiﬁhf(aq, k)[(g =k hy +m?p e+ h)|(Byq1 —ky)
2 R - R
+ P2y e(ay. k)| —ilg— k)] hy + B,m*@—il)|(B,.q, —ky)

11
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2 . -
+ = PaaPagh(@p, kD@ = TR + Bym* e+ W] (B ay = k1)

2 21 7 7 .=
= = (P1ap2p + P2apry) (koq k) hy(ay. k) |Bhy —h—hp —iéG|(B.q, — k) +a<p

Now consider
090 = U090 = - <u7(0>ma¢a*,~1w(x>>A<zpB"(x)o5w(0)>3 +aop
- > = {500, W) AT B0, w(O) 5 + {010, Ty ()4
X (W (Br, = BYWO) 5+ 2oy (#0100, 2w () F BB WO
- %pmpzﬁ«p(méw<x>>A<uvB(x>p1w(0)>B 2 DD T O w () (7 B W O)

+3 (Pszp +P2aP1ﬁ)<W(0)0*, w(x)) 4 (# B (x)o,. W(0)>3} +aep

where we again used Eq. (4.23) for unpolarized hadrons.
Using Egs. (A.62), (A.63), and (A.59) we get

Uy @ = / dx,dx,d’xy e %P HaOL 0 (x) (4.25)

167 4N

= m/dzkl —i(k,q—k)lgaﬂ Ty k) )e+eg+if,hy —ihp)(By.qr — k)

1 - .
— gy —hy (@ kD@ =)L hy + By’ (h = i€)] (Bpray = ky)

P2ap2ﬂ

ie(a,.ky)[(q— k) ht +m*B,(h—ie)|(B,.q, —k,)
+ %mpzﬂh(aq, kD)@ = K2 bt +mB,(h = i0)] (B q, — k1)

2 - .
- ;(Plapzﬁ +P2a[7|ﬁ)h1l(%akl)[ﬂhé' —h—iég +hD](ﬁ qr—ky) +aep

The sum of Egs. (4.24) and (4.25) is

(lc)( ) = 167;‘ N / dx,dx,d*x, e™'%*miPgxstilax)L U;},C)(x) = Zaqlch (4.26)

x /koJ_{(k,q - k)lg;ﬂ({hli[ié— 12+ B ht + hpl+ ht—ie—ieg + f,ht - hD]}>
_ pmk;( “- {hihl +RERYY 4+ B, Uy T+ 0]+ By [ — le]}) + 2p2ap2ﬁ
x ((q - k)i{[h —ielht + [ +ielht ) + B,m*{[h — iellh +ie] + [h+iellh — ie]})
— gl (kg =) (hLIBRE — T~ i6g — hpl + R TpRE — h—icg +hD]}} +aop

Term with W(l“‘)(q) is given by the sum of Egs. (4.13), (4.20), and (4.26).

4.2. Terms with £, B, and &,

Let us consider now the second term in Eq. (4.2). from

{ / dx e 2, (), w5 ()] [#50), w4 0)] }
= / dx e [, (0)y, ()] [Wwp0)y,E(0)] (4.27)

(1E))

we see that effectively addition of the term Wﬂv =)

(q) doubles the real part of WW (q) so one obtains

(1E[+15)) 1

w! @ = / dxydx.dx, e osmilpti@s [ 050 ) +Wﬂ<iil>(x)]
16z*N,
= dx,dx,d?x, e~itar—ifgxatiax e (A B|[w,(x | [#50)7,Z, (0
167[4N / " (A, B|[#4(x)y,wp()]| [w5(0)r,E,0)]

12
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+ B0 [75O R wa O] A, B) + 5o v + x=0) (4.28)
= £, [0+ U ()] + (6287 + 5760 — 2,6 U, (@) + U (@)]

+ 633046050 — 2,8 U @0+ UG (@)

2 S
=2 /dsz {(k,q—k)J_g”V{hllfs'eG+hllSeG}
q°4Ve

+ (g = k) oy + VIS + A1) = BASIT L+ F1 L))

~[@=0ra -0t +povtgt @2 Rfig+ 7R Fi6)

+gl [@—RLUATL+ L) = 28,m U f1 s+ i £3) +m* (/i R p + FiR D))

+ 2ok g = 0L (L4 FLI) = B+ FuAL) = Bylead + 2180))
+lg,, - gﬂv](k,q — k), (28, {hyhy + hyhy) = {hfh+hyh} + (hySég + b Ség))
- k2

m2

(q - .
- [pzﬂki‘+p2vkt]( {hfhll+hfh1l}+ﬂq{hllh+hlih})

4 o - - R
+ =pobay [m?B,{ee +2e} + (q — k)] {hhy + hhi} + p,m*{hh + hh}] }
where we used e; + é; = é;, see parametrizations (A.56) and (A.58).
Next, the term with E, can be obtained by projectile«starget replacement
PLoPyn X.o Xy a,of, kto@-kt (4.29)
so we get

1
167*N,

W”(‘I/Ez+152)(q) — /dx*dx,del e—iaqx.fiﬂqx*ﬂ(q,xh_[Wﬂ(‘l/Ez)(x)+Wﬂ(‘l/Ez)(x)]

1 2 —ia,x,—if x4, +i(qg,x) I c _ - _
= dx,dx,d*x, e '%*"Fg*x+14, l—(A,B x)y, B (x 0)y, 0
167[4Nc/ * 1 B ( |[WA( )7/,4 A ( )] [WB( 7 WAl )]

+

74 w5 )] [B2Or,w5O)] |4, B) + 5 v + x<0) (4.30)

2
BysN.

R (TR (e YA ETAV R )
- [ktkf*'/‘“"/"'g,kai]{mfmfl +Rfi6f1)

+g,|lv[ki{flf1+flf1}—leqmz{f3f1+f3f_1}+m2{9ifo1+§Rfo1}]

/dzkl [(k,q — k)18, {Séch +Séghy)

4 - - - - o
+Epluplv(ksq_k)i[{flfi+f|fl}_aq{flfl"'fifl}_aq{ngi"'gigi}]
+lg,, - gﬂv](k,q — k), (2a,{hyh{ + hyhi} = (hhi + hhy} + (Séghy + Séghy))
S I B _
= [pyta =0+ (g =055 U+ hiht) + i+ i) )
4 o - - N
+ Epluplv[mzaq{ee+ee} + k% {hyh+ hih) +aqm2{hh+hh}]}

5. Terms with E; or E.:

These terms were not considered in Ref. [9] so the analysis below will be more detailed than in previous Section.

5.1. Terms with E’l

We start from

v (1

N,
Wi ) = TC<A5B|[V_/A(X)7/MWB(X)] [#5O)1,E[0)] + ueVIAB) + x <0 (5.1

where Z/ can be taken from Ref. [7]

’
1

13
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=/ i Bi 1 ;
.:.1 :—p?ly Fw _2<p1PJ_p2 szlpl) II/A
2 1 2 123 Pl
~ gt Bt (B g e )Bi“’*‘ (5.2)

First, note that the term A, in P, and A, in the last term can be neglected at large N,. Indeed, after separation of color singlet
contributions

(A, BI(WRw )@ A B'wDIA, B) = (A, BI(Wy AL W)@ B wi)l A, B)
] ) b b
(A, B|(U/AA"II/A)(WmBm WiIA, B) +if (A, B|AY B @AWW (1), )| A, B)

= _<V_/AA;4WA>A<V_’BBVWB>B + 2ifabc(WAIZ,,AZWAM(WBffnSI?,Bfll/g)B
+ f(le< kAaWA)A<WBtfn[BVWB)B

= F(‘I_/AAMWAM(V_/BBVWB)B + ZifabE<Afnu(V7AtdWA)>A(Be(ll_/BtCtdWB))B
c
i _ _
+ Ffalw(AZ(WAWA))A<B€(WBICWB)>B
c

fab
= (WAAMWA>A(WBBVWB>A + 21 ((WAA W) A Wptt” BblI/B)B

C

1 _ _
_m<WAAyWA>A<WBBVWB>B (5.3)

so effectively E reduces to

/
1

[1]

/
1

Iél ; Bi /i Bl’z Pz Bl ; 2 2 1
=-— 7 ( P, P )J/,-B’WA— ShFBva+ SpBBL—ws
N N o
/B By 1 2 1
=77 FWA__PJ_BJ__WA"'_ZPzB*BJ_EWA

2#2101[ PB] VA~ ZZPzI’IB*wA 5.4

where [% Pf]_ is a commutator and PiB =id; + B,.
The Fierz transformation (A.1) yields (cf. Eq. (4.8))

. (1_ ) _ _ -
Y(x) = TC<A,B|[V/A(X)VMWB(X)] [w50)7,E[(0)] + uVvIA,B) + x<0 (5.5)
— (1'a) 5“5’3 50:5[3 _ af (V](llb) 5a5ﬁ 6&5,5 _ 1 af U(l,c)
- gyvU (x)+( uv + viu gyvg ) af (X)+( v + vZu Zngg ) af (x)
where
(1’ a) N, -
U900 = (A, Bl = 2= [ 0Z, O] [#Owp ()] (5.6)

+ % [#4CO7sE, ()] [#50)75w5(0)][A, B) + x <0
v !/ NC _ _ i
U;lﬁ Dix) =- K<A’ B|<[WA(X)V[,nl(O)] [V’B(O)V/;Wg(x)]

+ [II’A(X)V(IYSEII(O)] [l[_/B(O)yﬂysy/B(x)]>|A’ B) +a (—>ﬂ 4 xo0

0% = Nea, B[ 0)] [#5(0 AB 0

) = A BIIA00E O] [750)0, wp(]|A.B) + aef + xo
, 4

First, it is easy to see that UYD(x) is ~ gW”:—Zl or less.

5.1.1. Term U('D
From Eq. (5.4) we get

vl = e (A, BI74 7,21 0)] [75Orw50)] (5.7)
B T 4s
+ (W0 @ w(x) « rsw(0) Qysw(x))|A,B) +a < f+x<0

14
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NC

, i Bi 11
= E(A,BHWA(X)YO((ﬂI}' F+a_qﬁfl3

1 1 B 2 _
— atbi (Pl B -28,) - @sz*B)(O)wAw)] (75O rpws(0]114. B)

+ (YO ®Y(x) = 75w (0) @ rsw(x) +a o f+ (x = 0,a, < —a,)

(in the few formulas involving B, the notation B still means B’ 7;). Let us demonstrate that the terms in the fourth line of the r.h.s
are negligible. First,

= [y ([%J’f] _B=2B,) OO [#50)rpwsx)] (5.8)

= 5o ([7aCore, o, (15 PP1_E -28.) O, 0)

3
Zaqs

+2p2 [Fa (0, ([%va] _B=2B,)0w,0)] ) [75O)rpw(x)]

2 4
If index g is transverse, the first term in the r.h.s. is ~ qjq; % (after Fourier transformation (3.2)) and the second is ~ pzaq; ':—31 If

2 4
the index g is longitudinal, the first term is ~ qi P2g ':—21 and the second is ~ p,,Dpyp % so all these terms are negligible in comparison
to those in Eq. (3.13). Second,

s% [#4()7a Py By BOW 4 O)] [#5O0)5wp(x)] = ﬁ ([74 G, P2 B BOW 4O

2 _ _
2D [F4 OB, B2 B BOWAO)] ) [750)5w750) (5.9)
2 4
Again, if index f is transverse, the first term in the r.h.s. is ~ qiq; t—j and the second is ~ pzaq; r:—Si, and if the index f is longitudinal,

2 4
the first term is ~ qj Py ':l—zl and the second is ~ p,,pyp %, so all these terms are negligible in comparison to those in Eq. (3.13).
We get ‘ ;

“ 1 N, )
0" = ﬁ(A,B|<[v7A(x)yap,7’%BiwA(0)] (5.10)
+ a0 P BYAO)] ) 7075w )] 14.B)
q

+ (WO @ W(x) « 75w(0) @ 5w () +a = f+ (x = 0.a, = —a,)

Similar analysis shows that the only non-negligible contribution is ~ pl";fzﬂ so separating color-singlet contributions we obtain

f];}i’b) = plz4p2ﬁ{<<WA(X)”2”17/[WA(O)><V_/B(%Bi)(o)ﬁle(x» (5.11)
+ (PP, A O )T (5 B) Oy (0)
o, p

+ TR A O) X (i (5 PP B)O)p v () |
q

+ (WO @ W) < 15w(0) @ rsw(x) +a o f+ (x = 0,a, < —a,)
Using Egs. (A.16) and (A.17), we get

N Y PlaP: _ i s 1 ,_

0" = 22 S VO)THOP YD+ (T O

X BOP w5+ - Pw O 4P, (78+ S5, 7)Ow ()5 }
q

+ (WO ® W) < rsw(0) ® ysw(x)) +a < f+ (x 0,0, < —a,) (5.12)

where we introduced the notations

X

1 .
Bi(x,4,x)) = mBi(x*,xL) = —t/dx; B,-(x;,xl)
—00
Xx
PB(xy, X)) = ﬁ_'l_ieiDiB,«(x*,xJ_) = /dx'* (0" —iB")B(x,,x})

15
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Xx
L p® (B)
Bj(xy,x1) = m i (Xexp) = —i dx’, Fy (. x1) (5.13)
—00
and B, = B, — iys®;, B =B, + iysB similarly to Eq. (4.12). Using parametrizations (A.70), (A.71), (A.72) and formula B;y5 = —i€;; BJ

we get
gII
aﬂ = - 4 z
a1 =gl fig+ 1L +i2011g)) + mPUfi(ag k) + Filfag + figh) |- G40
cf. Eq. (4.20).
5.1.2. Term U’
Next,
r(1c) - N, 7,
UY90) = Z5(ABI[#4()0,:Z] 0)] [#5(0), YA B) + a e f + x 0
N, _ i i
_ _Em,m[wx)aag(m7+a—qﬁfl3 Pt A RAREEEN
(5.15)

~ 2 BB )OwaO)] [F2O)0fwa (] 14, B) + @ o ft (x 0,0, < —a,)

q
Let us again demonstrate that the last two terms in curly brackets are negligible. Ignoring the transverse factors p;, B; and B, which

cannot produce factor s, we obtain the following estimates
(5.16)

1 £ gaﬂ
s_36al§p2(pl) ®o; = O(s_z)

1 1
B P2p4, p]ﬁ P1p4,
—40'“5[’2(15])@)0'_5 = 0( Sza ) alfl’z(lél)@" = O( S3a)
1 1
P1a4 P24
1 & _ B P> B
—aﬁ*él’z(l’l)@”ﬁl = O( 2 ) ”65112(]51)8)6 = O( 2 )
PP PioP: PiaP:
= “Hoeh(p)@af = 0(Z5L),

OxePr(P) @ o =0

P2aP1p PzaPzﬁ DPagP2p
”1:]’2(?’1)@" =O( 3 ) "-’:?2(7’1)®" =O( 3 )

where the factors (p,) mean that inclusion (or non—lncluswn) of p, does not change the power of s in the projectile TMDs. Similarly

Pzal)l B

to Eq. (5.10) we get

o
N, _ i 1.
~ o A BI([Papr 7 Bs O] + =[P4 000 5 “PLBuAO))
X [u’/B(O)aﬂng(x)] |A,B)+a < f+ (x -0, a, < —aq) (5.17)
For the first term, from Eq. (A.9) we get
(5.18)

%iaa{;a,i(&aﬂé@i + aep

1
1 2 8ap . i . 8ap .
= 4S2 SO' ®( ﬂJ_ ot_76-1'81)+§gaﬂ®6-i$l+76*-®6-iﬂl

gt
aff i

+l®( Ou, a__2 6,,-93’) + (x(—)ﬂ]

Next, due to the definition (5.5), U e will be multiplied by the traceless tensor (5Z5€ +6) (SZ -3 gMVg“ﬂ ) so the contributions to U;I/f

proportional to g, can be ignored. Effectively,
(5.19)

ﬁiaa{;a,i(&aﬂé@i + aep
1 1
1 2 gaﬂ i . gaﬁ .
= m - ;O’,* %9 (O'.ﬂj_ a TO’.,—T?‘) +iQ® (O',ﬂl a TU_,-Q;’) + (Z(—)ﬂ:|
16
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and we get the first term in Eq. (5.17) in the form
Ul (x) = <A Bl[4(x) B ) (5.20)
Uapt) Va(X)oaepy! 7V )
x [u?3<0>aﬁ wp(||A,B) +a o f+x<0,+(x 0,0, —a,)
2, i,
= (SF@op O+ 5 @EWO),)
s 4s

1

g .
~ Lo B)OW) g +a e ftx o0

X <l‘7(6'ﬂ1 e

Using parametrization (A.73) we get

(1 (9] —iagx,—if,x,+i(g,x), rr(1'e)
aﬁ(l)( q) = o 4N /dx*dxd x, e % q U ap(l) (5.21)
1
1 2 n 1 gaﬂ 2 . 17 - L
=-— d*k, [(q—k)a(q—k)ﬂ +T(q—k)J_]{[h+te]hlg+[h—te]hlg}
c

To get the second term in Eq. (5.17) we need a table of estimates similar to Eq. (5.16)

1 £ 2
_zaalg ® O’ﬁL = 5_30-aJ_* ® Gﬁl"

L
P2g ¢ Papdy
T Ca e P, ®0S° = O( 2 )

1
P1a4
1 g B P e
a"*él’ll’2®"m = 0( 2 ) a"-éﬁlf’z‘g"’m = 0(

PmPlﬁ

4 Plﬂq

—ouch P ®0f = 0(=57)

2 n
s2 )

P1aP1p D1 P2ﬂ P1aP2p
- ): - OxcPi Py ® = : 04 ®0,,

PaaP
-EI’]I’2®°' = O( -§P11’2®6 = 0( 2332ﬁ)

Combining these equations and equations from table (5.16) (with 12 included) we see that

6*51’1/’2@" = O( 3

Pzal’m P2aP1p > Pzal’zﬂ

3 (5.22)

4p1aP2p

= 6, ®c +aep (5.23)

1 & 2
3_26‘15®6ﬂ taef = S—36%*®6ﬁl.

_ 2 n 2p1ab2g 2P P1p
= —30'*®0' (gmgﬂj+gﬁ,ga] ﬂg[j + 8,48t P &t P ij)

2 2
= _26* ®o, (gmgﬁj + gﬁxgaj gaﬂgij +gaﬁgij) = G ® o, 'P apiij
where

— oL 1,1 1,1
Pupij = 8ap8ij ~ 8ai8p; ~ 8piSuj (5.24)

1

Note that in the last line in Eq. (5.23) we dropped term ~ g, since it vanishes after multiplication by (6}"4‘66 + 63’55 -3 gwg"ﬂ ). Thus,

the second term in Eq. (5.17) takes the form

N,
Ul (x) = ~ 1o (ABl[pa (o Lp py,0) (5.25)
q

ap(2) «“p

X [l/'/B(O)aﬂ‘ft//B(x)] |A,B)+a< g+ (x < 0,a, & —aq)
Nc — i 1
= F%P‘lﬂjj(A’ B| [V/A(X)O'* EPJ_BWA(O)]
X [II_IB(O)g.jWB(x)] IA’B> + (X < 0’ aq < _aq)

N, . L . _
= MPM;U(W(X)GJ L 0) 4@ (0)0 ) By (x))

+ <tp(x)a:mw<0>>,4<w.f<ékaB’)(0>w<x>>B) +(x < 0,0, o —qy)
Using formula (A.3) we get

Oxilk¥1 = 8ki®xi t 8ikOxi — 8itOxk (5.26)

so the second contribution to Eq. (5.15) is

17
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N
UG X) = 55 P (000, B, 1w (0) 45 (0)o,/ B Oy ()

N )
= ﬁpaﬂ;ijw_/(x)(g*ipl + 0P — gi/”*kl’k)W(O»A(V_/ﬂl(o)ﬁf w(x))p
q
+ (x<—>0,aq “ —aq)

and the corresponding Fourier transformation yields

geo 1 2 2
Upp)@ = —]VCPaﬁ;ij/d ki kik; + k' &)

. - Jl - _
x (g kD@ = kY (@ =0+ - = 03 Ghrg + hag) (B = k)]

- : Jt
+ hll(aq, kJ_)[(q —kY(q— k)lhlg(ﬂ gL —k)+ %(hlg +hyg)(Byqr — kJ_)])

1 2 ( 17 7L
= — [ dk (2W (¢, k ){hTh,.+hTh
205qucm2/ L ﬁ(q Dihrhig gl

~ L85k (@ = K02 + 2kkyla = 02 Ui Tog + Rt hag) )
where we used parametrization (A.73) and defined the notation
Wi layky) = g, (kg = k7 =gy ki(g—k)
+ k(g = kg +ueovitkg = k) =k (g = k) (g =Ky = (g =k kypky

It is easy to see that g¥ W}fv(q, k) =0and Wit(q,ky)=0.
The second term in Eq. (5.25) is

Ul (x) = Nc @ 0 Lip, B0y
e Pogi 0 ()0 /7,079 ( D (51D B) 0o y () g
N, o i .
= EPW(<w<x)a;w<0)>A<w%<0)a.fw(x>>3
q

+ (0w (O) (T3 00, w(x))g ) + (x = 0,0, = —a,)

where we used Eq. (5.26) and the notations (5.13).
For unpolarized hadrons, Eq. (5.30) can re rewritten as

09 (x) = NC (F(x)o, w(0))
ap(3) Popi ()0 [y (0)) 4

x ((y‘/(O)a.f PBOW () g — i§(0)5., B (O (x)) B) +(x 0,0, < —a,)

and, using parametrizations (A.74) and (A.75), we obtain
1 . .
UV ) = ————P . | d*k ki(g— kY
@@ = g 5w, Fabi Ka=h

x (It (g Dlsg = hagl(Bpoa = k) + B (g kDlhsg = ihag By = k)

_ 1 20 Tk 1L L 1
= Ban, /d ki [ky(a = kg +ky(q =Ky + (k,g = k)1 8]

x (hf(aq,kg[%g —ihygl(Byay — k) + i (ag, k)lhsg —ihyg)(By ay — ku)
Thus, from Egs. (5.5), (5.14), (5.21), (5.28), and (5.32) we get

(=) 1

agsN,

(@=

dx.dx d2x e—iaqx,—iﬁqx*ﬂ(q,x)lW(l’)x -
(2:7)4NC/ A o 9

x /dzkl[—gjv(k,q—k)l({f1f1g+f1f’1g}+aq{[fl—igl1f1g+[fl+ig1)1f1g})

- g;_vmz{fl[.}zg+f3g]+f1[f2§+f3g]}
- a,[2g = 0 (a = k)y + gy, (a = 0T |{[h +ielh g+ [h - ielh ;)

| .
+— (ZW‘fV(q, k)t hy g+ hihyg)

18
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(5.27)

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)
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(5.33)

I Balitsky
(a =K% +2k,k (g = 0 At og + it hog) )

— g ki
[ki(qg—k):+ kg k)l+(k,q—k)lgjv]{h [Rye — ihgo) + hilhy, — iyl

5.2. Terms coming from =}, £/, and &)
Replacing Z; — E/ and &, - E’] in Eq. (4.27) we see that the contribution of terms with Z’ (x) is a complex conjugate of the
contribution (5.33) of &/ 1(0) so
/dx dx, d*x| e %% =PgXsFi@2) [W ( )+ W, ( )]
s

(lE’+1:’)
W, ! =

; @ = 5 )4 N
= 8, [0V @)+ UPg)] + (576! + 55! — 8,8 [0 (@) + U2 (9)]

v (1! v
80 @ +U5 @)

+ (5580 + 6760 —
L /d ku{ = gb [a =L (LA R g+ AR fig)
2 _glsflg})

+ag([iRf1g+ TR 16) +a,(8,5 )

+m ({flmfzg"'flmfzg}+{f1mf3§+f1mf3§}]
- a,[2(q - k) (g =Ry + &5, (a = 1| ((hRRy 4+ hRA g} + (eShy ;- eShy ;)
2
“ ) L (W Ry + R thg})

2

( W (W REy g+ BER Ay ) — (84 K3 + 2k, k]

(kg = k)18, + kyy(a =Ry + ki (g =Ky ]
((htRhsg+ B Rhy o) + (hEShy, + R uh4g})}

2 and £

where W:—v(q, k) is defined in Eq. (5.29)

The corresponding contribution of terms coming from
(=) < =) _ =

)+ W, 2 (x) = —=(A, Bl[§r,(0)r,wpx)] [E50)r,p4(0)]

+ [, 07, E ] [0y, w4 (0)] |4, BY + x <0

W
W= ]

is obtained from Ea. (5.34) by the projectile«<>target replacement (4.29)

(@) = o )4N /dx dx*d x| e —iagx, tﬁqx*-H(qx)L[ ¥ (1_. )+ W,

Wﬂ(ia’zﬂ:’)
= i [ b [a - LR 4 RE T+ ARG R )
ﬂqSNC
+ ﬂq{‘s.flggj_ Sfig8L}) + m ({mf2gf1 +§Rf2§f_1} +{Rf35/1 +mf3gf1}]

B2k ket + gk k1| ({Rhy ghR ]y gh} + {Shy e — Shy ge})
+ — (2w} (q,kL){ERhlng]l+2Rhlgh )
(@~ R +2(q - 0,(a = K, k) (Rhyght + Rhyght})

[(k.q kngw + ki (g =Ky +ky(a =k ]
((Rhsght + Ry ght )+ (Shyght + Shaght ) }

(18 +12)
)]

'E‘/l)

The final contribution of 2’ terms is a sum of Eq. (5.34) and (5.36)

w“"’“:"() Wi g w,
/dsz g ﬂ[(k q k)i( ! {f]mfjlg"'f_]mf/lg}"' {(Rf1gf1+R/ 1551}
q

- sN,
+ {flmflg'i‘flmflg} {gl5flg—§L5flg}+ (RfgfL+Rf15fL}
L (/1R Fog+ 1R 2g) + (1R T35+ [iR 35)

+{S /1581 _sflggj_}> + -
q
19
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m
"
- [2(a - k)0 = R0y + 85, (a = )T ] ((BRAy g+ hRA ) + (eShy ;- eShy ;) )
- [2kikL +gL K| ({Rhy gh+ Rhy gh) + {Shy e — Shy ge})

((Rfagfi + R h )+ (Risgh + R 31|

- 1 - -
+—Wl(q,kl)< (hERRy ;+ hllmh,g}+ﬂ—{mn]ghli+mhlghll})
q

(g —k)? o
- =g I + 2, k1 Rhy g + By Ry )
q
k2
—ﬁ—[g (@ -0} +2q—k),(q— k), J{Rhyght + Rhy ht)
q

1 _ -
+ [(kyq = k) 1835 + ky(q— kg + k(g — k)L](a— hyRhs g+ i Rhy )
q
1 - - 1 on -
+ — (hShy; + S h4g}+ﬁ ({Rhy i +mh3gh1l}+ﬂ—{5h4ghll+5h4gh]l})}
q q

6. Terms with two quark-quark-gluon operators

First, in Ref. [9] it was demonstrated that after sorting out color-singlet matrix elements the contribution Wﬂ(vo is O(NL) in

comparison to W(za) (and VVﬁb)) so it will be neglected in accordance with our leading- N, accuracy.
6.1. Terms with two quark-quark-gluon operators coming from E; and &

Let us start with the first term in the r.h.s. of Eq. (4.4). Performing Fierz transformation (A.1) we obtain

—(A Bl ()7, B )W (0)y,EfO0) + u > VIA,B) +x =0 = g,V + Vs, + V3, 6.1)
where
. N,
v — 2—3"(A,B| [ COET O R (0)Z5 ()] + [ (x)ysE] (O[5 (0)ys 25 (x)] (6.2)
+ [0 )1 B O 5 (0)y “B5 (0] + [} (07,75 E (O] (0)y “¥sE5 ()| A, B) + x < 0,
. N,
Vi = S5(A Bl = 0y, E O30, 2 (0]
- [tirj,"(x)y,,ysE'f(O)][WB(O)yVst”(x)] +u< VA, B)+x <0, (6.3)
and
Vo = —<A B[ (x)0,, ENO)I[F(0)6, “EX (x)] + p <> v
8uv
~ S (e O3 (0)0,Z ()| A. B) +x < 0 (6.4)

It is convenient to define Vu(a) to be traceless. In next Sections, we will consider these terms in turn.

6.1.1. Term proportional to g,,,
Using 8, = —L2yip !

s Fatie

vyand B, = —g"‘yA

T VB from Eq. (2.4) and extracting color-singlet contributions one obtains

1
2s3

x{ = [T A T Sw OB O Sy s - v O B W) < 1w O @ 15u )]

p =

+ [(v'/A[(X)yth’ éW(O»A(V_’Bj(O)ykﬁ]ViélI/(X»B + y(0)@w(x) < ysw(0)® sz(X)]
+ 2 [@ACop b T OB O 7' 5w
F WO @) < 15w @ rsy()| | + x =0 (6.5)
From the power counting it is clear that the third term is ~ @ with respect to the first two ones. By the same token, if we replace

E, by &} or &, by &) the contribution will be small.

20
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Let us start with the first term in Eq. (6.5). Using Eq. (A.28) and the fact that (y(x) [Aka*j - Aj(x)a*k] yw(0)) 4 =0 (cf. Eq (4.23)),
we obtain

- 1, 1 _ 1 1 ,_ 1
Via' = =533 AP, v O)u (W BOP, 5V = 5 ALY O),

_ il 1 ,_ 1 _ i 1
x (@ B(0)y EW(X»B - g(‘l’A (x)o'jk ;W(O»A(WB,'(O)(;”‘EW(X»B

2
1, 1 _ 1 91
= 5 AP Ty O BO, Sy (s [1+0( ) ©.6)
where we used the fact that projectile and target matrix elements in the two last terms in the L.h.s. cannot produce factor of s. The
corresponding contribution to ¥1(g) has the form

1 1 2 2,1, 2 .
_mm/d ky [k hy +m*a,(h—ie)l(a,.k,)

x [(q = k)i hy +m* B, (h+i2)|(B,.q — k) (6.7)
due to EOMs (A.42), (A.43).
Next, consider second term in Eq. (6.5). Using Egs. (A.24) and (A.28), one can rewrite is as

V) = 5w AR Sy O) A B O By SN ©.8)

FYO B Y() < 15O B 15y ()] = S%(uD(x)A(x)m,-§w<0>>A<J/(0>B(0>p, y'%w(x»g

The corresponding contribution to ¥ ((g) has the form

1
aqﬁquC

/ d*ky(k,q— k), [f1 — a,(fL +ig)| (g k)| f1 = B,(FL — i8] (Bynar — k1) 6.9)

where again we used E)Ms (A.42), (A.43).
Similarly, from Eq. (A.28) we get the third term in the form

S[AC P OB OB SN+ WO O ) < 15w 0) @ 13w ()

= 15 [PA@Y LW OB O @)+ WO O U < O @ rsv ()] (610)

2
Since both projectile and target matrix elements cannot give factor s this contribution is O( %) in comparison to that of the two first

terms. Using QCD equations of motion (A.42), (A.43), we obtain the contribution to W,w in the form

gyv

— [ dx.dx, d*x| e %X TP @0 LDy (6.11)
167*N, o 0

1
gV (a) =

8uv = -
= N / a2k, [(kq =0, [ = a(f1 +ig0)] @k D[ = B,y = 180](Byras — k1)

- 21? [k1hy +mPay(h —ie)(a,. k| [(q — k)] Ay +m*B,(h+i8)|(B,.q, — kl)]

Next, the x « 0 term is
7O = — L A0p, Luo) J Bep, Lw0)
2 253 W I’zall’ ns Plﬂ‘l’ B

+ LAOp Lwo) BRSO, (612

Similarly to Eq. (6.11), we get

gyv

[ dx.dx, d?x, e X iBpnctiten D (6.13)
167*N, o 2 ™

1
g,,sz( (g) =

8uv = -
= N / a2k, [(kq =00, [ = ay(Fy = 80] @k D [f1 = 8,1 + i8] (Byoas — K1)

- 21? [k1hy + mPay(h+i@))(a,.ky | [(q — k)] hi +m*B,(h—ie)|(B,.q1 — kl)]

Sum of Eq. (6.11) and (6.13) is
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gMVV(l)(q) = 16i+vN/dx-dx*dzM 18X By Xa @)1 (D) () (6.14)
v o S
= Q+Nc/d2kl{(k’q—k)l({f1f1 + fifit—a dlfL +ig 1fi +1fL —ig 1/}
- pfilf L _igl]‘l'f][fi"'igl]}+aqﬂq{[fi+igl][fl_igl]+[f_i_i§l][fL+[gl]})

2
+ Bk (hi[h+iel + hy[h—ie]} + m*a B, {[h — ze][h+ié]+[h+ié][h—ie]})

1/Ki(q
(7{hlhl+hlhl}+a(q kY1 {[(h—ie)lht + [+ ielhy)

6.1.2. Term 17,4(3)
Separating color-singlet contributions one can rewrite Eq. (6.3) as

1, 1 _ i1
Vo = —E{<wA,-(x>y,,p2yf;w(0>>A<wB,~<0>yvp1y E"’(xm’

Hv
+ YO0y (x) «rsw(0)®rsy(x)+uevl + x<0 (6.15)
As demonstrated in Ref. [9], only transverse x4 and v contribute at Q2 level. In this case we can use formula (A.25) and get
Ve = {<wA (7, pzy w(0) A (7 B, Oy, p,7' w(x»B
+ 1,/(0) ®y(x) < ysw(0) ® Ysw(x)+p o v}
gJ.
=—— <wA<x>p2y, ()47 BOP, Y w(x»B (6.16)
which gives the contribution to W, in the form
gt
(2) —ia,x,—if, x4 +i(g,x)| 17(2) — _ Hv
M@ = 16, 4N /dx dxydxy et Vi, ) = a B 5N,
x / d*ky (k,q— k)| [f1 = a,(f* +igH](ag. k D[y = B,(FH = i8] (B a1 — k1) (6.17)
where we again used EOMs (A.42), (A.43).
The corresponding x <> 0 contribution is
5(2) S, 1 _ il
Vo, = =53 WAOR 7w () 4 (0 BGp v 5V O (6.18)
which gives
V() = o d*k (k,qg—k
@) = TO°N, 1k,q—k)y
X [fi = a,(f* = igH)](ag kD[f1 = B,(f* +igH](Byrar — k1) (6.19)
The sum of Eq. (6.17) and (6.19) has the form
V2@ (6.20)
gJ_
- / @y tka =01 (U1 + 71 11) = (L7 +ig 1, + 17 = ig41A0)
=B AL =g 1+ Ailrt +igt ) + a B Lf L +ig )L —ig 1+ [F) —ig )f) + igJ_”)

6.1.3. Term V})
Let us consider now

V/

N,
T = 3 (A BIL (00, E} O (0)0,“Z0)] 4t > v x>0 (6:21)

(the trace will be subtracted after the calculation). Separating color-singlet contributions, we get

Vi = 21; (WA, (x)f’,ml’z? w(0)) 4 (¥ B; (05, p, 7' ﬂw(x»A +peovtxeo0 (6.22)

From Eq. (A.10)
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. . 8ok . P
A’ayﬁa*[ébB'av‘fo = —(Ava*k—LA/a*j)QD(Buo; _E‘SMBIO'-j)

o 2

gyk i k 1 kpi
- (Akg*m - TAIO-*j) ® (B Ow, — 55‘/3/0',/-)
2 A s , s
- ;(p]yPZV + a1 (Ao — EIAkO'*k) ® (B'o.; - 713["-1)
L

1 . .8 .
= S P1up2y + Poyup1)oxi A" @ 0, B + %Afa* ;® Bro,, (6.23)
Using EOMs (A.42), (A.43) and parametrizations (A.49), (A.64) and similar one for projectile matrix elements, we get

1 Il

g guv - -

r 2 2L 2 ; 27l 2 ;>
Vi = 205N, d kL< [k5 by + a,m®(h —ie)| [(q — k)] Ay + p,m* (R +i@)]

iz [k3 At +a,m*(h+i0)| [(g — k)] hy + B,m*(h— ie)]) (6.24)
1 2 1 2
+ PRI d klﬁ{[kﬂq—k)j+uev]<k,q—kn—kﬂq—k)j(q—k)j
1
&
— (@ =k hky = ki@ —ky)? - gl (g -] - —k2 2@-0?%]}

x [t (ay k) )R G(ﬂq,ql ki) + Il (ag, k OhiG By ar — ko)
After subtracting trace we obtain

4
(3) ’ OV 1,1 &
V = Vsﬂv 2 V,g (6.25)

I 2
_ g g;«v dzk ( J_(l]— )
m

17l 1.1 2 _ . A

20°N, ) = {hihy +hthi) +ay(q - k] {[h—ielh{ +[h+ielht)

+p ki{hi[iz+ie‘]+hl[h_ie]}+aqﬂqm2{[h—,-e][;l+,-é]+[;l+ié][h_ie]})
TN a ﬁ SN /dzkl ZWJ- (QJ_,kJ_){hf'th-G_’_hf_Ghi_G}

where Wlfv(qb k) is defined in Eq. (5.29).
Let us now assemble the contribution of terms (6.1) to W Summing Egs. (6.14), (6.20), and (6.25) we get

ngVl + I>2;4v + I>3/4\/ = /dx-dx*d2xl N

L
3274

[(A, B} ()7, EY )@ (007, E](0) + pt < V| A, B) + x 0]
I

Euv - = ~ -

= o | Ced kB[ Fi+ A a1 +ig 1+ - gM0)

= BT =g+ AL +ig 1)+ agf, (L + g, U =801+ L = ig]Ufy + g, )]
Kg-ki o I

- [%{h%hf + LY+ a,(q— kP2 {[h — ielht + [ +ielht)

+ﬂqk’j{hl[iz + i8]+ hE[h — iel} + o B,m?{[h — iellh +ié] + [k + iel[h — ie]}] }
PRTR SN /d2kl — W, (4 highig + highig) (6.26)

Finally, to get Wﬂ(va)(q) of Eq. (4.4) we need to add the contribution of the term [El(x)yﬂ WB(x)] [EZ(O);/VW A(O)] . Similarly to the case
of one quark-quark-gluon operator considered in Sect. 4, it can be demonstrated that this contribution doubles the real part of the
result (6.26) so we get

WoNg) = — / dx,dx,d*x; e PH@OL (A, BIp (x)y, BN (x)
><(v7§(0)7/va1 )+ [E, (x)y”y/B(x)] [:2(0);/VWA(O)] +uev|A, B +xo 0]

2g,‘lv

= W dzkl{(ksq_k)J_({f]f_l + ANy = f L fi + Y =B fL+ Fi 1)
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+a B AfL L+ T fY B le 8 +glgL})
1 - - - - .
- [ﬁki(q—k)i{hllh]lmfhll} +a,(q — k)| (hhi + hhi} + p,k5 {hyh+ hih)
+ aqﬁqmz{hl_’l +hh} + (xqﬂqmz{ee—+ ée}] }

2 2, 1ot L7l 71 4L
ey /d kL Wi @ R ((ighig + highis))

6.2. Terms with two quark-quark-gluon operators coming from =, and Z,

Let us start with the first term in Eq. (4.5).

o Ne _ = =
lev = T(A,B”WA(X)Y”EQ(X)] [:Z(O)vaA(O)] +uov|A,B) + x<0

After Fierz transformation (A.1) we obtain

v N, _
Win = =50 @580 + 635), — 8, 8" XA BI{ 19/ )y, O[E50)7525 ()]

+ 7, ®¥p < Va¥s ® 745 || A, B)

N, 1 _ - -
+ (58] + 676 zg;,vg“”xA,B|[w:;'(x)aang(on[:2<0>a,fz;"(xn|A,B> +x00
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(6.27)

(6.28)

(6.29)

(note that £,E, = E,ys=, = 0). Using explicit expressions (2.4) for quark fields and separating color-singlet terms we get

luv v uv
where
Vi, = =56, + 8101~ 8} (FA, 1, A O O)
X ((75)OF Py U0 + WO @) < 1swO) @ 15w(x)) + x 0
and

55 _ L sasp, sasp_ 1 ap
Vo= 5080 +675) - 38,87

% { = PB4, (00 A, O O) o (W%)(O)Via.kyj%w(x)),:

+ A 00 A OV O) 4 (375) O 0,7 G4 | + x50

1
P

We will consider them in turn.

6.2.1. Term V:V
First, as demonstrated in Ref. [9], the term ~ 8y 18 small, so

~ 4 ply

Vi = = (A, A O (5 5) O Py Su s

1
B
+w(0)®w(x)<—>y5w(0)®75w(x)) +pueov+xe0

Also, it is demonstrated there that only longitudinal index v gives é power correction, so

174 _4plypl\/

b = (A P AN ) O By Sw GO0

+ w0 @ y(x) < 15w () ® 75y ()

I
8uv
- B (AP, AwO) (0

%)(ow"plyf %w(xm
+ WO W) < 1) ®sy(x)) + x <0

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)

Moreover, the contribution of the second term to W, is small [9], so we are left with the first term in the r.h.s. of Eq. (6.34). Using

Eq. (A.7) it can be rewritten as
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1
B
+y(0) @ w(x) < rsw0)® sz(X)) + x<0

The corresponding contribution to W, is obtained from formulas (A.40) and (A.52)

4 4P];4plv
wo

)O)p, %w(xm

(4w ACop, dw ) 4((9
(6.35)

4p1up1y - R .
Vi@ = ﬂ;’; N | PR R =28, T 2 s+ T (6.36)

6.2.2. Term V3,
Again, as demonstrated in Ref. [9], the term ~ 8uv is small, so

- 1
Vo= S A o A )4 (5 5) O o S

% El[/(x))A}+/4<—)v + xo0 (6.37)

Moreover, the second term in the r.h.s. is also small [9], and therefore

+ (W A;)0, AwO) o ((72) O io, ¥/

I}usv = __<WA ()0, A; W(0)>A<( %)(O)Vid.kyj%vl(x)),\ +pueov+xe0

4py o1, i Kyl
= pls”pl (WA ()04, Ay (0)) 4 (W %)(O)y’o'.ky/%y/(x»,;

I
gﬂv

ZE A ()0 A (O)) 4 (7 )(owfa."yf%w(x)n

‘%I'—‘

p
( A ()0 A O)) 4 (7 )(O)ya YE W s+ V) +x o0 (6.38)

As demonstrated in [9], the two last llnes in the above equation are small. As to the first term in r.h.s. of Eq. (6.38), using Eq. (A.6)

it can be rewritten as

. 4p1,,p1v y y i1
Vo = (W AX)o,; Ay (0)) 4 ( (W )(0)6 5 l//(x))A + x<0 (6.39)
so the correspondlng contribution to W, takes the form
4py,p1y
"= (6.40)
p252N,
k2
/dzkl(k g- k)l< (htRE 4+ BEhE) + 2, (RRE + RRE) - 202 RS+ h§hf})
where we used Egs. (A.40) and (A.52). The full result for W;ﬁb) is given by the sum of Egs. (6.36) and (6.40)
2b) 4p1yplv 2 2 - — - — ) — _
Wi = o | (B0 =28, fy+ 1)+ 20 s+ S ) )
q
k2
Lyplzpl 71,1 71 7,1 20pl7L L 7Lyl
— (kg k)L<ﬁ{hl Rt + BEhE) + 20, (ARt + Bht) = 202 (hi Rt + k! })] (6.41)
6.2.3. Second term in Eq. (4.5)
Consider the second term in Eq. (4.5).
Wz(j”) (A BI[E,(x)r, w5 [#5(0)7,E,(0)] + 4 < V|A, B) + x <0 (6.42)
After Fierz transformation (A.1) we obtain
W2 = D60 4 58] — 5,8 XA BIIE] 07, Z N4 O ) 6.43)

+ 7, ® 15 © Va¥s ®v4¥5 | |A, B)
N 1 = =
+ 2—;(5365 +6750 — Eg,,vg“”xA,B|[a§"<x)%z7(0)][wl"B(O)a,f WL (0llA,B) + x<0
Sorting out color-singlet terms, we get similarly to sum of Egs. (6.31) and (6.32)
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¥ (2b 1 _
Wi = =@ +0p, = 88 (7 B, (07 B (0) 4

X (72 ) O P Ty ()4 + WO W) < 15O @ 7sy(x)) + x =0

L sagh p_1 s
+ 8—3(5Z5V + 876, ~ 58,8™)

X { = 2 (75 O 0,577 2 (0) 4 (0B, ()0 By(O)

(P2 O 0y 7 WG AW B, ()0 By O |+ x =0 (6.44)

Starting from this point, all calculations repeat those of Sections 6.2.1 and 6.2.2 with replacements of p; < p,, a, < f, and exchange
of projectile matrix elements and the target ones. The result is Eq. (6.41) with these replacements so we get

(2b)
Wouw (6.45)
= P [ R (= KR U+ T 1) =28+ TS 4282 ok Ff))

ﬁgsch 1 1 171 171 q 1/ 1L 1/ 1 q 173 173

(@-k?% . o o
= g =Ky (=5 (AL RE + RERE) +28, (At R+ Tebh) =202 (iR + Tebnd) )|
and therefore the contribution of Eq. (4.5) takes the form
W<2b> (6.46)
2 plyplv 2 = = ) = - ) - _

= sN dki (kl{flfl+f1f1}—2“qu{fif1+fif1}+2‘1qm {f3f1+ f3/1)

Keg =K1t 0 g1 70,10 20071l L 7L 2 2¢pl7l 7Lyl
_ T[kl{hl hy +hyhy} 4 2e,m™{hhT + hiy }—Zaqm {h3hy +h3hy }])

2p2u 2v )
+ w25 (( —k)l{f1f1+f1f1}—2ﬂ (g- k)l{flfi+f1fj_}+2ﬂm (f1/3+ [113)
q

2
“ ) {hlhl+hlhl}+2ﬁq{hih+hih}—2ﬂ {hlhl+hlhi}])

= (k,q—h), [

7. Result

QZ, L accuracy is a sum of equations (3.21), (4.28), (4.30), (6.27), (6.46), and (5.37). It is

convenient to present it as a sum of three terms

The resulting power correction with

L

W@ = N%;‘% Wl @+ Wl @+ Wi @] + o) + 055 7.1

N; 2 )
The first part was calculated in Ref. [9] while the second and third parts are the result of this paper.
The first part has the form [9]

W, () = NL / d2kl(W,,Fv(q,kl){f1f1 + i+ wﬁ(q,kp{hfhhh]lhf}) (7.2)

where

2
F R U BT SR SO N R /L 1
W la.k) = —g,, + Qz(q,,qv +4,q,)+ Q4q q, + o'
I

_ [;z( L qvq,)(q 2’%“‘”“"’] (7.3)

~[q] —4(k,q—k),]

Wii(g.ky) 7.4

3,4, —dq.a!

Q42

1 2 L, 1 2 L1 2
—mQ—QQ( K@=y +k(a= 0]+ 4, [k @-ky =k g=0t] +uev)
Il Il ~ Il
3,4, + uay | 444, + 4,9
T[l—%k,q—kn](k,q—k)l —Q4 >

= l[k%q L = kbq -t = gt (kg =), ] +2 K2 (g - k2

2k —q,q9) (k,q—k),
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Here qlll =a,p, +f,p, and §, = a,p, — f,p,. Note also that @, = x, and f, = xp in the notations of conventional TMD factorization

formula (1.1).

In Eq. (7.1) we need to sum over flavors. From the Fierz transformation (A.1) it is easy to see that power corrections calculated
in this paper are diagonal in flavor so the final result is a sum of 2 multiplied by TMDs of corresponding flavor, for example
{f1.fi+ 1/} in Eq. (7.2) should be replaced by ¥ , e?{ f lf f lf +f if f lf }. To avoid cluttering of formulas, this summation over flavors
is written only once in Eq. (7.1).

It is easy to see that g# W:V =gq* W}‘Z/ so the first part is EM gauge invariant. Note that gauge invariance of the leading-twist part
~ O(1) is restored by adding ~ O(1/Q) and ~ O(1/Q?) contributions in Egs. (7.3) and (7.4). One may call W ¥ a “gauge-invariant
completion” of the leading-twist result (3.12). It worth noting that if one takes only the “f,” part of the result (7.3)° and performs
back-of-the-envelope estimation of Z-boson angular distribution coefficients one gets reasonable agreement with LHC data with
expected NL accuracy. Needless to say, the angular coefficients are determined by “gauge completion” terms in Eq. (7.3) rather than
the leading-twist term.

The second part of the result (7.1) is

2 _ 2 2
W (@) = NcQz/d ky

- 2 2
X { [qy(q - k)v + q#plv(k’q - k)J_ + qyp2v(q - k)i tHe v]
ﬂqs a,s

X (B ST+ T 0) - ag B+ Tty

. 2 9 2 ~

+ [q,,kj + Ekiq”plv + ok a=l14upy + e V]
q q

x (=@ FLfi+ L)+ BT+ Ttk )

44,4,
Q2

|2 (U5 T+ Ffi)+ B Fs o+ i fs) + gy Lo+ 2e) + (hh+ T} )
kg =, (= B [ L7+ Fifu) +(g,8 +Eug))]
+ B2 UhiTE + bty + Q2R+ Rt )]
1 2 = = 2 - -
+ ijv(q, kl)[a—q{hllmhlg +hiRh )+ ﬂ—q{mhlghlL +Rhyhi)

+ R((highiy + i) 7.5)

where the transverse structure W;—v(q, k) was defined in Eq. (5.29):
Wi (as.ky) = g, (kg = k7 — gy ki(g—k )
+ [k, (g = k)y + p o VI(kig = k) = K1 (0= k) (g = )y = (g = k1) ki, ky (7.6)

This EM-gauge invariant part consists of two types of contributions: ~ é (first terms in the second and fourth lines) and ~ é (all

other terms). Note that, except for the last term, it is determined by quark-antiquark TMDs.
The remaining third part of the result (7.1) has the form

NCZQZ /dzkl [gjv{mzaqﬂq({hh +hh} - {ee +ee})

+ agBym’ (R (e k ) F](Bynar = ki) + R p(ag. k) S| (Byuar = ki)
+ [l k DRI p(Bynar — k) + (e k DR p(Byq1 — k1))
= m* B, ({ /1R fag+ [1R o) + L1 R 36+ [1RF36))
- m2%({mf2gf1 +§Rf2gf1 I+ {mfsgfl + ERf3gf1 })
+ (kg — k)L< — Bthih+ It hY — a {hhy + hht ) + 287 (bt hy + I hy )

Wi (a) =

273, L7 L 71,1 ;s 7.1 z 1 le~7 Tl 2
+ 202 {hyht + Ry ht} + 26, (Séghi + Séght} +2a,(hy Ség + b Ség)
=B IRN1+ IR 16} — (R f1 +R 1) _aqﬂq[{flmf]g + 1R f14}
9 Because the Z-boson current has an additional weak current component there are additional power corrections to Z-boson cross sections calculated in Ref. [10]

so the “f,” part will be slightly more complicated than Eq. (7.3).
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+ {gJ_Sflg -8, Sfigh+ {mflgfi +R 1)+ {Sflggj_ -Sfi48.1] }
+ (g, 0k g = K) 1 + k3, (g = K)y + Ky (g = k]
X {aqﬁq[{flfl+flfl} - {glgl+§lgl}]

- J_ -
+a,h, [th(aq’ kR (Bgoqy — k) + th(aq,kl)h/:—(ﬁ .41 —ky)
- oL
+ h'f'(aq,kl)th(ﬂ 4 — k) + hll (aq7kj_)th(ﬁ »qL — kj_)]
+ B Rhz g+ hyRhs )+ {hy Shyg + I Shyg)
+ @, (Rhsghy + Rhyght) + ay {Shyght + Shyght) }

1,2
— [gp, k] +2k,k,]
y <(q—k>2l

2
aqm

- [2(a -k =)y + 85,00 - 07 ]

{hf Rhy g + Ry} + {Rhy gh+ Ry gh) + (Shyge - Sillge})

k2
L 7l 7 pl 7 7 > 7
x (W{mwhl + Riyght )+ (BRRy ; + FRAy ;) + (2SR5 — eShlg}] 7.7)
q

This contribution is not gauge invariant: g# W:v(q) # 0. This is hardly surprising since from DVCS studies we know that check
of EM gauge invariance sometimes involves cancellation of contributions of different twists (see e.g. Refs. [14-20]). Still, the non-
gauge-invariant contribution (7.7) is proportional to transverse structures so the violation of gauge invariance is

PWo@) = "W () = 0(%)

Note that if, for example, we would have g”

1%
of such terms is a result of many cancellations involving QCD equations of motion. Thus, the EM gauge invariance of WM3V(q) is
1 1 1

os and~ 5 o

instead of gjv in Eq. (7.7), the violation of gauge invariance would be ~ é The absence

restored by ~
invariance.
Last but not least, let us discuss the choice of basis of operators for é corrections. Unlike é corrections which are unique, one

corrections so one may say that at the ~ level our result (7.1) satisfies the requirement of EM gauge

can represent é corrections in many different ways using QCD equations of motion (A.42) and (A.43)10

POOAL() = 07 +i120,500p, + 10 D. 2p,,

AL = =id w0 =12 p0,w () - 12 p, D) 7.8)

for the projectile operators in A, =0 gauge and

w(x)B (%)

N 2 - 2
10,0 (X)y; + 1209 ()P, + 19 Dy () TPy

BLw() = =idy () = i3 pyo() = i2p, Doy 7.9

for operators in target matrix elements (in B, =0 gauge). The choice in this paper is to reduce the 1.h.s.’s of these EOMs to the r.h.s.’s
whenever possible. This choice leads to the “gauge completion” (7.2) of the leading-twist result and helps with sorting out the %
corrections. It should be mentioned that there is a different choice of basis of operators in the literature: in Refs. [21], [22], [23] the
quark-antiquark TMDs of non-leading twist are expressed in terms of quark-antiquark-gluon TMDs using EOMs like Eq. (7.8). That
choice is motivated by the fact that the evolution of §¢ TMDs of non-leading twist involves §gG TMDs anyway [22]. Ideally, to find
the optimal basis of operators one should diagonalize the matrix of evolution equations of twist-4 TMDs and find those combinations
which evolve like leading-twist TMDs which is a formidable task.!' In my opinion, it is useful first to try to assemble the power
corrections in gauge-invariant blocks like (7.2) and (7.5) using QCD equations of motion. Of course, it is quite probable that among
the “leftovers” entering Eq. (7.7) there will be TMD combinations which evolve like, say, f; but this is in agreement with our earlier
statement that the EM gauge invariance of W;V(q) is restored by ~ é and ~ é corrections.

10 As was mentioned in footnote 2, in this paper QCD coupling constant g is included in the definition of gluon field A,
11 In the case of DVCS governed by the GPD evolution, there is a byway to find light-ray operators which evolve like the leading-twist ones using conformal .S L(2, R)
invariance [24-26]. Unfortunately, this method is not applicable to TMD operators that are not S L(2, R) invariant.
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8. Conclusions and outlook

The result of this paper is a complete set of lz power corrections to TMD factorization for Drell-Yan process at the leading N, order.
Let me emphasize that tree-level formulas of this paper are valid at both moderate and small Bjorken x. The difference between these
two cases comes from different evolution of TMDs in the moderate-x and small-x regions, see the discussion in Ref. [12]. Moreover,
while the results of this paper were obtained using rapidity-only factorization, at the tree level they should be the same as obtained
by conventional CSS approach. Indeed, L Corrections are the same as in Ref. [8] and parts of é corrections coincide with Ref. [23]
after taking into account different choice of operator basis, see the discussion in previous Section.

One may wonder what can be a possible way to compare the result (7.1) with experimental data on DY process. There are
phenomenological estimates of leading-twist TMDs [27-30], but due to the large number of quark-antiquark-gluon TMDs involved,
similar extraction of §gG TMDs from experiment seems nearly impossible. On the other hand, there are attempts to calculate quark-
antiquark TMDs on the lattice [31-33] (see also the review [34]) and one may expect to get lattice estimates of quark-quark-gluon
TMDs in the future. It is well known that lattice calculations are not reliable at small x, so the moderate-x result of this paper (7.1)
may serve as a bridge between lattice calculations and experimental data.

An obvious outlook is to extend these results to the semi-inclusive deep inelastic scattering (SIDIS) at EIC and elsewhere. The
study is in progress.
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Appendix A

A.1. Formulas with Dirac matrices

A.1.1. Fierz transformation
First, let us write down Fierz transformation for symmetric hadronic tensor

1. _
7 [Wry, 0y +p vl A1)
1 a a — = — —

= (8280 + 5760 — 2,87 ) [(@r W) Trp 0 + Wrarsw)Trprs )]
1 1 _ _ Euv  _ _ uv  _ _

+ (6260 +6767 — ~g,,8 ) (oW TS 1) — - GWN T )+ —— Frsw)(FrsX)
4\n ) p 4 4

A.1.2. Formulas with c-matrices
It is convenient to define!?

2

2
€j = ;e*-ij = ;ngYeyv[j A.2)

such that ¢, = 1 and ¢;;¢; = g;18;; — 818« The frequently used formula is

0,00ap = (8ua8up ~ 8up&uva) ~ 1€4vap?s — 1(84a0yp — 8pOva ~ 8vaOup T 8upOua) (A3)
We need also the following formulas with o-matrices in different matrix elements
~ - 1
Gy ®Gyp = _E(glmgvﬂ = 8va8up)Oey ® o
+ 8,a0p: ® O'f —8va0pe @ O'lf —8,p0qs ® 0v5 *+ 8,504 @ O'lf — 04 Q0 (A.49)

12 We use conventions from Bjorken & Drell where €”'?* = —1 and y*y'y* = ghVy* + g"*y# — ghty" — ie"””y,,yy Also, with this convention 5, = %E,M,,UM =1i0,,7s-
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and
P2 ®~f—_@ ®f'1+ ® 3 ®~§’1_~ ®5VI
O @0, =m0 @0 T 0, DO, O DO = 04y D0
¢ Suv | ey B &
07590, 75+#‘—’V—76§n75®0’ v5 = —lo,e @0, +u V—TG&I@G
ol ®viour; = br* @ prriney; = bor* ® py(gir; + &ixvi — &1

= D (8iY; + &jnYi —gijk)@’]’]Vk = (yja*kJ/i)®6-k

We will need also

]52 ® Yiplyj +P275 ®7iP17j75 = 7j]’27i ®]é1 +7j]’27,~75 ®p1y5

and
io, d
ufa*i ®O'ﬁ
j 2 2 i 2
= 8aiOxj ® aﬂl + o-aJ_* ® Uﬂl[ - EPZHO-*i ® O’-ﬂJ_ + EPZﬂgaia*j ®°‘. + EPZ,BO-QJ_* ® 0.
2 . i 4 2
+ ;Pzal’zﬂ [l ®o,—0,;® 0_1] + S_ZPZaPZﬁ"-* ®o.; — gg,;ff*i R0, + ...
ia*iaaf ®O'ﬁ§
2 j 2 2 j
= P2 ® Gy, ~8iaOxj B0y +0xa @0y i+ SP2p0xay ®o. — S Bial20%, ®o,
4 2 . 2
+ 3P2uP2Ox ® 0+ SPray [i®oc.+0,;®07] - —gaﬂa*, ®o0,. +
and

i0,;0,¢ ®0'ﬂ§
2 2 2 j
= _plao—-i ® Oxp, ~ 8iaOsj ® 6 + O, ® Opi + plﬂo—-ai ® 0y — _giaplﬁo--j ® Oy
4 2
21’1(11’1,{30-»b ® o+ plaplﬂ [l ® 0, + Oij ®c ] - _g )0-1 ® 0.+ .
[64s0.; ®0'ﬂ
2 2 j, 2
= &4ai0.j ® G + Oq, . ® Opi — _plao—-i ® Oxp, + Eplﬂgaio—-j ® Oy + ;plﬂo—al* ® Oxi
2 . 2
+ ;Plnplﬁ[l ®o,;+ ojj ® a*] + Plaﬁlﬁ"*- R0, — ggﬁa,i Qo+ ..
From these equations after some algebra one obtains
k
0e0%i ® avgo;j = —8ui8vjCxk ®o," + 8ui0xj ® Ou,

F 8y, j0xuy B 0ui = 8ijOxy, B0, — gLva*, ®o,; + .

The dots in the above formulas stand for the terms leading to contributions to W), exceeding our 1/ 0? accuracy.

A.1.3. Formulas with y-matrices and one gluon field
In the gauge A, =0 the field A; can be represented as

Xo
Af(x.x)) = %/dx: FO (! x))
Similarly, in the B, =0 gauge
=2 1 pB
Bi(x,,x,) = 5 dx, F, (X, ,x))

We define “dual” fields by

X, X

- 2 A ~ 2 ~(B

Ai(x,,x,) = B /dx F( )(x.,xj_) Bi(xy,x;) = ;/dx'* F.(‘. )(x'*,xl),
—0 —o0
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where F, =1

wv =3 €uvapt 4 as usual. With this definition we have
Aj=—¢; A/, Bi=¢;B/, ¢;A=A, ¢;B/=-B, (A.14)
and
PAi = —Apyi. Apy, = —nip A pB; = —Bpri. Bip, = —1ip B (A.15)
where /il-, B,» are defined in Eq. (4.12).
We also use
AP, @ 1upyvi+ A'Pyrs @ vupivivs = —Pr Ay ® Py — PrArs ® Pi1s
AP, ®1ipira+ A'Pyrs @ vipi1ars = —Aup, ® Py — Aupyrs ® prs
Yubs?' ® P Bi + 1upot'ts ® PivsB; = —p, ® Py B, — P15 ® py B,vs
V'Pata® P Bi + V' Po1ars ® PrrsBi = —p, ® Bp, — pyrs ® B,py1s (A.16)
and
2 . ; N N
s [1’17’271- ® B'y, + PiParivs ® B‘YV}’S] =7 ®r B +rrsQv,Birs
2 ) : N N
S [vipo#, @ By, +7ipop,vs ® B'yv,vs| = vi® By, +7,v5s ® Biv,rs
2 i i > 3
[Pap i @ BUp, + popyvivs ® B'pyvs| = v ® Bipy +vi7s @ Bipyvs
2 . : N N
5 [1’17’271' QB+ ppyrivs ® Bll’ﬂ’s] =7 ®pBi+virs®p,Bivs (A.17)
and
YabyVi @ Bivp +vapyvivs @ Bivpys (A.18)

.2 2
= —p,®vp By + ;pzﬂpz ® B]’lyal - Epzapzﬁ [Yi ® BI’IJ/,- +775 ® B}’ﬂ’ﬂ’s] + ..
YiP2Ya ® Bivp +viPyYars ® Bivpys
. 2 2
= —P2®@ Buyp, + poppy ® Yol B — ~Paubop [r:®vip, B+vrs®vip, Brs| + ...

where the dots stand for the negligible terms as usual. Let us illustrate the derivation of the first of these equations. After some algebra
one obtains

Yulati ® Bivy, +7,pvivs ® Bivyys (A.19)
=—$,®r, B, - %pz,,pzv [r; ® Bp,vi+7,v5s Q@ Bp,vivs| + %szﬂz ® Bp,r,,

— Prs @1, B,ys + 2,1 ® 1, B+ pavivs ® v, Bivs — %Pw’z ® p, B,

+ %pzuplv [7: ® P, B; + 7,75 ® p, Bvs]

Now, looking at Eq. (4.14) it is easy to see that the last two lines in the r.h.s. do not give contributions of order of (3.13).
We need also

Yub17i ® Biv, +v,p1vivs ® Biv,vs
= p1r ® By, +p1,1'rs® Biryys — p, ® By, — p,vs ® By, vs
Yil1Yu @ By, +7vip 7,75 ® Bivyvs

= Pt ®1Bi+p1,7rs®r,Biys—p, ®r.B, — prs®7,B,ys (A.20)

A.1.4. Formulas with y-matrices and two gluon fields
With definition (A.13), we have the following formulas

A ®B =g;A ®B"-A,®B,, AQ®B;=g;A,®B"-A;®B, (A.21)
A®B =-g,A®B"+A,®B, > AQ®B=-AQB, A,@B =A,Q5B

Using these formulas, after some algebra one obtains
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}’mP27in ®vup 1B + Ymi’z}’inJ’s ® anl}’iBjYS = PzAn ® I’le + pzAn75 ® pleyS

VibalmA @ 1ap 1B + 7, PyrnAlrs @ 1,p 1B vs = PrA, ® Bpy + prAvs ® By vs

Yl Vi A @ Vip 7aB! + 1upyr; A'vs @ 1ip v, B ys = Apy ® Py B,y + A,pyvs ® Py Bys

ViPyYmA @ Vip 7uB + 7Py vmA'vs @ vip 7, B ys = Apy ® B py + Apyvs ® Bpivs (A.22)
and

pzAm ®p Bn +”2Any5 ®p Bm75 = gmn”z/ik ®p B

PrAn ® Bp + prAnts @ 15Bupy T guupadi ® BYp,

Ay ® P B, +15A,, @ Py Burs = gniArp, ® Py B*

Appy ® Bup, +15A,p, ®1sB,up, = gunArp, ® B*p, (A.23)
The corollary of Eq. (A.23) is

I’zAkVS ®I’13k75 Pz"ik ®I’1Bkv szik}’s ®7/51§k]51 = I’zfik@’ Bkﬂl

1A, ® P Blrs = Ap, @ pBY. rsAup, ®ysBp = Agp, ® BCp, (A.24)

From Egs. (A.22) and (A.23) one easily obtains

Yl VA @ v ViB + oy Alys @ v, pviBlys + meon = 2g,,p,A, ® p, B* (A.25)

and

VbV jA @ v, Vi B + 1yt Alys @ vup v Blys — men

= 2p2fin®pll§m - men,

ViPsYmA ®Vip 7B + 7P vnAys @ vipv,Blys — men

=24,0,®B,p, — mon (A.26)
We need also formulas

4 ,

s_zA Pribor; @ B p gy

= Ay, @By, —iAly;ys® By, +iAly; @ Blyys + A'y;vs @ B'y,ys,

S (A1, @ BByt + Ay potyrs ® BBy forirs)

= Yin ® ViBj + ijiﬂfs ® ViBj}’s,

viAjrs ®v;Airs = 1iA; ® ' B~y A' @y, B (A.27)
and

Ak}’il’z}’j@BﬂiPlyk = 7’2Ai®f’13i = Ap,r; ® By,

Ak?’jl’zVi@Bijl’lVi = A,-p2®f3,-pl = 7i1”24®7i7’137

Agribyr; ®Bj?’kl’1}’i = ﬂzAi®BiP1 = Al’zyi®7il’137

Akyjl’zyi@Bjyil’lyk = Ail’z ®p13i Vil”zA@’El’]Viv (A.28)
Aoy, ® By, pryi+men—g,, Ay, @ By pry,

= Aupy @ Bpy +mon—g., A, ® Bp,,

A Pyt @ Blyiprvy+men—g,, Ay @ Blyp v

= pzAm ®l”an +mon _gmnl”z"ik ®/ B,

Aot @ By, prv,+men—g,, A py, @ By pv'

= A p, ® P\ B, +meon—g, A, ®p B-.

A Potm @ By, prv+men—g, Ay py, @ By py' =

= pzAm®Bnpl+m<—>n—gmnp2fik®]§kpl, (A.29)
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Z[Aipi b,y ® Biyupyv' + Aipipy7 rs ® BijLplyi}/S]

_ViAn ®¢1Bi - ViAn}’S ®?1Bi75 = YIAn ® B#ﬂ’[ + }’i[in}’S ® Bl’l}’[}’&
[Aivapsr’ @ Bip,p1v' + Aivupov’vs ® Bip,pv'rs]

—p,A; ®7'B, — p,Ays ®y'B,ys = Apri ®y'B, + Ap,vivs @ v'B,ys.

I el I vl

A.2. TMD matrix elements

A.2.1. Parametrization of leading-twist matrix elements

Nuclear Physics, Section B 1006 (2024) 116658

(A.30)

Let us first consider matrix elements of operators without y5. The standard parametrization of quark TMDs reads (see e.g. Ref. [35,

36])13

1
1673

/dx,dzxL e~ iDL (Al (x,, x ) )y w(0)| A)
. u ”2m?\,
= P filakD) + K fi@k) + = fia k).
161_3 dx,d*x; e ™+ EIL (Al (x,, x Dw(0)|A) = me(a.k))
T

for quark distributions in the projectile and

L [ dxd?x, e 51600 (A 0y (x., x| A)

16723
oz uF Mzm?\f ;
= —p, fila, k) =k, fi(a, k) - p, ng(a, k),
o [ dxdx, L (A Ox)IA) = mitaky)

for the antiquark distributions.'*

(A.31)

(A.32)

The corresponding matrix elements for the target are obtained by trivial replacements p; <> p,, x, <> x, and a < f:

1 —ifx, +i(k,x —
Tom [ dxedxy P HEIL (Bl G x )Y W (O)1B)
2

" H ﬂsz
= p, [1B k) + K f1(B. k) +p) Tfs(ﬁ,kl),

/ dx,d*x; e Pt DL (Bl (x,,x W (0)|B) = me(f.k,).

1673
and
[ dxad L Bl )L B)
V4
s uF ”2m?\, 7
= =0, 1B k) =k f1(B.ky) —p Tf3(ﬂs ki),
[ dxdx DL B Oy (x| B) = mEBK)
T
Matrix elements of operators with ys are parametrized as follows:
1 2 —iax,+i(kx) - _ i oL
Tor3 dx,d®x e THENL (All//(x,,xl)y”)/Sly(O)lA) = —emik'g (o, k}),
1 2 —iax,+i(kx) - _ i 5L
623 /dx,d x) et <A|II/(0)7,475II/(X.,XJ_)|A> = —euﬂ'klg (B, ky)
and
1 2 —iax,+i(k - i L
L / dx.dx, e THEDL (Bl (x, 3 Yy, rswO)B) = €, Kg (B ky),
L [ axad?x, eI (Bl rsw(xaxDIB) = € KE Bk D)
1673 H I
13 Our notations differ from “TMD handbook” [36]: g2c" = —gOen , eli” = —€/** but elf, =ell .

14 In an arbitrary gauge, there are gauge links to —co as displayed in Eq. (3.10).
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The parametrizations of time-odd Boer-Mulders TMDs are

dx,d?x; e HEOL (Al (x,,x )0 y(0)| A)

1673
1 H v 1 2m H v
= ;(klp1 —p e vhi(ak)+ T(plp2 —p e vh(a, k)
2
+ WPy~ e kg @ ky).
1

Tox3 / dx.d?x 1D (A 0)0" (., x))]A)

1 - 2 -
= ——(Klp} —u o Vi (@ky) = =005~ u o k)

2 _
— KR, — no R @ ky)

and similarly for the target with usual replacements p; < p,, x, <> x, and @ < f:

s [ dxady L (Bl ey x, )0 0)]B)

1 2
= (K py— p o LBk + =2 py — i VAP ky)

2
+ =W = e VR (B,

= / dx,d*x; e P HEDL (Bl (0)0H w(x,,x,)| B)
=

1 - 2 -
= —— (ki pY— o VRE Bk ) — (P! — po VRB.K )
m s 2

2 -
= KRR}~ o RSBk

Nuclear Physics, Section B 1006 (2024) 116658

(A.37)

(A.38)

Note that the coefficients in front of f5, g+, h and h; in egs. (A.31), (A.33), (A.35), (A.36), (A.37), and (A.38) contain an extra %
since pg enters only through the direction of gauge link so the result should not depend on rescaling p, — Ap,.

A.2.2. Matrix elements of quark-quark-gluon operators

First, let us demonstrate that operators i and % in Egs. (2.5) are replaced by ini and J_rﬁi
q q

_i _ 1
igX, (P T
/dX.e o (D(x,,x] ) _a+i€W(0)>A

0
= %/dx./dx: e (D(x,, x DTy (x!,0,)) 4 = ai/dx, e~ (D(x,, x Ty (0)) 4

q

where ®(x,,x ) can be @(x,,x,) or y(x,,x,)A;(x,,x,) and I can be any y-matrix. Similarly,

/dx, e’i"‘qx-((lp 1 )(x,,xl)l"CD(O))A = ai / dx, e_iax‘(lp(x,,xl)FQ(O))A
q

a—ie

dx, e ((p ! - )(X.,XL)F;W(O»A == dx, e % (g (x, x Ty (0)) 4
a—ie a+ie ag

where ®(x,,x ) can be y(x,,x ) or A;(x,,x )w(x,,x ;). We need also

/ dx, e"'“qﬁ((u‘xﬁ)<0>r<1><x.,xl>>A= —ai / dx, e (O d(x,, x ) 4
q

/dx. e_ia"x'<‘i>(0)rﬁll/(xnx¢)>/a= —aiq/dx- e DOy (x,, x 1)) 4

in forward matrix elements. Indeed,

(A.39)

(A.40)

(A.41)

The corresponding formulas for target matrix elements are obtained by substitution a < f (and x, < x ).

A.2.3. Matrix elements of quark-quark-gluon operators related to quark-antiquark TMDs by QCD equations of motion
Next, we will use QCD equation of motion to reduce quark-quark-gluon TMDs to leading-twist TMDs (see Ref. [8]). For our quark

fields QCD equations read'®

15 As was mentioned in footnote 2, in this paper QCD coupling constant g is included in the definition of gluon field A,
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_ . 2. )
)AL (x) = 10§ (x)y; +i=0, W (X)p, +iy D, <Py,

ALCOWE) = —id w0 = 120, w() -2 D)

for the projectile operators in A, =0 gauge and
_ o 2. Iy 2
) BL(x) = oy (X)y; + IS0.p ()P, +iy Dy (TP,

BLOw() = =iy () = i2 p0() =12 p, D)

Nuclear Physics, Section B 1006 (2024) 116658

(A.42)

(A.43)

for operators in target matrix elements (in B, = 0 gauge). Our strategy is as follows: when we see an operator as in the left-hand
sides of these equations, we rewrite it in terms of the corresponding right-hand sides. For most of the matrix elements listed in this
Section, the result can be represented through quark-antiquark TMDs. Sometimes, however, one needs the last terms in the r.h.s.’s

parametrized in the next Section.
Let us present the list of formulas derived in Ref. [9]

87:3S dx,dx; e HEIL AP AX P 1w O A) = kilfy —a(fy +igh)](aky)
=y dx,dx; e” " FHEIL AN (x)y p, Aw(O)|A) = k;[f) —a(fL —igh)|(a. k)
L [ ax,dx, e EDL A WG O), p, Au (01 A) = K,[F, - alfy +igD)] (@ k)
8735

ﬁ dx dx, e HEILAGAO)p,rw (D) A) = k[ fi — alf) —i8))] (e, k)

For brevity, hereafter in the projectile matrix elements x = (x,,0,,x ).
The target matrix elements are obtained by usual replacements (4.29):

dx,dx; e P+ HEDL(Blg B(x)pyw(0)B) = ki[f; — B(fL +igh)](B.ky)

8735

ﬁ dx,dx) e PO LBl (x)y, p, Bw(0)|BY = k;[f1 — B(fL —igh)]|(B.ky)
oo [ dxudx, e Pt kXL (Bl (), p, Bu(x)|B) = k;[fy — B(FL +igh)|(B.ky)
s dx, dx, e_iﬂx*+i(k’x)l<B|V_/B(0)]517,-II/(X)|B> = k; [fl - B(fL _igj_):l(ﬂqvkl)

Similarly, in the target matrix elements x = (0,,x,,x ).
Next, for the projectile matrix elements with an extra y5 one obtains

dx.d . . )
/ % T L AL AP rrsw O A) = e k[ f - a(f, +igh)] (@ ky),

dx.dx, . .. ,
/ ;;,3?‘ TR LA (x)y7s Py AW ()| A) = —ie k! [f) — a(f) —igh)] (@, ky)

dx.d . o
/ —;;3? eTaxHENL (A AO) 15w (OIA) = i€k [y — a(f) —ig)] (@, ky)

dx,dx, _. .. _ ) o A
/ 8”331_ eiax +i(kx) | (A|l[/f(0)7’i75p2AlI/(X)|A> = _leijkj [fl —a(f, + ng.)] (a.k,)
and for the target
dx,dx . ) )
/ TL e P AL (Bl B 1ivsw ()| B) = —iey k! [f1 — B(fL +igH)] (B kL)
dx*dxl

o ¢ LBl riyspy BOWO)IB) = ek [f = B(fL—ig ] (B kL)

dx dxl

873

dx, d . . A _
/ ’; L itk L (Bl ROV, v,vsw ()| BY = —ie, K[ Fy = BT, — 80| (kL)
/ e Ptk L (Bl (0)y,ysp, By ()| B) = i€kl [ — B(fL +i81)|(B. kL)

(A.44)

(A.45)

(A.46)

(A.47)

The different sign in projectile«>target replacement of matrix elements with y5 is due to the difference in the definitions (A.14).

dx.d N k2
/ il L O A AP O A) = [ =i bt = ame+ i) (k)
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dx,dx —iax,+i(k,x - ‘k2 .
snBSL e lxH KDL (Al (x)p, Ap (0)| A) = [zﬁh{' —am(e —ih)|(a, k) (A.48)

87

dx de —_— K

. K2 i
/ & d’“ TN LA O)p, Ay (x., x| A) = [i—=hy +am@+iD)](@.ky),
/ e HEIL A AO)pyw (x,.x |A) = |- iﬁfzf‘ +am(@—ih)|(a,ky)

8x
The target matrix elements are obtained by usual replacements (4.29) (without sign change).

2

/ d’; <030 i DL (Bl B w(O)]B) = [—i%hf—ﬂqm(eﬂh)](ﬂ,kl),

/ d’; 2L i (Bl BO)p, W (0| B) = [—i%izhﬁm(é—ih)](ﬂ,kl).

/ d);*dxl e PRI Bli(0)p, By (x)] B) = [i%hhﬂm(éwhﬂ(ﬂ,kl), (A.49)
/ d);*dxl eI (Bl BO)Bw(x,,x,) | BY = [—i%hhﬂm(e'—ih)](ﬂ,kl)

Next, we nee

dx.,dx ] )
/ . 6”; T HEIL AN AW (O)|A) = kim| — e —iahy +ihp(a.ky),
dx.d o
/ ;‘6 DL et (Al (o), Aw (O A) = kym| = e+ iahy + il (a.k ),
JT
dx dxi —iax,+i(k,x) — 5 _ ivh -7
TR eI LA AO)yw(x)|A) = mk; [e—lah3—thD](a,kJ_),
dx.d . N
/ % e ex DL (A5 (O)y, Aw ()| A) = mk, [& + iahs + iR (@, k) (A.50)
T

The matrix elements h are gg TMDs with an extra longitudinal derivative of the quark field. They are defined in the next Section.
It is worth noting that contributions of these terms in the r.h.s.’s cancel in the final result.
For the target we get

dx, d : )
/ S L (Bl By O)| By = k(e = iPh +ihp)p. k),
—

dx,d . )
/ T L Bl oy, By O)| B) = mkyl=e +iphy = iRBI(Pk, ).
T

dx,d : ) _ -
/ L L Bl By ()| B) = mkle = iBhg ~ ihpl(B.k).
T

/d);,gd;l e_iﬂx*+i(k»x)J_(Bly_/(o)}/iBW(x))lB>: mki[e+iﬂhl+1h*](ﬁ kl) (A.51)
T

Finally, we need

dx.dx, ..
/ S I A AP AvO)1A) = k() - 2af1) + 2% m (@ ky)

dx,d N ~ _ _
/ s LA A0, Ay 1A) = = [y - 2af) + 20 i k)
2

dx.d . . k
/ % X HEIL (A Ao, Ay (0)] A) = —k, [kt +2amh — 202 mhY] (@, k)
35 m 3

dx.dx, . ..

/ % T HEDL A A(x)o, Ap ()| A) = [k2 Rt + 2am®h = 22m* hE] (@, k ) (A.52)
¥/

and for the target

dxgdx, _, .. )
/ —’;”3:” IR (Bl Bx)p, By (O)|BY = [K2(f) = 261) +262m2 f3] (B, k)

dx, d
/ % T IPxH KDL (Bl BO), By ()| B) = —[K2(F) — 2670) + 2622 F3] (B k)
2

dx,d . . k
/ T L (Bl B0, By 0)|B) = —k; [ A+ 2pmh =20 mh] (B, k )
¥/ m
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dx,d . ki oo _ _
/ ’;* %XL T IPxx 4L (Bl B(x)o,; By (0)| BY = — [k2 bt +2pmh — 267 m> Ay (B. k) (A.53)
¥/ m

A.2.4. Parametrization of other quark-quark-gluon TMDs
First, let us parametrize matrix elements from Sect. 3.2.3.

8;s / dx,dx, e HEDL (A1 D, (xx Opyw (O)A) = —n fpa.ky). (A.54)
87333 / dx,d’x; e HEDL (AL (x,x Py i DO A) = mP S (a.k)),
87335 /dx.dzn T HEDL (AN D, O)pyy(x.x )IA) = m? Folaky),
87335 /dx,dzxj_ eiox.Hi(kx) (Alg(0)p,iD.y(x,,x,)|A) = —mzf_g(a,kl),
% dxdx e OHEDL (A1 D, (v, x)oup O A) = —mk (@, k),
ﬁ dx,d*x; e HEDL (A (x,, x))o,iDw(0)|A) = mk;h}(a k)
ﬁ dx,d*x; e ™01 (Algi B 0o, w(x.,x,)|A) = mk;hp(a.k,),
ﬁ dx,d?x; e HEIL (Alp(0)0,,iDy (x,.x )|A) = —mh;hj (. k,)
and
ﬁ dx,d?x; PO (Bl D, (x,x )y OIB) = —m fp(Bky). (A.55)
ﬁ dx,d?x, P01 (Bl x )p,iD,w(O)|BY = m?fi(Bk,),
ﬁ dx,d’x, e"PHHkNL (Bl B* O, w(xy.x)IB) = mFp(Bk)),
ﬁ dx,d?x, e PxHDL (BIG(0)p,iD, y(x,,x )| B) = —m? (B, ky),
ﬁ dx,d’xy e PHEDL (Bl D, (xy.x o, w(O)|A) = —mkihp(B.k ),
ﬁ dx,d*x) e PHEDL (Blg(x,,x,)0,iDw(0)|B) = mhk;hi(a.k )
2 [ dax,d?x, e 56D (Bl D, (0)6uw(xe.x )| B) = mkhpBik,)
8r3s * L * i X X1 ihp(P.ky),
ﬁ dx,d*x; e P+ DL (BIg(0)0,;iD,w(x,,x))|B) = —mk;h}(a,k))

Next, in Sect. 4 and 5 we calculate target §Ggq matrix elements and restore the corresponding contributions with projectile §Gg
ones by trivial replacements (4.29). Consequently, we will list only parametrizations of target §Gq matrix elements. The projectile
matrix elements can be obtained by the usual (4.29) replacements.16

We parametrize the quark-quark-gluon TMDs with matrices 1 or y5 as follows

/ dx,d®x, e Pt (Blg(x,,x,)B;(x,x )w(0)|B) = k;meg(B,k,)

1673

ﬁ/dx*dle e Ptk (Bl (x,,x, ) B,(0)w(0)| B) = kimeg, (B, k, )
1 ig, i ; _

o3 dx,d*x; e” P &L (BlG(0)B(O)w(x,,x )| BY = kjegm(B,k,) (A.56)
T
1 if, i _ ;

=3 / dx,d?x e PHEDL (BIg(0)B; (0 (x4, x ) B) = kggm(p.ky)

1 i i _ L5 -
o3 dx,d®x; e Pt (Blg(x,,x )iB,(x,,x ) )ysw(0)|B) = k;még(P,k,)

16 One should be careful with A, < B, replacement due to Eq. (A.14), see e.g. Eq. (A.47).
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dx,d®x; e PN (Bl (x,,x))iB(0)ysy(0)|B) = k;m&(p.k,)

1673
1

s dx,d*x; e”PHENL (Bl (0)i B,(0)ysw(xy,x, )| B)

k;égm(B.k,) (A.57)

1 —i i _ B =
o0 dx,d?x; e Pt EXL (Bl (0)i B (x)ysy(x,.x))|B) = k&m(B.k,)

and accordingly
1
1673
1
1673

dx,d?x; e PHENL (Blg(x,,x,)Bi(x,, x Dw(0)|B) = k;még(B.k,)

/ dx,d®x; e PN (Bl (x,, x) ) Bi(O)w(0)|B) = k;mé(B. k)

1 i . _ , -
o3 dx,d*x| e” P+ kXL (Blg(0)B,(0)w(x,.x))|BY = k;még(B.k,)

1 —ipx, +i(k,x — 5 2%
F/dx*dle e Pt kXL (Bl (0) B (x)w (x4, x| B) = k;mély(B.k)) (A.58)

Next, we turn to quark-quark-gluon TMDs with matrices o,,,. First, consider the case of o,,. We get

dx,d?x, .. .
DATXL mibxatitk )L (Bl B(x)o. ()| B) = kmlpht — h+hy —ie. (B k
8735 (B|¥ B;(x)o.,,.yw(0)| B) imlBhy D cl(B.k,)

dx, d*x . : .
/ ?i e Pt (Bl (x)o., By (0)|BY = k;mIBhy — h+ Iy +ig1(B. k)
¥/ -

dx,d? . . oo
/ EERC AL ibsatik0L B0,y B,(x)| B) = kymlpht — b — B +i351(,k,)

8x3s
/ Bxed %y "gjfs"l e PXe 0L (Bl B, (0), (0| B) = kmlpht —h—hp - G610, k) (A.59)
Let us illustrate the derivation of these equations. From equations of motion (A.43) and Eq. (A.3) we see that
ﬁ dx,dx, e iDL (BlG B(x)y0,.w(0)|B) = ﬁ /dx*de_ By aFitex))
X (Blw(x)[fo,; — %kia*, - ijkjl’s +i B* o,;ly(0)|B) = —mk,[ﬂh3L —h+hplB,k,) (A.60)

On the other hand
2(BI9 B0, p OIB) = 2(BIBI(X)G, +i0,)0,.pO0)B) (A.61)

= 2(BIF B0 W O1B) + (Bl B (s O)|B)

= / dx,dx; e P DL (Bl B (x)0,.y(0)| B)

¥/
1 i i _ .
= 5, | dxsdxie Ptk Bl B(x)y;0,.y(0)| BY — ieg(B. k)

where we used parametrization (A.56). From the above two equations we easily get the first of Eqs (A.59). In a similar way one can
obtain the rest of formulas (A.59).
Second, for transverse ¢’s we get

dx,d I
/ A OB B ()0, (O)] B) (A.62)
= m(8)k; =88k —ie(B.ky) —ieg(.ky) + Phy (B ky) = hp(B. k)],
dx dxl
1613
= m(8{ k; =81k [ie(B. k) +ieg (B ky) + Bhy(B.k ) = hy (B k)],

P tDL (B (x) B (0)a, w(0)| B)

1673
= m(8)! k; = 81 kp)[ie(B k1) —ieg (B, ko + Phy (B, ky) + hp(B,k L)),
dx,dx|

dx,d . )
/ L i) L (Bl B0,y ()| B)
/ 1673

TP HEDL (Bl (0), ; B ()| B)

vij
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= m@yLk; —5”kl)[—ié(ﬂ,kl)+t (k) + Bhy (B k) + Ry (B k)

Again, let us illustrate the derivation of the first of the above equation. After convoluting y and v, we need to prove that

1 —ifyx g il ) - pv
Tons | dXxdxee Pt EOL(Bly B (%), jy(0)| B)
1

T l6n / dx,dx) P HEDL(BIG B (x)y; — iB;(x)w(0)| B)

—imk;|e(B,. k1) +ec(By. k1) +ifh3(B.ky)|.
= mk;| —ie—ieg+ B hy — hp|(B.k)) (A.63)

which easily follows from equations of motion (A.43) and parametrizations (A.56). The rest of the equations (A.62) is proved in a
similar way.
For ¢, with one longitudinal and one transverse indices we define

1 2 i i _ 1
&7 s / dxd?xy e PHEDOL (Bl (xy,x ) [ B0, = 58, BCou 0]y (0] B)
1
= —(k; + 38k LBk )
12 / dx,d?x, P HEDL (BIGO)[B,(0)0,, — 2 g, B o 0w (x4.%,)| B)
1673 s 2
1
= —(kik; + S8,k )— LBk ) (A.64)
Next, we parametrize
L [ ax, d?x, emiPratitn, Blw(x,,x,)y;B:(x,,x )yw(0)|B (A.65)
* 1 x M LI R s A ]

1673
= [kik; +k2 ]flcw k)+ 2 [k (fL—ig) —28m> f3)(B. k),

o3 / dx,d’x) emPotitL <B|u7<x*,xl>B,~(0>y,w<0>|B>

= [k, + 1222 ]fm(/f K+ 2 SIS (L +ig) = 2pm f31)(B.k ).

1

= dx,d?x, e Pxs+itk) (BW/(O)}’,- B,(0)w(x,,x,)|B)

= [kik; +k2 ]flcw kl>+ L1k (FL +igy) - 28m> F31(B kL),

1 s . _ N
o5 dx,d?x) e PO L (Blg(0)By(x . x )y w(x . X, )| B)

= [kik; + K% ”]fmw K+ S (L = ig0) = 2m f51(6. k)

Let us prove the first of the above equations. Consider

1

—i i 2 _
Ton dx,d*x e iPxx+itkx), ;<B|W(X)B(X)PQP1W(O)|B>

k . «—
= 603 dx*dzx e~ iPxsHi(kx) (Bll//(X)[ v+ ieij?’jys +2i D, I’lx]W(O)|B>
-

= K3 1fL(B. k) +ig (B.k )] —2m* f(B. k) (A.66)

where we again used QCD equations (A.43).
On the other hand,

%(Bll/?(x)B(x)pzplw(O)lB) = Yy (B; +iBys)xw(0)) = w(x)B (x)yw(0)) =

ﬁ dx,d*x; e P01 (BIE B (x)yw(0)|B) = [K2(f, +igy) —2m* fpl(B. k) (A.67)
Next, y; B’ = 2B — By, so from the equation of motion (A.43)
L
1673

and we easily get

dx, d®x; e PHEOL (B (x) BOw(0)| B) = [k} f) — pm® 5 — m* fpl(B.ky) (A.68)
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dx, d? _ N
/ 7x16,,3xl TP (Bl (x)y, B (x)w(0)| B) = [K2(fy —igy) —28m>f31(B, kL)

The rest of the convolutions in Egs. (A.65) are obtained in a similar way.
Finally, we parametrize TMDs with integrated gluon fields as in Eq. (5.13) as follows

and

1 2 —i i s N
= E/dx*dle e Pt 0L (Bl (x) B, (x4, x P W (O B) = ki fi5(B k1)

——/dx*dle e Pt EOL (Bl (0)B(0)p,w (x4, X )| B) = _kiflg(ﬂskl)

L2 / dx,d?x, e P HENL (Bl () p, BOWOIB) = —k,f} (B ky)

——/dx*dle e iPxatille), (Blw(0)p, B(x)w(x,,x,)|B) = k;ftl*g(ﬂ,kl)

dx,d®x, ., .
/ TrE L b5t 11 (Bl (o) py PBCxyx WO BY = P fog(Bk 1)

8-
dx,d? o _
/ xg* L PHEOL (BIO)p, PBOW (xyx)IB) = P fog(fokL)
¥/
dx, d*x . )
/ 8*”3 = ¢ P HEDL (Bl (x)(2B) (O)p,w (O B) = m’ f3.(B.ky)
dx, d? . ) _
/ XS* L PN (Bl (0)(2B) (x)p v (xyx) )| B) = m’ [y (B.k L)
T
dx,d*x o ij
/ o PN (Bl 0p s T B e x WO B = 2 fig(B k)
dx,d*x, _. ik _ el )
/ o P Bl O 15 S B O (e )IB) = i frg(Pok)
dx, d*x . . ij
/ o PN (Bl 0p s B, O OIB) = 5Pk
dx,d®x; o B €l -
[ e Bl 015 S a5 W X 1B) = 0D
dx, d? o
/ ZxE L bt kDL (Bl (x) 6,5, B, (0w (0)| B)
873 iR

1 K &
a
= Kk —hyg(B. k) + = ==y + oGl kL),

dx, d*x : ;
/ *_3¢ omibxatiCkx) L (Bl#(0)6.5, B,(0)y(x)| B)
2 ol
! K2 g
= —kyky—hi(P kL) = —li[hlg+hzgl(ﬁ ki)

dx, d*x . .
/ —Sl e PtiOL (Bl (x) 6,5 B,(0)w(0)| B)

= kikl—h* (B k) +

K2 g
—l7”[ + 1B L),

dx,d*x o
/ L P HEIL (B (0)o,5, B (X (x)| B)

1 K2 gl,,
— gttt il _ LT *
= —kgky—h} (B.ky) 5 1 ¢ TGI8k )

dx, d?* —
/ I L (Bl (00, 28x )W O)|B) = Kimhsg(Bk,)
oS

dx, d*x . . _
: / S*Tsl emPtiOL (Bl (0)0, PBONW (x4, X )| B) = kymhsg(B.k,)

dx, d?
/ I L (Bl ()0, B2OWO)|B) = kimhiy(B. kL)
/)
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(A.69)

(A.70)

(A.71)

(A.72)

(A.73)

(A.74)
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dx,d? o R
/ "g L P HEOL (BI(0)0, BP(x, % )W (xyx)IB) = kmh Bk L)
¥/}
dx,d? o
/ =3 L P01 (B (x)0, By (g x DWO)|B) = kymiyg(Buk )
TS
dx, d L B
. / "g L PN (Bl (0)0,, By (O (xyax I BY = kymhyg(BLky)
¥/ Y
dx, d*x ) )
/ o P (Bl (00,3, O O)|B) = kymhpok) (A.75)
¥/

dx,d? I ,
/ I L (B 0)0, B (o X Wy x| B) = ymi ()
/)

As usual, the corresponding matrix elements for the projectile are obtained by trivial replacements x, < x,, a, < f, and p, < p,.
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