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1 Introduction

Particle production in hadron-hadron scattering with transverse momentum of produced
particle(s) much smaller than the invariant 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 i
e Z/dgbw @Dy s (wa, b, 0Dy p(xp,br,n)o(ff — X)
f
+ power corrections + Y — terms (1.1)

where 7 is the rapidity, Df/A(:U, z1,m) is the TMD density of a parton f in hadron A, and
o(ff — X) is the cross section of production of particle(s) X of invariant mass m% = Q>
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
g3 ~ Q? governed by the collinear factorization.

The significance of power corrections is twofold. First, they show up to what qﬁ_ 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 % % [7].

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 pr20duced particle(s) are defined by quark-quark-gluon TMDs

forming power corrections ~ é—é. For example, the symmetric DY hadronic tensor W,



defined as !

Wiula) 2W4Z/d4xe” ((04,PB U)X X1 IOV, p) + 10 )

—iqx

e pA,pBIJ (@) J,(0) + p <> vIpa, pB), (1.2)

has 4 tensor structures for unpolarized hadrons. Two of them are determined by leading-
twist quark TMDs while two other ones start from terms % and ~ =5 described by quark-

quark-gluon TMDs. Note that while % power corrections were known for more than two

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

In two previous papers [9, 10| I calculated such é—% power corrections and found DY
angular distributions at small Bjorken xp in the leading order in NLC In this paper I
generalize the results of Ref. [9] to arbitrary values of xp. As a result, the number of
relevant TMDs increases: for unpolarized 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 fac-
torization 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 Q 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

We use Sudakov variables p = ap; + 8p2 + p1, where p; and po are light-like vectors close
to pa and pp so that pg = p1 + mszz and pg = po + m—2p1 with m being the proton mass.
Also, we use the notations ze = z,p| and z, = z,p for the dimensionless light-cone “Toffe
times” x, = \/§x+ and x4 = \/gx,. Our metric is g¢" = (1,—1,—1,—1) which we will
frequently rewrite as a sum of longitudinal part and transverse part:

2
g = g/" + 91" = S (hrs +pop) + 91" (2.1)
Consequently, p-q = (apfBy + agBp)s5 — (p,q)L Where (p,q)L = —piq*. Throughout the
paper, the sum over the Latin indices 4, j, ... runs over two transverse components while
the sum over Greek indices u, v, ... runs over four components as usual.

Following Ref. [11] we separate quark and gluon fields into three sectors (see figure 1):
“projectile” fields A,, ¢4 with |5] < op, “target” fields By, p with |a| < o and “central

"Here pa,pp are hadron momenta, ¢ is the momentum of DY pair, 3 x denotes the sum over full set
of “out” states and J, = Y €f’l/_1f’yu’l/1f is an electromagnetic current. We take into account only u,d, s, c
quarks and consider them massless. In principle, one can include “massless” b-quark for ¢2 > m?



rapidity” fields Cy, ¢ with |a| > oy and |3] > op, see Fig. 1. ( For convenience, I call
hadron A by the name “projectile” and hadron B by the name “target”). Our goal is to

“Projectile” fields : |B| < o,

“Central” fields

“Target” fields : |o| < oy

Figure 1. Rapidity factorization for DY particle production

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 5 = 0 for the projectile

2

fields and a = 0 for the target fields. The corrections to this approximation are O(—)

m
Ops
and O(;”Tz) and can be neglected almost everywhere, see the discussion in Sect. 3.2.3.

In the coordinate space, the = 0 approximation means that projectile fields do not
depend on z, and o = 0 means that target ones do not depend on z,. 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 14+ p.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

Wiw = amy

i [t S [danenn(an) paldatnlpa) [ 42, (oalbn() pn). (22)
m,n
where ¢, 5, are coefficients and ® can be any of the background fields promoted to operators
after integration over projectile and target fields.

In general, solution of classical QCD equations with projectile and target sources is a
formidable task which still awaits its solution. Fortunately, as demonstrated in Ref. [9], at
our kinematics we have a small parameter Zgig < 1 and it is possible to expand classical
solution for central fields in powers of this parameter. It is convenient to choose a gauge

“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]



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 ¢ = 0,9 — i A,
% Dp= 0,0 + b A, and Fyy, = 9,4, — 8,A, — i[A,, A).

As demonstrated in Ref. [7], the expansion of classical quark fields in powers of pi / pﬁ
has the form *

U(z) = Uyi(z)+ Vao(z) +..., (2.3)
Whel"e(PL_aL—FAl—}—BL)
= =/ = _& 1
Ya+Ty, T1 = E+E, E = B, —1a,
S o+ 1€

a—ie/ s
=/ (B NP1 h Py Py h
-t _wA<B ze)? ?w B<B—i6PLa—ze Q@ ZEPLﬁ—ZE>
Uy = ¢Yp+To, T2 = E2+E; Ep = _%ALBiied)B

= ) (Gl ) A
1 ) pl

Li

Uy = Ya+7T1, Ty = S+, Zp = — (1!135

EIZ - _JJB(a A )% 21/] A( pliePJ‘ap—Qie—i_ Zé P pl ) (2.4)

—i€)/ s a—ie — [ —ie

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

! Ya(ze,x1) = —i/x.d$/. Ya(xy, 1),

o+ i€ oo
(Pa =) aman) = i dol Balata) (25)

and similarly for ﬁ For brevity, in what follows we denote (Yal)(z) = (Yaz)(2)

and (1/33%)(3;) = (&Bﬁ)(a:) Similarly to Eq. (2.5), more complicated expressions for W
should be read from right to left, for example

- Pry Py, Py pl) / P Pryp Po  Pay Py
Op 2,02p 11 = [d Op 24 0p 11 2.6
¢AJB(5PLQ+QF’L5 (z) Z¢A(2)B(Z)(Z\ﬂ}b¢a+QPLB|CU) (2.6)
3Throughout 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. Eqgs. (9.11) and (9.12).
4The corresponding expansion of classical gluon fields is presented in Ref. [11], but we do not need it

here.
®The relevant expressions for Z;, =} from Ref. [7] are more complicated than those of Eq. (2.4) but the

additional terms are shown in Sect. 5 to be negligible.



with a — e and 3 — ie in the denominators. Here (z|f(p)|y) = (27)~¢ [d¥pe=P==Y) f(p)
are Schwinger’s notations for propagators.

The contributions from the terms =;,Z; were calculated in Ref. [9] in the oy, 8; < 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 Q? > ¢%: 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

Wuu(fc) = Nc§<A,B|JM(x)J,,(O) + > v|A, B) (3.1)
so that
Ww(a) = (2;')/42]\@ d*x e_iquW(:L‘).
— (27T)14Nc/dx.dm*d2m_ o i0qTe—ifqm.ti(qx) L Wm/(x)- (3.2)

Hereafter we use notation |A, B) = |pa, 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

Wle) = [ @oy 02 W,(aq. By ), (33
1 . .
Wi (g By 1) = (2@4/ dvadz, €004 BI.J, (70,54, 51)J(0) + 1  v]A, B).
After integration over central fields in the tree approximation we obtain

1
W(z) = NCE<A’ B|J,(ze, Ty, z1)J,(0) + p <> v|A, B) (3.4)
where

Jt = Jh+ T+ Thg+ Jhas
Tho= N epUlyrw], Jhp = > e ufyrw] (3.5)
! !
and similarly for Ji; and J% ,. Here (A, B|O(¢a, Ay, ¥B, Bu)|A, B) denotes double func-
tional 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), (¢) comes only from product J% z(z)J% 4(0) (or
J5 4(2)J% 5(0)), while power corrections may come also from other terms like J% (x).J%(0).



However, as demonstrated in Refs. [7, 9], at leading-N. power corrections come only from
Jhp(@)J54(0) or J% ,(x)J% 5(0). Since these contributions are diagonal in flavor, we will
perform the calculations for one flavor of quarks (with J, = 97,¢) and will write down
sum over flavors only in the final result (7.1).

3.1 Leading-N, terms from J% (z)J% 4(0)

With our é, leading- N, accuracy we get from Eq. (2.4):

Jhp(@)Jpa(0) + 20 = Ui(x)y"Uy(x)¥2(0)y"¥1(0) + 20 + ...

= [(Wa+T1)(@)vu (¥ + T2)(@)][(¢¥5 + T2) (0)1 (Ya + T1)(0)] + z 0

= [Pa(@)us(@)] [¥B(0)7,14(0)] (3.6)
+ [(E1 + 2D (@)u8(2)] [¥B(0)7,04(0)] + [Ya(x)vu¢5(2)] [1/33(0)%(~1+~1)(0)]

+ [Ya(@)ruts(@)] [(Z2 + E5)(0)7%94(0)] + [a(2)7u(Z2 + Z5)(2)] [¥5(0) 194 (0)]

+ [E1(@)18(2)] [¥B(0)1E1(0)] + [a(2)7,Z2(x)] [Z2(0)7,14(0)]

+ [E1(@)y,¥8(2)] [22(0)7,14(0)] + [ a(x)y,E2(x)] [¢B(0)7,E1(0)]

+ [E1(@)7.B2(2)] [¥(0)7,04(0)] + [a(@)vu¥p(x)] [Z2(0)%,E1(0)] + = 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 from the first term in the r.h.s. of
Eq. (3.6). Using Fierz transformation (9.1) one obtains the quark-antiquark contribution
in the form

Wii(z) = %([@A(Jfo,m)wiﬁB(fchxl)] [VB(0)%Ya(0)] + p < v) + 20

— I [avallBpys) + [Barstal[0Br50s) + [Paratalibers)

+ [Yavavsal By 598] — %WJAUQ%A] )

B % ([Wayutoalldpris] + 1o v) - %(WAW’YWA] [y Y5YB] + 1 V)

b o ([Ba0vatal[E50,0v5] + [BacuatalBpouats]) + o 60 37)

where the arguments of the fields are the same as in the l.h.s.. From the parametrization
of two-quark operators in section 9.2.1, it is clear that the leading-twist contribution to

5As demonstrated in Sect. 6, the terms coming from expressions with one Z;,Z; and one Z}, E. are
negligible in our approximation)



W, (q) comes from

1

(g™ — 5357 — 835 a1t (0] 0y () 39
b oo (5207 + 8207 — 509°) [Fa @00 aO))F5(0)7 V()

¥ o (g — 8307 — B39 [Ba (@) a OB 01505 )]

— L [Pa@aO)][p(O0)s@)] + <0

B

With the leading-twist accuracy we can replace 5 — %plupg, 50— %pg,/pl, gP — %pgpﬁ

1>
and get

Wi = égiy([%(@%w(o)][%Z_)B(O)zﬁﬁbB(w)} + [Pa(@)p, 1504 0)][¥5(0)p, 1595 (7))

b 5 (910 + Gy — 998 Pa (@) 4O 00 (x)] + 7 0 (3.9)
where ngW = %(pmpg,, + p 1/) and gij =G — gﬂy.

As mentioned above, the dependence of ¥4 on z, and ©¥p on x, is very slow so at
the leading-twist order we can replace ¥ 4(x) — ¥ a(ze, 21 ) and Yp(z) — Yp(ze,z1 ) (the
corrections will be considered in next Section).

Next, after integration over background fields A and B we promote A, ¥4 and B,
¥p to operators fl, zﬁ 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 = 0 (e, 2 POV AGOP ez )i+ (B © P, © pyrs ©py2s) (311)

1 - -
+ 5 (GG + 959 — Ga9e) (P (@0, 20 (O A (0)0 (@, z1))p + 7 2 0

Hereafter we use notations (O)4 = (pa|O|pa) and (O) 4 = (pp|O|pp) for brevity. The
corresponding leading-twist contribution to to W), (¢) has the form [13]

1 . , . .
Wity(aq,ﬁq,qﬁ = 1671-4]\7/d$'dx*d2xL e_qu‘_zﬁqm*ﬂ(q’zﬂW},E,(CE)
1 _ _
= N/d%( — g [ileg k) (B ar — ki) + Filog. ko) fi(Bgr g — k)]
1
= [k (a = k) + k(g = k)i + o (kg — k)]

x [hi (agq k)Rt By ar — ki) + hi(ag k)R (Bg L — k:g]) (3.12)

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

(paltb()1.(0)[pa) = (palt(x)yul[z, z — cops][z — copz, —oops][—oopz, 0]1(0)[pa),
(pB|Y(@)7uy(0)lps) = (pelY(2)yulz, T — copi][z — cop1, —oop1][—ocop1, 0]¥(0)|ps) (3.10)

where [z,y] = Pexp{ifo1 du 2" A, ((uz + (1 — u)y)}, and similarly for other matrix elements.



To compare with general formula (1.1) we need to identify oy = x4 and 8, = xp. To avoid
confusion with coordinates, throughout the paper we will keep notations o, and fq.

3.2.2 Types of é power corrections

Let us outline power corrections calculated in this paper. As I mentioned in the Introduc-
tion, only leading-N,. power corrections up to é will be taken into account. Specifically,
this means the PCs

2 By 2 2
v e 4,9, my v my

NW,,(q) ~ g [1—1——], [1—}——}, g [O—i——}, 3.13

c Hl/() s QQ mi QQ | Q2 ( )

Loy Loy Loy pélp'f pgpg
@(pquer—W), @(pgqﬁrw—W), @(plqptuﬁu), o o

. 1 . : 1 2 2 2
Among those, corrections ~ p/ 72qi are of order o} while the rest is ~ LR Here m? ~ ¢7,m*.

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? = agfBqs — qi but keep track in our
formulas so they are correct both at s ~ Q2 and s > Q2.

Let us also specify the terms which are not calculated in this paper. Roughly speaking,

m

they correspond to terms in Eq. (3.13) multiplied by extra power(s) of o or by extra

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

Our strategy in the next sections is to compare a certain term in W;w to terms in Eq.

3.2.3 Power corrections due to quark-antiquark TMDs

As one can see from parametrization in Sect. 9.2.1, 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

'(/J(x) = w(xJ_vx070)+w*§Dow($L,x.,0) + .

P(z) = w(m,x.,O)er*%@E De (21,70,0) + ... (3.14)

for projectile matrix elements and

Y(z) = lﬁ(fﬂbow*)+x.§D*1/J(5L’L,O,x*) + ...

Y(x) = P(x1,0,24) + w*ziﬁ B. (x1,0,24) + ... (3.15)

for the target ones.
Let us show that second terms in these expansions are ~ & To this end, note that

Do ~ Bprojs < ops. As discussed in Ref. [12], the natural scales for rapidity factorization
a3 a3

outlined in Sect. 2 are o), ~ a—:s and oy ~ ﬁLs Adding estimates x4 ~ aiq, Ty ™~ ,8% we get
2 1 qi qi

Ty—De ~ —0ps ~ ~ == 3.16

st ag ¥ aqfqS Q? (3.16)



for the projectile and
2 1 2 2
Te—D, ~ —oys i 4L

s

Bq - agfqs - Q?

for the target matrix elements. This means that no further terms in expansions (3.16),

(3.17)

(3.17) are necessary and moreover, the only place where we need these corrections is the
leading contributions (3.9).

Before expansions (3.15) it is convenient to use translational invariance and make a
shift in Eq. (3.9)

- 1 _ . . - . .

Wi = bl o I (= 5N (= P 5o
1

+ (P, @ P, © P15 @ PLYs) + S—Q(gjgg,ﬁ7 + kgt — gh98)

X @(ﬂc., T, %)g*5¢( — %)M@( _ %)U,"#J(x*,al, %»B

T (ORI PR T P sy
= Wy — ?;[w*<w(x.,xL)p2 De $(0)) A (W (0)p, ¥ (2s, 1)) B

+ 2a (B (e 21 )Py (0)) 4B O0)p, Da Y(waz1))5 + (B, @ P, < P15 @ prs)

— o (G50 + 00 — ) [p (a0 8 Ba 0000 4O, 21)5

+ @a (W0, 21)0, 5 B(0) A(B(0)7 D bl w1))p] = Wit + WP (3.18)

Here

D(we, 1), Do $(0) = P(wa, 21 )P, Dath(0)) 4 — B Da (e, 21 )p,0b(0), (3.19)

and similarly for other terms. Using parametrizations (9.54) and (9.55), one easily obtains

1 —iagTe—iBqx«+i(q,x I
Wﬁ(a%ﬂqaqj_) = 167T4Nc/dx'dx*d2%‘ e tame —iBqmeFila, )LW}L(:J:) (3.20)
= 2 2k, {m2gt ki) fi —k Rf, ki) fi —k
— SN 1ym gyy[ fD(aqv L)fl(ﬁquL L)+ fD(aqa l)fl(ﬁqqu L)

+ filog kL )RFD(Bgqr — ko) + fi(og, kL )RfD(Bg, a1 — k)]
+ [k (g — k)i + ki (¢ — k)ir + g (kg — k) 1]
x [Rhp(og, kL)WY (Byq — kL) + Rhp(ag, kL)WY (Bg qr — kL)
+ W (g k)RR By a1 — ki) + 15 (0g, k)RR (Bgy 41 — kL)}}

where f1(8g,q1 — k1) = 3%(1]?1(/3(1,% — k1) ete.
As was mentioned above, for the rest of é corrections one can neglect the dependence
of projective fields on x, and target ones on x,. Using parametrizations in Sect. 9.2.1, one

8The author is indebted to A. Vladimirov for clarifying this point.



obtains for quark-antiquark contribution (3.7)

Wiy, Bya) = s [h{ = S+ i) (3.21)

k(g — )y + Ky (g — k) + g (kg — K) L f + FLfi)

+ (kypow + kypo )AL fi + FLfil + [(a = k)upw + (0 — B)yprd {fife + ffo)}
2 2

+ ﬂpmmy{ﬁf?’ + fifst+ %pzwzu{f?’ﬁ + fsfl}}

+ [(g,‘ly G kg — k)L — k(g —k)y — k(g — k) g g+ 9"} —mPgufee + ée}
55 (G + ki (g = R)y + k(g — R)) (A bt + Bt i} +m? (g5, — gll,) {hh + Rk}

+ (Krpw + kypra) {hih + hih} + [pau(a — k) + pav(a — k) [{hhi + ki)

¥ (kg — k). [pupn (b + b} + poypn (b + R i)

- §m2 [(kya = E) 1 (g + Ky (a — K)y + Ky (g — K)y [ {hghy + %hé}}

Hereafter we use the notation

{fifo+ [ifo} = filag ki) fo(Bgar — ki) + filag, ki) f2(Bg, g1 — ki) (3.22)

so that the argument of the first function is always (o, k) and that of the second is (84, g1 —
k] ), similarly to the leading-twist contribution (3.12) which we included for completeness.

4 Terms with one quark-quark-gluon operator Z; or =;

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

= sym _p,v

1 (1 i (1 ¥ (2 i7(2b i (2¢
W W+ W)+ W)+ WE + w4 w20 (4.1)

where leading-twist terms without gluons (quark-antiquark TMDs) were considered in pre-

vious Section, and

W) = (A, Bl[Bal@) (@) [55(0)751 (0]
+ [E1@)05(@)] [P 01a0)] + [a()7.5@)] [F6(0)a0)]

+ [@A(x)’yﬂwg(x)] [52(0)71,1/1,4(0)] +uevlAB) + 240 (4.2)
(1) Ne - -
Wi'(z) = — (A, B|[¢a(@)yp(2)] [¥5(0)1,Z1(0)]
+ [Z1@)7B(@)] [0B(0)11a(0)] + [$a(x)y,E5(2)] [¥5(0)7.14(0)]
+ [a(@)y,¥5(x)] [25(0)740a(0)] + 1 ¢ v[A,B) + 20 (4.3)
and
W) = 204, BI04 Z0)] [F5(0Z10)]

+ [E1(@) 1 (@)] [22(0)%94(0)] + < v[A,B) + 240 (4.4)
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Wﬁb) (z) = ?C<Av B|[¢pa(z)y,B2(2)] [22(0)7,¢4(0)]
+ [E1(@)vuvB(2)] [¥B(0)7E1(0)] + p <> v[A,B) + x40 (4.5)

W) = 2504, BI[E: (@0)=a(0)] [F(0) 1A (0)]
+ [Balean(2)] E20WE: (0)] +1 65 VA, B) + 2650 (4.6

The corresponding contributions to W, (¢) will be denoted Wlsll,), Wﬁ/), Wﬁ)a, Wﬁ)b, and
W,S,%)c, respectively. In this and next two Sections, I will consider these contributions in
turn. Whenever possible, I will refer to calculations 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 =

Let us start with the first term in Eq. (4.2). The Fierz transformation (9.1) yields
é[?ﬂA(w)’VmB(:v)] [VB(0)7,21(0)] + per v
= 2 Wm%w’%wi(m] (BB 0w ()] — (5 @ v < 50k ® 1s9h )
+ %(5355 + 0908 — g g®?)

x { [} (:U)'ya%'y%w’ix(())] [PBBI*(0)7595 ()] + (Ya ® Y5 € Va5 @ V575) |

1 a fo! 1 a 7,m ﬁ 11 7 RN m
= R0+ 050 = Souwg ) 05 (2)00e 2y S (0] [DEBI* (0)o v (@)] (A7)
where we used Eq. (2.4) £1(0) = —%éfyiBi%wA(O). To save space, from now on we use

the notations Ay(x) = A(z)y(x) and Y A(x) = ¢(x)A(z). 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

Wi(z) = %(A,B![@A(ﬂc)w%s(fﬂ)] [V5(0)1wE(0)] + e v[A,B) + 20 (4.8)

. . 1 (e
= guU(@) + (530 + 830, — 9ung U (2) + (367 + 58] — S0ug™ )0y ()

where

000 (w) = o [y O AGBO@]) 5 — (B(0) © Y(r)  15(0) ©15(2)]

+ <0
T09(@) = 1 (B - 6(0)) BB O ysih(a) 5

+ (¥(0) ® ¥(z) < 151 (0) @ y5¢p(z) + a <> B] + x4 0 (4.9)
U8 (@) = — (15 (B(@)ouchr’ H(O)AGB O)ofb@)s +a ¢ 6] + 70
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4.1.1 Term U1

It is easy to see that

Ul (z) = 55 2{ ) Py’ w< ) A(¥B;(0)h(x)]) A
— (®(0)® ()H%W)®%W@}+$HO
= @( )Owi— w< )) A([B;(0) + iBiys (0)]ih(x))a + x4+ 0

where we used formula
04i @ B — 0,75 @ Blys = 04 @ B’
Throughout the paper we will use the notations
Ai= A +iliys, A=A, —ildiys, B;=DBi+iBys, B=DB;—iBns
From formula (9.41) and parametrization (9.58) from Appendix 9.2.2 we get

Uvl(q) =

2 —ioge—iBqrx+i(g,x) L 77(1a)
671N, /dx*dx.d T e Uv ()

1 < oy
= _ZquSNc/d2kl (k‘,q—k)L{hf‘ec-i-hf‘eg}

4.1.2 Term Uc(yrlgb)

In this section we consider

U (@) = 15 (0@~ 9 O) AP B O s ()) s
b)

+ (9(0) ® () © 159(0) ®158(x) + a e B} + x o0 = Uin)(z) + Ul

Let us start from the first term in the r.h.s. of this equation. From Eq. (9.18)

0@ = T {B@hasnis b))
< (0B'(0 mw Np + [0) 8 %) & 15(0) @ rle)} + oo

= L @, 200 4T, Bal 0@ — Zpapas (B0

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(x < 0)

(4.15)
B

X @B(O)Zﬁﬂ%( ))B - gmapzﬁ(@(@’Yﬂs$¢(0)>A<1/;B(0)¢1’Yi751/1(33)>3

¥ 2o () O ABBO o, (@) 5 + a5 ),

- 12 —



From Egs. (9.45) and (9.65) we get

Ulap(a) =

AL / di,ded?e ) e~ oms—Parti@a)l (10 ) (4.16)

1
1674 N,

S /koL [(q — k), pagfi(ag k)i — Bo(FL —ig.0)](Bgy a1 — k1)

2045

— fi(ayg, ]ﬁ_)flG(Bqa qL— k1) [(q —k)alg—Fk)g+ (¢ — ]{)i‘%%ﬁ]

- gifa(aq, k1) [(q - R)2(F +i9) — 28,m° 5] (B s — ko)
+ %mang(k,q — k)L [fL +ig1) (g, k1) (fi- = BlfL —ig0)]) (Bgs a1 — kJ_] + aef
where for brevity

[leJ_ - ﬂq(ﬁ_ —i91))(Bg,qL — k1) = ]Flj_ — By (]FJ_(ﬂqa qL — k1) —1ig1(Bg g1 — kJ_)) (4.17)

and similarly for other terms here and throughout the paper.

Next,
~(1b ~(1b
Ugag(x) = U2z > 0) (4.18)

12 (B0 s~ 9@ 4 DB (@) ()5
+ (¥(2) @ P(0) ¢ 1Y (2) ® 151(0)} + a < B
= {(B(O)p, @) Al Bal@)b(0)5 + 2paaprs (GO (@) 4GB G0

' %pzamﬁ@(O)mw(w»A<¢B(fv)¢n 5(0)
~ 2o ) A FBE@P 0 O 5 | 15

+ a+ p
Qq

Now, from Eqgs. (9.65) and (9.47) we get

Usag(a) = [ o, e it g0 o)

167r4N

1
- 2aqu /d2lu — fi-(ag. k1) fic(Bg ar — k1) [(a — k)& (a — k)F + (g — k:)iw%ﬁ]

gaﬁ 995 FL (g k1) [(q — B)2 (F — ig) — 28,m2f3] By a1 — kL)

+ %pzapw(k,q — k)1 (fL—ig1)(ag k) (fi — BalfL +i91](Bgrar — k1))

+ (¢ — k)aJ_p2/3f_1(aCI’ ki)[fi — Be(fL+i91)](By, q1 — kl)} + ae f (4.19)
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Finally,

16 1 —iagte—ifqzeti(g,z) . (77(1b 1b
Uy (q) = T / du,daed?a ) e omemiPurti@a) () (1) + UL (x))  (4.20)

- Qaqlch/koL{(q - k)%p%{fl[f_l — Bg(fL =gl + filfr — By(fo +igo)]}

— [(g—K)alg— k) + (¢ — ) ]{f1f1G+ fific}
1
— 22 (g = WAL +ig) + AL —igl} — 26m* A fs + A}
+ %pzam,@(k" q—k)L [{[ﬁ +ig )i+ [fL—igulfi}
— B{lfL +igL]lfL —igu] + [fL —igu]lfL + igL]}}} + ae

where we used notation (3.22).

4.1.3 Term USBC)

Next, consider

U8 (@) =~ 5 [(0()ach o OV AGBO0 05 + 00 6] + x50 (421)

From Eq. (9.8) we get

10 @)io0o VO AWGB O)o £ 5 + a e

= {00 0 (0) A@Ba(0)0], w05 +i(5(2)va, ~0(0))a

X (5B, — B)OW()5 + —p2ad(0)a, ~0(0)) 4G BO)p, w(0)) 5

U(x) =

_ _ 4i _ _

+ 2 pap2a(2) -V (O) AW BOP, B} 5 — P22 (0()70n ~0(0)) AGBO, () 5

+ %(Plapzﬁ + p2ap1p) @(m)tfﬂéiﬁ(o)m(@Bi(o)@.l/f(fr»B} + aef (4.22)
where we used the fact that

((0)[Bi(0)as; — Bj(0)asilto(z))a =0 (4.23)

for unpolarized hadrons. Next, from Eq. (9.62) and Eq. (9.59) we obtain

Ufa)a) = 167r14Nc / dydad?s ) e=io0me i @D (09 () (4.24)

= 20zq18NC'/d2kl [(k‘, q— k)Lgi‘ﬁhf(aq, ky)[ie —ieq + ﬁqﬁé‘ + BD](ﬁq, qL — k1)

- pwkiﬁhﬂaq, k) [(q = k)3hi +m?By(ie + 1)) (Bg a0 — k1)

2 . - _ T
+ SP2ap2s e(ag, ki) —ilqg—k)3hi + Bgm?*(€ — ih)](Bg a1 — k1)

2 - e T
+ gmamﬁh(aq? ki) [(q - k)ih% + ﬂme(ze + h)] (Bgrqr — k1)

2 7 7 7 .=
- g(pmpzﬁ + p2apig) (ks g — k) 1hi (ag, k1) [Bhy —h — hp —iéc)(Bg a1 — k1) +a <+ B
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Now consider

U@) = U 00) = 45 W0O0)ioacon ()4 B (@of6(0)p + a b

= {000 0@ AT Bal@o (O +i(F(O0)0a, () a

X (B3, — B) (@605 + —paa((0)ma, ~ () 4GB, Y0}

+ 2 Do {B(0) -9 DB 0(0)) 5 — gpreps (D(O)ws () 4GB, (0) 5
+ 5 (prapas + 22aps) (F0)s () 4GB @)raat ()} + a6 5

where we again used Eq. (4.23) for unpolarized hadrons.
Using Egs. (9.62), (9.63), and (9.59) we get

1 1 —iagTe—ifqT«+i(q,x 5-(1
U2(acﬂ)(q) = 167T4NC/alx*da:.dQZL‘L e~ 1aTe—ifqzitilg )LWQ(aCﬁ)(x) (4.25)

1 . = . .
— 5 /koL [ — Z(k;, q— k‘)lgi‘ﬂhf(aq, kL)(e +eq + Zﬂqhé‘ — ZhD)(ﬁq,qL — kL)
agsN

— kipw%/’#(aq, k1) [(q— k)3t + Bym?(h —ie)] (Bg.q1 — k1)

N p2a8pzﬁl (g k1) [(q = k)2 ht +m?By(h —ie)] (Bg, a1 — k1)

2 - .
+ ~paapashlag, k) [(a = k)1hi +m?By(h — ie)|(By a1 — k1)
2 - e
- g(plap2ﬁ + p2apig) bt (g, k1) [Bh3 — h —iée + hp] (BgrqL — k1) + a < B

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

(1c) _ 1 Ao daed? —iorgme—iBqzsti(g,x) L 7(10) _ 1 19
Uys' (@) 167T4N/ Tydred x| € Uyp’ (@) 2agsN, (4.26)
x /d%@{ — k)19l ({hf[ié —iEG + Bght + hp) + hi[—ie —ieq + Bght — hD]})

(¢ —

~ paaky (F— )i (Wbt + it} + By ([ + i) + T [h — ie]}) + %pmng

% ((a =03 {[h = ielht + [a+ ielht} + Bm®{[h — iel[h + ie] + [b + ie][h — ic]})

— glsh,q = ) (B (BRG — b — i — hp) + Bt [8ht —h—iéq +hol}} + a o B
Term with W5~ (q) is given by the sum of Eqs. (4.13), (4.20), and (4.26).

4.2 Terms with =i, =, and =,

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

{ [z e Erarn@] [Ba0)na0] }
= /dw e [P a(x)np(x)] [¥B(0)7,E1(0)] (4.27)
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we see that effectively addition of the term W‘(Lll,él)(q) doubles the real part of Wﬁa)(q) SO
one obtains

- = 1 . . . . 1= (15
1Z21+1= _ 2 —iagTe—ifqx«+1i(q,x 1= 1=
W/g,, 112D () = 1671_4N6/dx*d95.d z) e taTe—iBmti(a,z) L [W/ﬁy () 4 W;(w 1)(00)]

1 —tagTe—1Bqxx+1i(q,T NC n n —
= 167T4N6/d37*d90-d2$L e iarame—ifgmtila, )L?(<AaB‘ WA(?U)’YMﬁB(x)] [1/13(0)%51(0)]

+ [E1@)p@)] [bpO0)0eaO)] |4, B) + pov + 26 0) (4.28)
= 9w [019(0) + U (@)] + (0587 + 3567, — 9.9"”) (U35 (@) + US5 (@)]
1 - C & C
+ (050 + 058 — S0wg™) [U55) (@) + UL (a)]
2

— aquc/koL {(k, q— k)1 guihiSée + hiSég}

+ (g = k) pow + = VI({fifi + fifi} = Bl ifL + fifi})

— [a- B —R)E +u e v+ghla—kA{ARRe + ivhe})

+ gl [(a = LA+ fifi} = 28m*{fufs + Fufs} + m*(iRFD + fiRfD)]

+ épzupzu(k‘, q—k) o ({fLfi+fifiy =Bl fifo+ fifi} —Bl9rgr +319.})

+ 19— 9l (b, q = k) L (284 {hi by + hi g} — {hih + hih} + {hi Sée + hi Séa})

T _
~ okt ok (DL R 4+ Bt hEn))

4 _ _ _
+ ~poupa[m*By{ee + e} + (q— k)% {hhi + hhi'} + Bym*{hh + hh}] }

where we used eg + ég = €, see parametrizations (9.56) and (9.58)

Next, the term with =2 can be obtained by projectile<+target replacement

p1 <> D2, Lo <7 Ty, Qg <> /qu kJ_ < (q - k)J_ (4'29)
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so we get

S, 1 . . . s = o

Wéi:Q—&-l:Q)(q) — 1671—4]\7/dl‘*dx°d2xl e—zaqx.—zﬁqx*-&-z(q,ach[Wl%:z)(l,) + Wéi:ﬂ(x)]
1 —i0qTe—1BqTx+1i(q,T Ne " = n

= Toni / dr,dred’s) e "*ams = Fartile )L?(<A,B\[¢A(x)’m:2(x)] [¥5(0)7,44(0)]

+ [Ba@)np(@)] [E2(00nbpO)]|4,B) + perv + z60) (4.30)

2 > —
"~ BysN, /‘mﬂ {("%q — k)19 {Séchi + Séchi}
q c

+ {[k}uplu +p e v({fifi + fifi} —og{fLfi+ FLfi})

— [kky +p v+ gﬁuki]{%,}glcfl +Rfich}

+ b AR+ FLAY = 200m® (s fi + S i} + mP{(RFpf1 + Rfpfi}]

+ %Plupw(k q—k) [{AfL+ fifi}—ag{fifi+fifiy—a{9igl + 3191}

+ (90 — 9l (kya = k) L (20 {hg bt + hyhi} — {hhi + hhi} + {Séahi + Séchi })

K2 _ _
— [p1ulg — k)y + pru(q — k)] (m%{hfhf + hihi} + ag{hhi + hh%})

4 _ _ o
+ —pupr [mPag{ee + e} + K {hi h+ hi h} + agm?®{hh + hh)] }

5 Terms with =’

)

[1]

=L

or

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

5.1 Terms with =)

We start from
W () = 5 (A Blga@)rn (@) [F5000Z50)] + per w4, B) + a6 0(5.1)

where = can be taken from Ref. [7]

2 = h e %iﬁ + = (pllb P2+}”2PLZ;1>%B%A

82752%3*;1/% + = (B*% + Ao i )BﬂﬁA (5.2)
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First, note that the term A, in |, and A, in the last term can be neglected at large N..
Indeed, after separation of color singlet contributions

(A, B|(W5yE) (WE A BIYE) A, B) = (A, Bl(WK AT WE) (Vi B'wE) A, B)
= <A Bl (AR (g Bpp) A, B) + i f**(A, BIAS B (5 R) (05 (t)mnt0 )| A, B)
= ﬁ<wAAu¢A>A<¢BBu¢B>B + 20 f (P, ASYR) a (VB T, 9 BIVE) B

T ]36fabcwszzw’m<w$t;132¢53>3
= Ni@AAM¢A>A(1/;BBu1/JB>B + 20 2 (AL u(Pat@iha)) a(BE(bpttipp))p
+ ]écf“bC<Az<wA¢A>>A<BZ<wBtC¢B>>B

_ _ abc B B
= ]3fc<wAAM¢A>A<¢BBV¢B>A + 22’NC2 7 <(¢AAj¢A)>A<¢BtCt“B§’1/}B)B
1 _ _
- WWAAMZ’AMWBBMZ)BM (5.3)

so effectively =] reduces to

—/

=1
- pl 1 73 Zlipa+ = (Zﬁl PB% pQPBpl) VB4 — ;22¢2p13*¢A+ S%¢2B*BJ_%T/}A
i 1 2 1
= - {1’7 ?1/1,4 - @PLBLawA + 8*2}?23*%1_?1/}14

1 1 By 1 2
+ b [gapL]_ade - ?P2¢13*¢A
where [%, PE] _ is a commutator and PZ.B =10; + B;.
The Fierz transformation (9.1) yields (cf. Eq. (4.8))
1= N, 0 n —_
Wi @) = 220, Blga @y @)] [500Z10] + o 4, 5+ 0069

= GuT(@) + (507 + 050 — g™ VTS (@) + (0353 + 6367 — S0,00°*) 0L (@)

where
UFD (@) = (4 B| — S° ()2 (0)] [F50)s()] (5.6)
QLMA(UC)%%( )] [¥B(0)ys¢B(2)]|A,B) + x 0
089 @) =~ 224, Bl [fa@aZi0)] [#50nsvs()

+ [Ya(2)7a75E1(0)] [1,173(0)75751#3(%)])\14, B) + a8 4+ 260
UC%C)(:E) = %<Aa3|[¢_’fl($)0a§5,1(0)} [&B(O)UgglﬁB(w)ﬂA,B) + a8+ 1240

Sy X 4
First, it is easy to see that U(1'®(z) is ~ gw% or less.
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5.1.1 Term U1

From Eq. (5.4) we get

Y = — (A BI[0a(0)10Z1 (0)] [$50)s0n(2)] 65.7)

+ (¥(0) ® ¥(z) > 151(0) ® 150 (x)) |4, B) + o > B+ 2 <> 0
T A BITan(p T+ P

;qsm([;,mﬂw) 2? B.B) (0)04(0)] [06(0)y505()]]|A, B)

+ (¥(0) @ Y(z) <> 159(0) @ 150 (x)) + a > B+ (x> 0,0 > —ag)

(in the few fromulas involving B, the notation B still means Bi’yl-). Let us demonstrate
that the terms in the fourth line of the r.h.s are negligible. First,

;73[&/‘@)%‘? 2P 1([;’ PL]_B = 2B.)(0)94(0)] [05(0)359 ()] (5.8)
= ot (P4 (5, PE1_B —2B.)0)a0)]

2paalDalolp, (5 PF)_B ~ 2B.)000a(0)]) [95(0)y505(a)

2
If index [ is transverse, the first term in the r.h.s. is ~ qiqé% (after Fourier transforma-
4
tion (3.2)) and the second is ~ pgaqﬁlm—%. If the index f is longitudinal, the first term is

2 4
~ qépgg TZL and the second is ~ paapas—3 so all these terms are negligible in comparison
to those in Eq. (3.13). Second,

3 DA, BBO)EA0)] [Fs(00n(@)] = 5o ([Fale)re p, BBOAO)]
+§pza [&A(x)plsz*B(OwA(O)]) [45(0)v595(2)] (5.9)

2
Again, if index 0 is transverse, the first term in the r.h.s. is ~ qa a3 % and the second is
~ pgaqﬁ 3 , and if the index 3 is longitudinal, the first term is ~ ¢z pgﬁ and the second

4
is ~ pgapgﬁsT, so all these terms are negligible in comparison to those in Eq. (3.13).

We get

Uigb)(x) = 124 B\([ Al )Wazél Bi4(0)] (5.10)
- [Pa(e1a PLBOAO >})[«zB<o>wB<m>]|A, B)

(0) ® Y (x )<—>75¢( ) ®50(x)) + a4 B+ (T 0,04 ¢ —ay)

(
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Similar analysis shows that the only non-negligible contribution is ~ pl‘;#

so separating
color-singlet contributions we obtain

UL = ] (Dala)pypr 0a0))(0n( 5B O)p,vn() (5.11)
¥ qu<wA<x>p2mwA<o>>)<w3(;Bz-)< Wy (@)
+ o Bap Y Ba0) X (Ta(PP B Oy vs(o)

+ ((0) ® P(x) & 1P(0) @ 1(x)) + @ & B+ (z 0,04 ¢ —ay)

Using Eqgs. (9.16) and (9.17), we get

0" = e () "¢<0>>A<z,z7éa<o>p1w<x>>3+;qw?(w)mw(o»A
ij

x (VB (0)p,(x)) B + CT< (2)p,1(0)) a @Zﬁl(%ﬂL%%‘%)(UW(?ﬁ»B}
+ (¥(0) @ Y(z) < 159(0) @ v59(2)) + a 3 B+ (z < 0,0 <> —ag) (5.12)

where we introduced the notations

1 T
B(enay) = g Bilewas) = —if dd Bidl,a)
. z* . .
PB(zy,z)) = ﬁ_i_z_EiDzBi(a:*,xL) = / dx’, (0" —iB")B;(z),x)
1
B(rew1) = g P (o) = < /_ da', B (a,, 21) (5.13)

and B; = B; — iv5B;, B; = B; + iy5B; similarly to Eq. (4.12). Using parametizations (9.70),
(9.71), (9.72) and formula B;ys = —ieiij we get

Il
(1 ga Z — s Z
Uélﬁb) - me d’ky {(k,q — k)L <{f1f1g + fifigthg

+ag{[fL —igi)frg + [fL + z’fu)]flg}) + m2{fi(ag, k1) + filfog + fzg]}], (5.14)
cf. Eq. (4.20).

5.1.2 Term U1
Next,

Yp(z)|A,B) + a<f + 0

009 @) = S04, B[ a()0uE (0)] [Fp(0)0, v
— A Bl (b 5+ 5P~ o (5. PT) B - 2B)
2 BB 0064(0)] [Fs0)0 £ in(@)]|A B) + o o B+ (¢ 0,00 ¢ —ay)

i (5.15)
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Let us again demonstrate that the last two terms in curly brackets are negligible. Ignoring
the transverse factors p;, B; and By which cannot produce factor s, we obtain the following

estimates
i
%Uaﬁlﬁg(%)@%i = O(g;%ﬁ)’ (5.16)
P ) @0 = (), Doy g @t = O(PER)
Bl (p) @04, = 0(])1:2%L ) CRowh,(p) B o5, = 0(])2:55)’

Plapm

Tuelpy(Py) ® 04 ¢ = O(plzf%’),

p2ap1,6’) Db2aP2s
s3 7 s°

P2ap1 Ié;

*5?2(?) & = 07
.5@2@) g = O( ‘7'67)2(?1)@’0.5 _ O(p22§72ﬂ)

where the factors (p,) means that inclusion (or non-inclusion) of p, does not change the
power of s in the projectile TMDs. Similarly to Eq. (5.10) we get

U(l’c) ($)
of
= 24, BI([da@)ougp 1 Ba(0)] + qu[m@pag;;bww(oﬂ)
X [@B(O)Uﬁgq/}B(l’)] |A,B) + a <> 5+ (x 0,04 < —aq) (5.17)

For the first term, from Eq. (9.9) we get

1 . -
152 00ag00i ® O'ﬂéﬂz +aep (5.18)
1 .
1 2 g ; 1 g
= 4782 |: - ga—o* & (UQ,BJ_Q;Q - %ﬁo—oigz) + 59&[3 ® 0'.@'37' + %BU*. &® 0.7;232
1
+i® (O'.L;L’Ba — %’Ba.ﬂ%i) + a+ ﬁ]

Next, due to the definition (5.5), Uoléjgc will be multiplied by the traceless tensor (5;“55 +
(53(55 — % glwg"‘ﬁ ) so the contributions to Ugﬁc proportional to g,s can be ignored. Effectively,

1

@waw.i ® Uﬁéﬂ?i + a3 (5.19)
L L
1 2 g ) . q '
= 12 - 00 ® (045, Bo — 5 0wiB) +1® (00, Ba — 5 0wiB) + 0 8]

and we get the first term in Eq. (5.17) in the form

U5 (@) = — 1etA, Bl[ha(@)oah, ; B a0)] (5.20)
[ () (m)]’A,B>+Oé<—>ﬁ+x<—>0,+(x<—>0,aqH—aq)
= (ZE@tO)a+ 15 (EHO)4)

ga/j

5 0eiB)(0)Y(z))p+a > B+z 40

X <1/_J(U.5J_$a —
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Using parametrization (9.73) we get

(1’¢) . 1 2 —iagre—ifgT«+i(q,x (I'c)
Ussy(@) = 670N, / dr,dred’s, e~ '0atemHarFilaD) Ly LA (5.21)

1 2 L L giﬁ 2 a7 T
_ SNC/d b (0~ B)a(a—R)g + 22 (g~ kAT + ielhng + [ — ieling)

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

§ _
;200&5@)(7@ = S—Saal*@)am.,
1 1
P23 _ P2s4 Pm . P14,
Ua¢§¢1p2®05 O( Sga)’ aﬁ%?z@JE O( Sza)
1 1
Pla . P1adp D2a _ P2a43
0*51251}/)2 ® U/ﬂ = O 52 ), U'fpﬁ% ® O-/BL = O( 32 ),
plaplﬁ & _ P1aP1p plaPQﬂ _ DiaP23 ;
*£p1p2 ® % = O( g3 )’ *5?1?2 - 84 i & 0-017
p2aplﬁ & _ P2aP1s p2ap26 & _ P2aP2s3
Togp Py ® 0,0 = O( <3 )7 5 Tocp Py ©®0¢ = O( 3 ) (5.22)

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

1 9 4 .
aa§®aﬁ£—|—a<—>ﬁ = 3 =0a,+® 03, e+ plapgg 0xi R0, +a [ (5.23)
2 1 1 2p1ap2g 2p2ap13
= o/ ®a) (gaigﬁj + 95i%) — 9ap9i + GapGi + G+ gij)
2 . 9 ‘
= 0. © 07 (9295 + 95:95; — Gas9ii + 9as9i3) = — 504 © 0 Pagyij
where
_ 1 1 1 1 1
Popiij = 9apYij — 9ai98; — 9pi9aj (5.24)

Note that in the last line in Eq. (5.23) we dropped term ~ g, since it vanishes after
multiplication by (5355 + 53‘(55 — 29w g®?). Thus, the second term in Eq. (5.17) takes the

form
- @M» B WA(SU)%&%PLBW(O)] (5.25)
x [PB(0)0¢p(@)]|A,B) +a + B+ (x4 0,00 ¢ —ay)
= g P A BI[Da(@)o 5P L BUAO)
x [¥B(0)oJvp(x)]|A, B) + (z + 0,04 ¢ —0y)
= g Paos ({900, 8, 2P (O) A 0)r ) B5(0)
+ (@0 s 0)a o (FIDB) O (@)s) + (o & 0.0, ¢ —ay)
Using formula (9.3) we get

TwiVkVl = GkiOxi + JikOxl — GilOxk (5.26)
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so the second contribution to Eq. (5.15) is

0 (@) = Ncham D)o, p b (0)) 4 (B(0)0 I8 O0)b(2) 5

283y

= %Paﬁnj (¢p(x) (U*ipl + oupi — gilU*kpk)w(O))A@Q;l(O)U,jzp(x»B
a
+ (z < 0,0q ¢ —ay) (5.27)

and the corresponding Fourier transformation yields

‘e ]_
Uc(ylﬂ(2)) (q) = Wpaﬁ;ij/d%J_(Qkikl + kigil)

Jl _ _
< (Bt s k1) (= 7 (a = B)'ag + 55 (0 = B (hag o+ ag) (B, 1.~ B )]

: . p
+ b1 (ag k1) [(g = k) (a = k) hig(Bg g1 — ku) + 5 (g + hag)(Bg a1 — lﬂﬂ)

— 1 2 n e -

= Saoo (Wl k) g + B i)

~ lg2sk (a = )2 + 2kaks(q — k)2 {ht hag + hihag} ) (5.28)
where we used parametrization (9.73) and defined the notation

Wik (ar, k1) = gu (kg — k)% — gu ki (g — k)
+ [k (a = K)y + o vk g = k)L = K (a = k) (g = k) — (g k1)?hy ks (5:29)
It is easy to see that q”)/\/L (¢,k1) =0 and W“(q, ki)=0.
The second term in Eq. (5.25) is

UbeE) = 5o Passs Bl w0 al0 (5
N

aB(3) Ssaq
= g Py (@0 000} 4 (28O 0 (0)

T (D)o ()4 (WB 00T v())p) + (¢ € 0,00 ¢ —0y)  (5.30)

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

17éi§8><w> = Qﬁ Popij((2)0,'9(0)) 4 (5.31)

x ((&(O)J,Jm(ow(x»]g — i (0)Ten B (0)(2)5 ) + (x4 0,00 > —a1y)

and, using parametrizations (9.74) and (9.75), we obtain

weo 1 o
Uaﬁ(g)(q) = 204qu P.g. Z]/d kik'(q— k)’ (5.32)
X (h%(Oéqa k?J_)[E?,g — 'l-ilzlg](ﬂq,qj_ —k1)+ Ef‘(am kl_)[h?)g _ ih4g](,3q7 gL — kJ_))
1
= Pk [k (q— k)L + ki (q— k)L + (kg — k) L gt
2aquc/ J‘[ a(q )5 + B8 (q )a +( ,q )J_gaﬁ]

X (h%(aq, ke )[hsg — ihag)(Bg.ar — k1) + hi(og, ki)[hag — ihag) (B, qr — lﬂ))

iD B (0)o . 9(2)) B
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Thus, from Egs. (5.5), (5.14), (5.21), (5.28), and (5.32) we get

1
agsN,

W,Ef/l)(q) _ : /dm.dx*dle e—iaqx.—iﬂqx*-i-i(%xhngllj/)(x> _

2m)4N,
X /dQ/ﬂ [ — g (kg — k)L({flflg + fifigh +ag{lfL — igL]Jag +[fL+ ’L’?}L)]ﬂg})

- g,fum2{f1 [fag + f3g) + filf2g + f3g]}
- Oéq 2(q — k) (g — k) + gy (g — k)L ){[h + ie]hug + [h — ie]hig}

(zw (@, k)i hng + hihig)
—w%wuq—mi+%wuq—mﬂwﬁ%g+ﬁwm0 (5.33)

+ [k (g —k)y + k(g — k) + (koq — k) 10 | {hi [hsg — ihag] + hi [hsg — ihag]}

5.2 Terms coming from =}, =), and =)
Replacing =1 — =) and =; — =} in Eq. (4.27) we see that the contribution of terms with
=/ () is a complex conjugate of the contribution (5.33) of Z(0) so
(1=} +121) —iigTe—iBqTeti (1=)) (1=1)
Ww 't TV(q) = o) 4N /da:.dx*d x) e aTe—ifqT +i(g,x) L [W Y(x )+Wu Y(x )]
= 9 [0(@) + U @) + (55:8] + 0707 — 99" [U55" (@) + Ug5" (a)]
e a 1 a -(1'c 2'c
+ (050 + 058 — S9wg™) (U457 (@) + U5 (a)]

- /d2kl{ —g,fy[(k'aq—k)L({flﬁflg+f1%f,1g} (5.34)

agsN
+ Oéq{fl%flg + fl%flg} + aq{gLSflg - §L3f1g})
+ m*({fiRfag + iRfag} + {/iRfag + f1§Rf3g}}
— aq[2(q — k) (q = k)i + g (a — k)] ({hRh1g + hRhag} + {€Shig — eShag))
b (W (s + - Rhg) — [y + 2 UL
+ (kg = k) Lgpm + k(g —k)y + Ky (g — k)]
X ({hi Rhisg + bt Rhsg} + (b Shag + bt Shag}) }

L (it Rhog + hiRhag} )

where W (g, k1) is defined in Eq. (5.29).

The corresponding contribution of terms coming from Zf, and =

W (2) + Wit (2) =
+

(A, Bl[a(@)yu5(2)] [E5(0)1,14(0)] (5.35)

Ne
Pa(@)uE5 ()] [0B(0)11a(0)]|A,B) + =+ 0
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is obtained from Ea. (5.34) by the projectile<starget replacement (4.29)

W,Slgﬁlﬁ)(q) = 4N /dm.dx*d x| e @ate—iBamiti(gw)L [W(L?)( )+ Wlslﬂ)( )]

(2w
= B?N /d2k¢ _guu[(kyq_k)J_({%flgfl+§Rf1gf1}—{— Bq{%flgfj_‘i’%flgfj_}
q c

+ /Bq{%flggj_ - %flggi}) + m*({Rfagf1 + Rfagf1} + {Rfsef1 + %fsgfl}}
- Bq 2k Ky + gkt | ({RhighRhagh} + {Shige — Shige})
+ = (2)/\/L (g, k1) {Rh1ghi + Rhighi}
~ log k3 (g = B3 +2(a — K)ulg — K)o k3 |{Rhaght + Rhaght })
+ [(kyq = k)L + k(g — Ky + Ky (g — k)]
x ({Rhsght + Rhaght} + {Shaght + gmgzaf})} (5.36)
The final contribution of =’ terms is a sum of Eq. (5.34) and (5.36)
Wi 1) = WS ) 1 wpT ) (537)
= S2Nc/d2km — Jap [(k,q — k)L (aq{flﬂflg + AiRfig} + /qu{%flgfl +Rfighi}
+ {fj_éRfig + fiRfig} + {QLSflg — 318 fig} + {%nggfj_ +RfgfL}
+{%f1gg¢ - 31}19'@}) + Z;Lz({fl%ﬁg + [iRfag}t + {iRfs5 + [iR[fsg}

2

+ G (Rhagfi+ Riagfi} + (Rfsgfi + Rfsg 1}

— [2(g= k) (g — k) + g,w(q — k)3 ] ({ARh1g + ARh1g} + {€Shig — eShig})
- [2]&1# + g k7] ({mlgﬁ + Rhygh} + {%hlgé — Qhige})
+ fWL (4, lu)( {hi%hlg + hiRhigh + —{éﬁhlghL + Rhight'})
C(g—kA
aqm
,IC2
B m2

1 _ _
+ (kg — k)1 gap + kyla—k)z +ksz(q—k)y] (f{hf%hag + hiRhsg}

90k + 2k, k) {hi Rhog + hi Rhog}

(97, (a — )3+ 2(q — k) (g — k)u]{Rhaghi + Rhoghi}

1 _ _ _
+ — (i Shag + it Shug) + ({?Rhgghl + Rhaght} + — {%mghf + %h4gh1i})}
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 W,S,,C) is O( NQ) in comparison to W,E,Q,a) (and W,S%b)) so it will be neglected
in accordance with our leading- N, accuracy.
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6.1 Terms with two quark-quark-gluon operators coming from =; and =9

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

NC Tm —m Tn —n v v v
— (A Bl (2)7,55" (@) (W (0)wET(0) + 1 v[A, B) + 2 0 0 = g Vi + Vo + Vo
(6.1)

— WX (@)9551 (0)][05(0)17555 ()] + 1 <> V[A, B) + 2 0, (6.3)

and
¥ NC Tm —n n a—m
Vi = St B (@)0ueET 0)][05(0)0, Z ()] + ¢ v
g vVrom aff—n n —_m
- %WA (2)o* 21 (0)][¥5(0)00sZ5" (2)|A, B) + z 5 0 (6.4)
It is convenient to define Vﬁ) to be traceless. In next Sections, we will consider these terms

in turn.

6.1.1 Term propotional to g,,

Using=; = — %'yiBl- aiiewA and B9 = — %'yiAi Bi’ich from Eq. (2.4) and extracting
color-singlet contributions one obtains

s L

v = 253

s { = [(BAa) ) SO ADB0) ")) 5 = $(0) (@)  150(0) @ (e

+ {@Az‘(ﬂﬁ)%%ﬂjilb(o))A@Bj(O)’Ykﬂﬂi; ()5 + ¥(0) @ ¢(x) ¢ 159(0) ® ’Yslb(x)}

+ 2 [BA) A SO0 aTB, O hohr' ()
+ 0(0) ® Y(@) ¢ 35w(0) @ 35v(a)| | + 760 (6.5)

2
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 =; by =} or Eg by =} the contribution will be
small.
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Let us start with the first term in Eq. (6.5). Using Eq. (9.28) and the fact that
(U(z) [Agow; — Aj(x)ow]¥(0))a = 0 (cf. Eq (4.23)), we obtain

V) = = AR SO B O) A 5@ 8 — 55 AV
1

< BB G0 5~ g3 (DA @) b (O) aGBO) S0 (@)

7
1 _ 1 @
= — S AR ONAEBOA @) [1+0(H)]  (69)

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 V(l)(q) has the

form
1
BN, o /d2m [k hi +mPay(h —ie))(ag, k1)

x [(q—k)1hy +m?By(h +i€)](By, a1 — k1) (6.7)

due to EOMs (9.42), (9.43).
Next, consider second term in Eq. (6.5). Using Egs. (9.24) and (9.28), one can rewrite
V) = s [P 0O AGB 01 B () (6.
+0(0) ® 0(z) © 260(0) @ 256(0)] = B A VOGO BOP 5o @)

The corresponding contribution to V) (g¢) has the form

aqﬁquc/‘p’“(k’ a—k) L [f1—aq(fL+ig)](ag ki) [fi—Be(FL—ig1)] By a1 —k1) (6.9)

where again we used E)Ms (9.42), (9.43).
Similarly, from Eq. (9.28) we get the third term in the form

8l4 [@Ai(w)zfﬁ 2% éw(o» A(DB;(0) s ]Z;ﬂi;
1 1

= 3 [(&Ai(xw a¢(0)>A<1/JBj(U)Vi;¢($)>B + (0) @ ¥(z) ¢ v51(0) ® wp(x)} (6.10)

Since both projectile and target matrix elements cannot give factor s this contribution is

2
O(q—i) in comparison to that of the two first terms. Using QCD equations of motion (9.42),

S

(9.43), we obtain the contribution to Wy, in the form

b(@)s + ¥(0) @ (x) ¢ 351(0) 8151 (a)]

gV (@) = 16 4N /d:n.d:r*d z) e t@ave Bz ti(a,m) Ly (1) (4 (6.11)

= Q%MKT d*k [(/f, q—k)L[f1 —ag(fL+ig91)](ag ki) [f1 = Be(fL —i91)] (Bg g — k1)

-5 (k2 hi +mPag(h —ie)|(aq, k1] [(q — k)3 hi +m?By(h + i€)] (Bg, a1 — kL)}

_ 97 -



Next, the x <+ 0 term is

T = L Ao, L) AR, SO

1 - 1 - i1
+ ALV GBI ZUO0) (6.12)
Similarly to Eq. (6.11), we get
gmVa(g) = 1657’;1”% dredz,d?e, e=iars=ibara+ia) 70 () (6.13)

= Qg;]l;, d*k, [(k, q—k)L[fi —ag(fL —ig1)](ag ki) [f1 = Be(fL +191)] (Bg a1 — k1)

— S A w2+ i)y, k][0~ WEAE + 28,0 = i6)] (B a1 — k)

Sum of Eq. (6.11) and (6.13) is

guV0(0) = T2 [ dradu,dis) et 0170 ) (6.14)

= gon | R g =R (UF o+ Fif) = allf +igulfi o+ (F = gl i}
— Byl AlfL —igi] + AlfL +igil} + agBe{[fi +igi][fr —dgi] + [fL —iga][fi + igL]})
2
— ;(k(ka)L{hth + hihi} + aglg — k)1 {[(h — ie)]hi + [h + ie]hy }
+ Bk It [+ €] + Bt [h — del} + m2aBy{[h — iellh + ie] + [ + ie][h — ie]})
6.1.2 Term VM(E)

Separating color-singlet contributions one can rewrite Eq. (6.3) as

VR = — o { A () <ij<o>w1¢;w<m>>B
w() $(2) 250 @ () s 6 8} + 7650 (6.15)

As demonstrated in Ref. [9], only transverse u and v contribute at é level. In this
case we can use formula (9.25) and get

. — -1
vy, = { ATy, oy w( NAWB;O)w. A’ Ge(@) s
+ (0 >®w< ) ¢ 58(0 >®w< )+ p e v)
v 1 _ -1
- )i VO AGBO) By Go()) s (6.16)
which gives the contribution to W, in the form

1
Vimla) = Ww / diredi,dey e e P HODLVER ) (@) = — Z“ZN
q~q c

X /dszUﬁ q—Fk)L [fl - O‘q(fj_ + 19 )] (g, k1) [fl - Bq(f —1g )] (Bgrqr — k1) (6.17)
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where we again used EOMs (9.42), (9.43)

The corresponding x <+ 0 contribution is

1
i = — GO B () a (OB () B 500 (6.15)
which gives
1
Vi) = — ga%
x [fi — aq(f*X —igh)](ag ki) [f1 — By(fF +ig™)] (Bgrar — k1) (6.19)

ki (k,q— k)1

The sum of Eq. (6.17) and (6.19) has the form

v (6.20)
1
_ 52% d*k 1 (k,q— k)L({le + fifi} = ag{lft +igt A+ [FF —igtlf)

— BAALT —igh )+ Al +igt ] + agB{[fr +igullfL —igu] + [fL —igul[fL + igﬂ}>

6.1.3 Term VM(S’)

Let us consider now
Vdl NC om —m n a—=n
Vo = 5. {4, B|[(¥X (7)o =" (0)][¢5(0)0, " E5 ()] + < v+ < 0 (6.21)

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

Vi = 55 (A0 S0 OB O ' S @a s v+ 000 (622)
From Eq. (9.10)

. . ke 1 .
Aloeoyq @ Blafa.j = — (Al,a*k - %Aja*j) ® (Bua,k - §5ﬁBja.j)

—

Aka*“l o g%kA]U*j) ® (BkUOVL - 55’;Bj‘70j)
' 5] k ; & !
(Prup2w + P2up1v) (K 0w — 5 Alo,) @ (Blow — 5 Blow)
4

. G
(pl,up2u +p2,u,p1u)0*iAl &® UojB] + %A]U*j & BkU.k (6.23)

® = »| N
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Using EOMs (9.42), (9.43) and parametrizations (9.49), (9.64) and similar one for projectile
matrix elements, we get

1
9y — Guv 1 . T T .
Vi = 722(]%8;:[0 d*k ) (W (k3 bt + agm?(h —ie)] [(q — k)1 hy + Bym?(h + ie)]
1 - = .
+— (K10t + agm®(h +i€)] [(¢ — k)1ht + Bym*(h — ze)]) (6.24)

; 2 L Ly 1 _ 2 N n
+ aq/@quc/d kJ_mQ{[ku (q k),/ +,U < V](k,q k)J_ kL(q k),u (q k)

v

1

Y 1
= (g = k) kuky = =50k (g — k1) = gl (k. = )1 = SkL(a - R)1]}
X [hllG(aqa kL)BlLG(ﬁqa qL—ki)+ E%G(aq, kl)hlLG(Bqa q1L — kl)]

After subtracting trace we obtain
3 9 3
V( ) = ‘/3//uj - %‘/3/5

%
G = [ (Kl
202N, + m2

+ Bk {hE (R + i8] + Rt — ie]} + agBym{[h — ie][h + ie] + [k + ié][h — ie]})

(6.25)

k)2 _ _ _ _
S (ht bt + ARy + aylq — k)2 (b — ielit + 7+ ieli}

1 2, 1.1 L7l 7l gl
+ %quNc/d kLWWW(QLkL){hmhm + highic}

where ij(qj_, k) is defined in Eq. (5.29).

Let us now assemble the contribution of terms (6.1) to W,,,. Summing Eqgs. (6.14),
(6.20), and (6.25) we get

v v v 1 —tare—ifTi+i(q,x
g,uuvl + V2,uz/ + V3uu = w/d:z:.dx*d%L € Pzetilg)L
[(A, BI(¥F (2)7,Z5' (2)) (¥ 5(0)1E7 (0) + p < v[A, B) + x 4 0]
Il

Juv

= N koL{(kvq - k)L[{flle + fifi} = ag{lf - +igt i+ [FT —igtl A

— B filf —igt) + Alft + it} + agBe{lfL +igu)[fL —ig.) + [fL —dgu]lfL + igﬂ}}
= [P Gt 4 RN + gl — B0 — el + -+ elhd )

Bk (i [+ €] + it B — del} + aqBym?{[h — iellh + i€] + b+ ie][h — iel}| }
1 1 - -
+ W/koiWWju(QQk){h%thG + hf_Gh%G} (6.26)
Finally, to get Wﬁa) (q) of Eq. (4.4) we need to add the contribution of the term

[Z1(2)vuB(2)] [E2(0)1,04(0)]. 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
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of the result (6.26) so we get

W) =

@ [ dadadt oS 0 (4, B (07,25 (0)

3274
X (PE(0)1ET(0)) + [E1(x)vutB ()] [E2(0)7,04(0)] + p > v|A, B) + x <+ 0]
I
— OAqQngl:Nc d2lu{(k,q — k)J_({fl.]Fl +AAY—adfifi+ FLfYy = BAffL+ AfL)
+ agBe{fLfL + FLfi} + agB{g1gL + §Lg¢}>
[k (0~ RO RE + B bt} + agla — W3 (ABE + R} + Gh% (T4 R )
+ agBym*{hh + hh} + agBym?*{ece + ec}] }

2 2, L oo1 L7l 7l .1
+ O@ﬁquc/d kiWWW(QL»k)%({hmhlG + highic}) (6.27)

6.2 Terms with two quark-quark-gluon operators coming from =, and =5

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

%%

luv

V2 = (4, Bl [0a(0)3Z@)] [E20mwaO)] + 5 VA B) + 200 (6.28)

After Fierz transformation (9.1) we obtain

1-(20 N, e o o m n =n —m
W = = o060 46357 — 00" (A BT (e1a A ONEF O35 ()] (6.29)
+ Yo ® V8 ¢ Ya¥s ® 1875} A, B)
Nc

@ o 1 o 7,m n =-n —=m
+ g(éuéf + 850, — 399 Y)(A, B¢ (2)oact4 (0)][E5(0)0 S 5 ()] 4, B) + a0

(note that ZpZs = Z37v5=s = 0). Using explicit expressions (2.4) for quark fields and
separating color-singlet terms we get

W = VA 4V, (6.30)
where
Vh = = S (0m+ 0pn— ) (D) A ()70 A0)R(0))
< ((B5) O BT G0(@))a +6(0) 9 6(2) © 150(0) @ 150(z)) + 760 (631)
and

. 1 1
Viy = 573(6‘365 + 5355 - §guuga6)

< { = PraB (@) A, @00k 4000 4l (55) (072, Zv(@)a

+ (@) (2)0as AOWON A(F5) O 0us, P GU@Na} + 2000 (632)

We will consider them in turn.
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6.2.1 Term V,

First, as demonstrated in Ref. [9], the term ~ g,,, is small, so

Vil = = P (A @0 A0l (05) O i G0(a))a
+ 0(0) @ $(@) > 35(0) @ 350(@)) + po v + @0 (6.33)

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

0))a{(¢ )(Mw Lp@)a

. 4 v
Vi, = = PR (A5 () oA, 5

(
+ 9(0) @ ¥(x) ¢ 351(0) ©15())

l
— 9 (A1 (0) At 0) 4 () O o 50

w() $(@) & 35(0) 8 15%(@)) + 74 0 (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. (9.7) it can be rewritten as

Vil = = (ko) AV 0) 4 (55) O)Fr 50(@)a
+ (0) ® U(a) & 15(0) @ 15tb(a)) + @ €0 (6.35)

The corresponding contribution to Wy, is obtained from formulas (9.40) and (9.52)

Vi (a) = 21;1;;]3\1; d*k [ki{flfl + Afy = 200{fLfi + FLfi} + 2a0mP{ fsfi + fafi}
q C

(6.36)

6.2.2 Term Vi’u

Again, as demonstrated in Ref. [9], the term ~ g, is small, so

7= { ~ Pl A @A)l (55) 010 So @)

+ (54, (@) A OV (D5) 0w,V (@)} + 0w + 200 (637)

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

B)(O)W.’wj;wx)m IS

DA )a*kAw(o»A«%)<0>via.’wj;w<x>>A

ﬁ)(owo—.’fw;wx)m

- (]f;;<wAj<x>aykAiw<o>>A<(w;) <o>wia.’<fw;w<x>>A tpov)Heo0  (638)

v, = —@(&Aj(x)aykflﬂﬁ(o)m(@l

4p1up1u (

9“” 0 A ()0 e Aith(0)) a{ (P~
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As demonstrated in [9], the two last lines in the above equation are small. As to the first
term in r.h.s. of Eq. (6.38), using Eq. (9.6) it can be rewritten as

Vi = = G @) A0 a((53) O s + 100 (639
so the corresponding contribution to W, takes the form
VS, = i (6.40)
5252]\7
/d ki (k,q— (k% (hiht + hihi} + 20g{hhi + Rt} — 202{hyhi + %h%})

where we used Eqs. (9.40) and (9.52). The full result for W,S%b) is given by the sum of Egs.
(6.36) and (6.40)

Wfffi) = %/ﬁh (k‘i{flfl + fifi} = 200{fLfr + FLAY 4 200m>{ fsf1 + f3f1})

k2 - - - - - -
— (kg — k) (S {hthT + i b+ 200 {hhi + hht} = 202 (ki + hihi})|  (6.41)
6.2.3 Second term in Eq. (4.5)
Consider the second term in Eq. (4.5).

Wiw) = Ne — A BI[E1(@)5 ()] [0p(0)WE1(0)] + 41 ¢ VA B) + x40 (6.42)

After Fierz transformation (9.1) we obtain

NC o (] a =m m
W) = = 520500+ 058 — 9,09 ) (A B{[EP (@)1 =1 )03 (00105 ()] (6.43)

+ Yo ® Y8 ¢ Ya¥s ® 875 }|A, B)

N, 1 _
+ f(5°‘55+5°‘55— 59" )(A, BI[ET (2)00eZ1 (0)][¥15(0)0 S ¢T5(@)]|4, B) + @4 0

Sorting out color-singlet terms, we get similarly to sum of Eqgs. (6.31) and (6.32)

Wi = — S (65ma+ Cpn — 98) (0B (00 B ()
A L) ON e () a +(0) @ ¥(a) & 150(0) ©156(x)) + @ 0

1
-3 (50456 + 5a66 - *gm/gaﬁ)

s 2
x { — 2al (I O 0,2~ (2)) By (@)orsk Bitb ()
(0 2) O 0y () DBy (@), B0 4} + 50 (6.44)

Starting from this point, all calculations repeat those of Sections 6.2.1 and 6.2.2 with
replacements of p1 <> p2, ag <+ B4 and exchange of projectile matrix elements and the
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target ones. The result is Eq. (6.41) with these replacements so we get

Wy (6.45)
= 2}921:21;\171/ A’k ((q —k){AM+ A =28 AfL + fufi} +28im*{fifs + f1f3})
q C

G- RR . .
— a0 (L R nd) + 28, (h R+ R ny - 282 (B + R hg) )]

and therefore the contribution of Eq. (4.5) takes the form

W(Qb (6.46)
= N, /d2 pmph/ (h{flfﬁ-flfl} 200k {fLf1+ fLi1} 4+ 200mP{fsfr + fafi}
(kg — k)

[kL{thL + It b} + 20gm*{hhi + Rt} — 202m? (b hi + B?%hf}])

+ %((q — k) {fifi+ fifi} = 280(a — {1 fL + Afi} +28;m*{fifs + fifs}
q

(@=k3 171, 7 P TLT
— (kg — k) [ (bt + bt b+ 28, {hth + Bt h} — 283t hs + i }] )

7 Result

The resulting power correction with QQ, N% 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

726]0 (WY () + W2 (@) + W3 ()] + O(Q3) + O(NQ) (7.1)

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]
Wula) = / ke (Wh(a k)RR + Fifi}+ Wikla kO){hERE + hihi})(72)
where
WE (k) = — gt A allgk 4l gt Il o Dlvr oy ok
(@ kL) = —gnt QQ(quqy +apq;) + Q4quqy+ 0! [0F —4(k,q— k) 1]
[
q qvqi i
[Q‘LQ(L QQ)(q—QkM—i—,qu/} (7.3)
Wi (a: k1) (7.4)

L L g1 L1 Qudv — amha 9
= = E[k‘ (q_k)u _ku (q_k>u _guy(k7q_k)J_] +2Q47kJ_( IC)J_

- 2@2 (g [k (a — k) + ki (q — B)3] + Gu[k?(q— k) — k(g — k)] + 10 v)
I u u

Qudv + quav qudv + Guqv
i a1 —2(k,q — k)] (k,q — k)1 — S Gty (k= a0 (kg— k).
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Here q,HL = agp1 + Bgp2 and g, = agp1 — Byp2. Note also that oy = x4 and 8; = zp in the

notations of conventional TMD factorization formula (1.1).

In Eq. (7.1) we need to sum over flavors. From the Fierz transformation (9.1) it is
easy to see that power corrections calculated in this paper are diagonal in flavor so the final
result is a sum of e?c multiplied by TMDs of corresponding flavor, for example {f1 fi + f1f1}
in Eq. (7.2) should be replaced by Zf e?c{flff{ + flfflf} To avoid cluttering of formulas,
this summation over flavors is written only once in Eq. (7.1).

It is easy to see that q“WlfV = q“Wlﬁ 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 N%
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
vau(Q) - .AQC?QJ/d ki

N 2 2 )
X { [qu(q — k) + ﬁquqﬂpm(k,q — k)L + qusqupzu(q —k)l + pe 1/}
< (B 7FL+ Fifu} — ag{hht + i)
2 2
sl 224 2 N A
+ {quky + SﬁquQ,uplu + -~ (kyq = k)1Gup2 + p <> V}

X ( —og{fLfi+ fLh} + Be{hih+ B%M)
[ (24 fafi + Fafi} + 621 Js + Fifo} + agfy[{ee + e} + {(hh + T} )

4‘juqy

+Q2

+ (k,q — k)J.( —agB[{fifL+fifi}+{9191 +319.}]
+ B2{hihg + hihy )+ o2 {hiht + i} )]
1 p L P _ _
+ Wi (g, kL) [—{h%%hlg + hiRhigy + —{Rhighi + Rhighi '}
m ay By

+ R({highic + ihlc:hfe})] (7.5)
where the transverse structure V\/j,/(q7 k) was defined in Eq. (5.29):

Win(ar, k) = go(k,qa— k)3 — gkl (@ —ky)?
+ k(g —k)y +p e V)(k,qg—k)L — K (q— k)i (a — k)y — (¢ — ko)’kyky  (7.6)

9Because 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 “ f1” part will be slightly more complicated
than Eq. (7.3)
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This EM-gauge invariant part Consists of two types of contributions: ~ % (first terms
in the second and fourth lines) and ~ @ (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

ij(q) = NC2Q2 /dQlﬂ [gi‘y{m%zqﬂq ({hﬁ + hh} — {ee + ée})
+ O‘quTn2 [%fD(aqv kL)]E{(/BmQJ_ - kJ_) + §R]ED(Olqa kl)f{(ﬁqy q1 — kJ_)
+ filag, kL)RfD(Bgyqr — k1) + fi(og, kO)RfD(Bg a1 — k1))
— m?By({fiRfag + FiRfag} + {fiRFs5 + fiRfs4})
— mPag({Rfagfr + Rfagfr} + {Rfsgfr + Rfsgf1})
+ (kg = k)1 (= Belhth+ hin} — ag{hhi + it} + 282 (bt b + hihi}
+ 202{hg bt + hyhi'} + 2B,{Séchi + Séahi } + 204{hi Ség + hi Ség}
— Bl fiRfig + AiRfig} — ag{Rfigfi + Rfighi} — agB[{fLRFig + F1Rfig}
+ {QL%flg ~G1Sfig} + {Wflgﬁ +Rf1gfL}+ {%nggsu — /1691 }] }

+ (g (kyq — k)L + k(g — k) + Ky (q — k)]

X {aqﬂq[{flﬁ +fifiy =919 + 3191 )]

+ O‘qﬁq [%hD(O‘qa kl) (ﬁqa qlL — kl) + §RhD(O‘qa kl) ,%(5% qL — kl)
+ h 1 (atp kJ_)%hD(ﬁqv q1L — kJ_) + h’/l (Oéq, kL)%hD(qu ql1 — kj_)]
+ Bo{hi Rhag + hi Rhag} + Bo{hi Shag + hi Shag}

+ aq{%ﬁggh% + %hggﬁf} + Oéq{%fMghlL + (\\Sh4gﬁ%}}

[g,ul/k;i + Qk k ]
( L {hl&ehgg + B Rhagh + {Rhigh + Rhagh} + {Shige — Shige})
[2 — k) + gula— k)]

x ( s {3%2511L + Rhoghi } + ({hRh1g + hRhi g} + {eShig — e\shlg}] (7.7)

This contribution is not gauge invariant: q“WﬁV(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

P Walq) = ¢"W3,(q) = O(%

Note that if, for example, we Would have g” instead of gj,j in Eq. (7.7), the violation of

gauge invariance would be ~ @. The absence of such terms is a result of many cancellations
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involving QCD equations of motion. Thus, the EM gauge invariance of Wi’u(q) is restored
by ~ é and ~ & corrections so one may say that at the ~ é level our result (7.1)
satisfies the requirement of EM gauge invariance.

Last but not least, let us discuss the choice of basis of operators for é corrections.
Unlike % corrections which are unique, one can represent é corrections in many different

ways using QCD equations of motion '°

F@)ALle) = D) +i20.0()p, + b Da 2p,,
AL@)la) = —idip(e) —iop,0a(r) — iop,Dut(a) (79)

for the projectile operators in A, = 0 gauge and

Ba)Ble) = Da)y +i20ab(a)p, + it Du(x)op,,
Bu@)w(a) = — i g(@) — iop,0(@) — iop, Dab(a) (7.9

for operators in target matrix elements (in B, = 0 gauge). The choice in this paper is to
reduce the Lh.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 é
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. (9.42). That choice
is motivated by the fact that the evolution of gg TMDs of non-leading twist involves gqG
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 Wsy(q) is restored by ~ é and

~ é corrections.

8 Conclusions and outlook

The result of this paper is a complete set of é 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-z and small-z regions,

10 As was mentioned in footnote 2, in this paper QCD coupling constant g is included in the definition of
gluon field A4,,.

11 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 SL(2, R) invariance [24-26]. Unfortunately, this method
is not applicable to TMD operators that are not SL(2, R) invariant.
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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, % 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 experi-
mental 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 ex-
traction of ggG 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 re-
sult 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 scat-
tering (SIDIS) at EIC and elsewhere. The study is in progress.

The author is grateful to members of CERN TH department for kind hospitality and
to A. Vladimirov for helpful discussions. This work is supported by Jefferson Science
Associates, LLC under the U.S. DOE contract #DE-AC05-060R23177 and by U.S. DOE
grant #DE-FG02-97ER41028.

9 Appendix

9.1 Formulas with Dirac matrices
9.1.1 Fierz transformation

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

%[(%ux)(mﬂ/}) + > v (9.1)
- 3(5555 + 0505 — 9,09°") [(7a) (X78X) + (VYa758) (X1875X)]

1 n vV 7 — vV 7 —
(5207 + 3587 = 599™7) (Poagtt) (o5 30) = L2 () () + 242 (5 (V75X

=

_l’_

9.1.2 Formulas with o-matrices

It is convenient to define 12

2 2
€ij = —Cxaij = —DhDI€uij (9.2)
s s
such that €12 = 1 and €56, = givgji — gugjr- The frequently used formula is

Ouv0apB — (g,uozgyﬂ - guﬂgua) - ie,ul/aﬁ'}% - i(g,uaauﬁ — 9uBOva — GuaOup + guﬂa,ua) (93)

0123 AV

= —1and 79"y = g™ + ¢ — gy -
ie“””’yp’%. Also, with this convention 6,, = %ew,\paw = 10u7s5.

12YWe use conventions from Bjorken & Drell where €
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We need also the following formulas with o-matrices in different matrix elements

Oy ® O = — %(guaguﬁ — Gualus)oe @ o
+ Gua0se @ Uf — Gva0ge ® Uf — JuBTac @ Uf + 9u80ac @ Uf — 00 @0 (94)
and
Gu®6S = — g2ﬂa§n ® 0% + 0y ® Glf, Oen @G = Ggy @ SN (9.5)
TueYs @ 0,505 + 1 v — 9%057775 R0y = — (o @0t o v— g’%agn ® o

0" ®@vicay; = D27° @ Bvivey; = Dy ® Bi(giki + 95k — 9i )
= Polgi; + 9k — i) @ BV = (v0.7%) ® 0w (9.6)

We will need also

P @Vib1Yj + PoYs @ViB1V0 = VP2V @ B+ 7 Pavivs © Pivs (9.7)

and
a{ *17 [8

2 2 .2
= GaiOxj & UBJJ_ + 00, +x®05,5 — gp2a0'*i R 0ep, + ;p269ai0'*j b2y 0'.] + EPQBUOU_* X Tej

2 , ; 4 2
+ SP20P2p [Z ® Oei — Tjj & 0.]] + 2 P20P250 ex X Oei — ;giﬁaﬂ' X Tox + .oy

10400 @ 06g (9.8)

2 ; 2 .
= gpQOéU*i @ OeB, — GiaOxj @ 0',31 + Owa, ®0og,i+ EPZBU*OCL & Tej — ggiap%’(f*j ® oy’

4 2 ) . 2
+ ?p2ap250*o ® O + ;p2ap2,3 [Z X Oei + 045 & U.J] - gg(llgUﬂ' R Oxe + -

and

'L.Uoio—ozf ® O'BE

2 ; 2 2 )
= ;plaaoi X 0xB, — JiaTej & O'gjl + 0o, ®0p,i+ ;plﬂaoou_ & Oxi — ;giaplﬁo'oj & O'*]

4 2 ) . 2
+ szplapma.* @ 0% + gplapm [z R 0w + 045 ® 0*3] - ggﬂeﬁ)"'i R Tox + vy

100g0ei @ 065 (9.9)
j 2 2 i, 2
= GaiOej O 05 + 00,008, — SP1adei @ oxp, + SP189ai0s] ® o + RAEELIE & Oxi
2 . ; 4 2
+ gpmpw [Z Q 0y + 045 & U*]] =+ ?plaplﬁa*o QR Oxi — gg(l;lyﬁo'oi R Oye t+ ..
From these equations after some algebra one obtains

OueOwi @ UVEJ.]- = — GuiGujosk @ J,k + GuiOxj @ Oov (9.10)
+ 9v j0xp, @ Oei — GijOsp, O Oery — gﬂ,ﬁ*i X Oej + ...

The dots in the above formulas stand for the terms leading to contributions to W,
exceeding our 1/Q%accuracy.
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9.1.3 Formulas with y-matrices and one gluon field
In the gauge Ae = 0 the field A; can be represented as
Ai(ze,z1) = 2/36. dx, F*(f)(x’,,xj_) (9.11)
—o0
Similarly, in the B, = 0 gauge
Bi(ze,z,) = 2/“ de, FP) (! z)) (9.12)

S—OO

We define “dual” fields by

_ 9 [Te . 5 9 [T .
Ai(ze,x1) = s/ dw, Fff)(a;'.,a:l), Bi(zy,x1) = s/ dx’, F.(,iB)<1';,l'J_), (9.13)

where F v = %ewApF}‘p as usual. With this definition we have

fL‘ = —EijAj, Bz = eiij, EijAj = A, Eiij =-B; (9.14)
and
hAi = —Abyvi, Ay = —vithA, HBi = —Brhvi. Bit = —vihB (9.15)

where f\l,’, B; are defined in Eq. (4.12).
We also use

Ay @ by + Ahoys @ b Vis = — Bohn ® By — hohnys ® P15
APy @ Vi1V + A'BoYs @ Vi1V = — AnPy ® P — APy @ P15
YoV @ P, Bi + P,V s @ P vsBi = — P, @ P, Bn — P, vs @ P, Buvs
VP @ P, Bi + VP, @ P vsBi = — P, @ Bup, — P75 @ Bupvs (9.16)
and
2 . . . N
5 [B1P27: @ By + 182775 @ B'ws] = % @ 1wBi + 75 ® 1w Bins
2 . A . .
5 [Vida1 ® By +YiBaB175 @ B'ws] = 7% @ Bivw + %5 ® Bivus
92 , . . .
3 (o177 @ B'p, + ba17ivs @ B'p 5] = 7 @ Bipp, + 15 © Bip s
2 . . . N
3 (#1827 @ B'p, + #1677 @ B'p,ys| = 7 @ p,Bi+7ivs @9, Bivs (9.17)
and
YaP2i @ Bivg + YaPB2vivs ® Bivgs (9.18)

AY 2 2
= — P, @78, Ba + ~p2pp, @ Bp Vo, — —P2ap2s[vi © Bp,vi +vivs © Bp,vivs] + -,
2 51 28P2 1 s 1 1
Yi¥2Va @ Bivg + YilaVa Vs @ Bivgs

. 2 2
= — P ®Barp, + _p2spy ® Yap, B — SPaPas (Vi @ vipp B+ vivs @ vipp Bys] + -
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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

Yul2Yi @ Bivy + YuP2vivs @ Binuvs (9.19)

2 2
= =P, @, By — SPauP2 [ ® E;'ifl%' + 775 @ Bﬁfl%%] + gpzu% ® B}ﬁﬂw
N N N ) N
— P75 @ Y Bus + popyi @ Vv, Bi + p2uivs @ v, Bivs — gplu}% ® po By
2 N N
+ ~p2up [ ® Py Bi+ 7% @ Py Bis

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

Yul1%i ® Bivy + Vb7 © Bivu s

= p1u7’ ® Bivw + p1u7"vs @ Bimvs — P, © Buyw — s ® Bumus

Vi1V ® Bivy + Y B Ys @ Bivw s

= Pl;ﬂi ® %Bi + pl,ﬂi% ® %Bﬂs —p,® ’VVBH — P ® ’y,,B,/yg) (9.20)

9.1.4 Formulas with y-matrices and two gluon fields

With definition (9.13), we have the following formulas
AZ®B] :gijfik@)Bk —Aj®BZ’, AZ(X)B] :gijAk®Bk—Aj®Bi (921)
lez'@Bj = _gz’jAk®Bk+Aj®Bi7 = A;®B'=-A;0B, AQB =AcB

Using these formulas, after some algebra one obtains

Y BV A @ Y b1 Vi B + Ym o1 A5 @ W 1% BI Y5 = YoAn ® ¥1Bm + ¥aAnys ® P1Bmvs
Vi Brrm A @ Y b1 B + 75 By im A5 @ Y 1B s = HoAn © By + #oAnrs © B s
Ym BV A @ Vi b1 B + Ym o1 A5 @ %t BI Y5 = Apy ® #1Bm + AnPyys ® $1Bmvs
Yo rm A @ Vi b1 B’ + % P rm A5 @ Vit B Y5 = Anpy @ By + Anpyys ® Bt s

(9.22)
and
IézAm ® ]51Bn + ]5212171’}% ® ¢1Bm75 = anﬁzAk & ﬁlBk
N N N N OK N N
¢2Am X Bn?‘l + ]ZjZAn')% by '75Bm¢1 = gmn¢2Ak & kaél
AmﬁZ ® ﬁan + ’YBAnﬁQ ® ﬂle"YS = gmnAkﬂ2 X ﬁlBk
Am]@ ® Bn?ﬁ + ’Y5An]?52 ® 75Bm17f1 = gmnleksz ® Bkﬁl (9.23)
The corollary of Eq. (9.23) is
PoArys @ P1BFys = poAr @ ¥ BY, PoArys @B g = poAr @ BE Y
’YsAkﬂQ ® I’lek% = Ak1’52 ® ﬁlBk, Vs Ap oy @ V5Bk7f1 = AkﬂQ ® Bkijl (9.24)
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From Egs. (9.22) and (9.23) one easily obtains

Vi B Vi AL @Y B1%i B+ Y BV As @y 17 BIs + m o n = 200 Bo Ap @ # BF (9.25)
and
Y BV A" @ V17 B+ Ym BoviAvs @ ybviBlys — m < n
Vi Bavm A" ®@ Vi b1 B+ 7 Povm A'vs @ vipy i Blys — m < n
= 24,8y @ Bppy — m e n (9.26)

We need also formulas

A B © BB
= Alvy; @ Bly; — iA'yys @ Bl + 1AMy @ Blyys + Alyjys @ Bl
A%y © By s + A% s © B i)
= 7 A ®¥'B; + 7 Arys ® v By,
'YiAj'YS ® 'Yin’YE) = ’Yz'Aj ® 7Bl — At %’Bj (9.27)
and
Avvipy’ @ Biy'p, /" = p,Ai@p B = Apyvi @ B,
AP,y @ Biy*py' = Aip, @ Bip, = vt A® Y 11 B,
Avipyy; ® BIyp ' = p,Ai@ B'p, = Apyy @7 1B,
Arvipyyi @ Biy'p Ab = Aip, @ p B' = yithA® B, (9.28)

Ak’ymgzﬁzfyj ® ijyngzilfyk +men— gmnAk’yipﬂj ® Bj'yigﬁlfyk

= Ay @ Butpy +m > 1 — gnn Ay @ B¥py,

AR pym @ By Y +m > 1= gun Ayp v © Bl yep v

= Polm @ Py Bn+m & 1 — grn oAy @ Py B,

AR5 ® Bl i +m > = gmn APy, 7i @ Blyp v

= Ampy @ 1 Bn+m & 1 — grunAphy @ p1 B,

Akfngﬁzvm ® ijyngélfyk +m << n— gmnAk’yjpzfyi ® ijykplfyi =

= Yodm @ Buly +m & 1 — gty A, @ B¥ (9.29)

% [Ai 1 7" @ Bjmm b1V’ + Aib1 B2 15 © Bjv, $17'75) (9-30)
—%idn ® $1B' — 7 Ay @ P Blys = vidn @ By +viAnvs @ By s,
S[AimPay’ © Bita 1y’ + A P25 @ Bjpapi7" ]

= — i ® 7' Bn — o Airs @' Buys = APy ® ' Bn + A¥yyivs © v Brys.

Do |
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9.2 TMD matrix elements
9.2.1 Parametrization of leading-twist matrix elements

Let us first consider matrix elements of operators without «5. The standard parametrization
of quark TMDs reads (see e.g. Ref. [35, 36]) '3

1 _ i
T [ oL €O DL (A, )y 0(0)14) (9.31)
1 7 1 2my

= plfl(a7kJ_)+klfJ_(a7kL)+p2 f3(0(,kj_)7
1

163/d%.dzm e towe HiRDL (Al (24,21 )1h(0)[A) = me(a, k)
Y

for quark distributions in the projectile and

T [ s € o D (AG0) b, 1) 14) (9.32)
2
= —pihla k) =K fi(aky) — N fa(a, k),
161773/dx'd233i e tazeti(k,x) L <AW;( VU (2e, 1 )|A) = mé(a,kl)

for the antiquark distributions. 4

The corresponding matrix elements for the target are obtained by trivial replacements
D1 > P2, Te > Ty and a &> G:

1 —ifBzi+i(k,z n
6.3 / dr,dz) PN (B(ay, 21 )" (0)| B) (9.33)
Qm?\,
= phf1r(B, k) + K fL(B, kL) + Y f3(B, kL),
1 —ifx +i(k,x 7
e [ dnad s I (B, 2 )B(O)|B) = me(3. k),
and
1
Tos [ ddPas €L (B0)y a1 ) |B) (9.34)
= —phfi(B kL) — K FL(B kL) — f3(5,7ﬂ)
1
Tos [ € PR (B0}, )|B) = mé(ﬁ, k).
Matrix elements of operators with 5 are parametrized as follows:
1 —taxe+i(k,x n i
167T3/dl'.d2xl e ot (k, )L <A‘1/}($.,$L)’7M’y5w(0)‘14> R e,tu_ik QL(OZ,]CL),
1 —iaze+i(k,x) i—
W/dmonM et DL (AW O) st (e 2 1)|A) = = €uuik'gt (B kL)
(9.35)
BOur notations differ from “TMD handbook” [36]: Qe = —g}?b(i?k, ehvAr — —eﬁ{)’ﬁfw but €%, = E;{)ook

111 an arbitrary gauge, there are gauge links to —oo as displayed in Eq. (3.10).
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and

161773/dx.d2wL e~ 0T DL (Bl (24, 21 )1u750(0)| B) = €uyik’g™ (B, kL),
# drod®ay e P EDL (BIO0) st (20 21)|B) = €u,ik'g (8, kL)
(9.36)
The parametrizations of time-odd Boer-Mulders TMDs are
167r3/d:L‘.d wy e et L (A2, 21 )0 ) (0)]A)
2m
= E(kﬁpi = o vhi(a kL) + == 04p5 — o v)h(os ki)
+ R — s v)h o ),
% dred?z, =TT L (AJ(0)0H (e, 21 )| A)
- - %(kfipq — > v)hi (kL) — %m( 1P5 — > v)h(a, kL)
_ %m(kim p o V)R (o, k) (9.37)
and similarly for the target with usual replacements p; <> pa, e <> T, and a < 5:
1617T3/dw*d2$L e~ AL (Bl (2, 2 )™ 4h(0)|B)
= (M — o (B R + O (o — e v)B(B )
+ 2~ o ) (B, K1),
1617rg/dx*d2xj_ e BT tilkz) L L (BlY(0)o" (s, 1 )| B)
= (e (B k) — 2t — s )RS k)
~ 2 — e )R (5, K (9.38)

Note that the coefficients in front of fg, gt, hand hy in egs. (9.31), (9.33), (9.35), (9.36),
(9.37), and (9.38) contain an extra 1 since p4 enters only through the direction of gauge
link so the result should not depend on rescaling po — Apo.

9.2.2 Matrix elements of quark-quark-gluon operators

First, let us demonstrate that operators é and % in Egs. (2.5) are replaced by :taiq and

iﬁiq in forward matrix elements. Indeed,

$(0))a (9.39)

d. —iaqx.(I) ., T :
/m e (P(ze, 1) o

/dl‘./ dx e mqm‘ (D (24,21 )T(2h,01)) 4 S dze e_mm'@)(x.,xL)Fi/}(O)}A

Qq
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where ®(xq, 7 ) can be (2, 71) or (2,71 )Ai(Te, 1) and ' can be any y-matrix. Sim-

ilarly,
[ e () () TR(0)) 4 = ; [dze etz )roO)a - (940)
[ e () e D004 = o [doe O a2 )L(0) 4

where ®(zo, ) can be Y(zq, 1) or Ai(ze, ) ) (Te,x1). We need also

1 1

/ dzy e () OP D w ) a = = - [y e OT D 2.)

. - 1 1
/d:c. e Yt (o(0)I

——blnai)la= —— [de @O a1)a (041)
q

The corresponding formulas for target matrix elements are obtained by substitution o <
(and xe <> 4).

9.2.3 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 °

@) AL(w) = 0D () +i=00(w)p, + 0 Du o,

AL@)la) = —idip() - iop,0a() — iop,Dut(a) (9.42)

for the projectile operators in A, = 0 gauge and

@) BL() = 0D +i200()p, + it D () p,,

Bu@() = — i b(a) — iopde(a) — iop, Dub(a) (9.43)

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]

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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Gy [ dands € DA A0 A) = KA~ alf1+igh)] (k)

oy [ o f”“'*“’“’x”<A|¢<w>w2Aw<o>|A> = kilfi — alfi — g (e k)
o [z D A GO, Av(@)A) = Ki[f - aFy +i7")] (0. k)
1

/ddex. —lawe HilkT) L Alh A(0 WP yit(@)|A) = kil fi —a(fL —ig1)](ag, kL)
(9.44)

8m3s

For brevity, hereafter in the projectile matrix elements x = (4,04, 2 )
The target matrix elements are obtained by usual replacements (4.29):

1
R
1
Py
o [ e, D B O, BUIB) = [ - B+ i35 k)
1
5

/ dz,dzy e P HEDLBIGB)p v (0)|B) = Kilfr — B(fL +ig")](8,k1)
drydry e PO Blp (2)yip, BY(0)|B) = ki[fr — B(fL —ig)] (B, kL)

dz | dx, e~ Bextilka)L L(BlYB(0 )p17¢¢(x)|3> = ki[fl_ﬁ(]?i_igJ_)] (Bgr k1)
(9.45)

Similarly, in the target matrix elements x = (0o, Z4, ] )
Next, for the projectile matrix elements with an extra 5 one obtains

/ el mieat bl (A A()p s O)1A) = e [ — 071 +ig")] (o k1),

/ WL —ioaatiCon) (A () yiyspp, ADO)A) = — ek [f1 — alf1 — ig™)] (a0 k1)

8m3s

/Clxodll o iazeti(k, x)J_<A‘wA( )p2%75¢(x)‘14> = ieijkj [fl — Oé(fJ_ - ZgJ_)] (o, k1)

83
R, e O (A1 (Opirap, AS(@A) = b [ = a(Fs + ig)] k)
(9.46)

and for the target

/ Bl L —ipectitba) L (BISB(a)p s (OB) = — ek [f1 — BUL +ig™)] (B kL)

8m3s

[ HATL —ipnim) 1 B\ )y, BOYG(O)|B) = ek [fi — B(FL — ig1)] (B, ko)

8m3s
/ WL it (B B(O)p i) B) = — iessh? [ — By — ig.)] (8, k1)
/ WATL etk (B (O)yrsp, BO@)B) = ek [y — B(F1 +ig0)] (8, k)

(9.47)

— 46 —



The different sign in projectile<>target replacement of matrix elements with 5 is due to
the difference in the definitions (9.14).

dxed . . _ ,k’2 .
/ EWBZJ_ e zaqx.-l-z(k,x)L<A‘¢A($)p2¢)(0)|A> = [ — Zﬁhf —am(e+ zh)} (o, k1)
/ % et HEDL (Al (2)p, Av(0)]4) = [i’:zhf —am(e—ih)](a, ki) (9.48)
2
/dﬂ;ﬁiL p—iazeti(ka) | (A]&(O)%Al/}(a;., x1)|A) = [z%ﬁf + am(e +ih)] (e, k1),
dzred . ) _ .k.2 _ L
/ f;rgzL piazeti(kz) L <A|¢A(0)}ﬁ2¢(x., z)|A) = [— zﬁhf + am(e — ih)] (a, k1)

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

dz,d i ) _ ,k‘2 .
/ -';T?ZL iBqwsx+i(k,x) 1 <BWJB(1‘)]Z§11/J(O)|B> = [ — Zﬁhf— — Bym(e + lh)] (B, k1),
/ dz*dm e~ e AL BIp BO)p, b (2)|B) = [~ /i/# + Bme — ih)) (B, k).
da.d —i i - k2 -
/ zﬂ?):u zﬁx*—l—z(k,xﬂ<B|¢(O)ple($)|B) = [zﬁh% + Bm(e+ih)](B,k1), (9.49)

[ it (BB O a2 NB) = [ LR+ e~ D] 8,k

Next, we need

/ dféi? et IO L Al M)y (0)|A) = kim[ — e — iahs + ihp] (, kL),
et et L A ) AD(O)|A) = him] — e + daha + ] k),

d od —taxe+i(k,x 7y e joh ih
B e A A Q) @) A) = mbi[e — iafs — ifp) (0, by,

dx.dx —iare+ti(k,x n _ . T T
/ 167T3J_ e F (k7 L <A|71Z)(0)%A7[)(IL‘)|A> == ’I?”Lk‘l [6 + ZOéh3 + ZhD} (a, ]{:J_)

(9.50)

The matrix elements hp 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

[t e BIGB @ 0)B) = mhl—e — i+ ihp](5, k).

/d:igjlf; e~ BT URD) LBl (2)yi B (0)|BY = mki|—e + iBhy — ihH) (8, k1),

/ L s ) (BIIB(O0) () B) = mkife — iBTed — ihp)(5, k),

/ bl i) (BB ()| B) = ikl + s +iRb)(5, k1) (9.51)
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Finally, we need

/dz;ixl e iozeti(kx) L <A|¢A( )p2A¢(O)|A>
/dz.dwl —iare+i(k,r) 1 <A|¢;A( )pzAw( z)|A)
/dz.dxl e—zaa:.+z (k,x) 1 <A’¢A( )0*1A¢(0>‘A> =
/ dZ;fé? e T T L (A1) A(w)oi A(0)] A) =
and for the target

/dz;ﬁl e—zﬂz*ﬂ‘(k,zn(B|qj_;$(x)p2B@/)(0)|B>
/dxg;ix; e~ Hik) L (BIDB(0)p, Bib(x)| B)
/ch?é;rc:iil e~ BTt k) L Blh () 0es Brp(0)| B) =
/dz;céii e~ BT RO L BIT B(2) 00 B (0)| B) =

k2 hi + 2am?h —
m[J_ 1+ am

k2 hit +28m%h —
m[J_ 1 +28m

(k1 (fr = 2af 1) 4+ 20°m? f3] (a, kL)

— [k (fr — 2af1) + 20°m? f3] (o, k1)

k2
—k; [ﬁhf + 2amh — 2042mh3ﬂ (o, k1)

k; -
2a2m2h§‘] (o, k1)

(9.52)

(63 (f1 —28f1) +28°m> f3] (B, k1)

— [k (i — 28f1) +282m2 f3] (B, k1)

—k; []fji +2Bmh — 28°mhy | (B, k1)
252m25§_] (67 kJ_)
(9.53)

9.2.4 Parametrization of other quark-quark-gluon TMDs

First, let us parametrize matrix elements from Sect. 3.2.3.

o [ dvadiar TR (A Dy (v, 20)p,1(0)]4)
87335 / dzed®zy e T D)L (Alp(zq, 1 )p,iDeth(0)|A)
87r23s/dx'd2“ et titha) L (A1 D, (0)p, (e, 71| 4)
o [y e L A iDa 1)1
87335/ dad?ey e DL (Ai Dy (e, 01)0400(0)|A)
87?33 drdle) e—iovetitka)

87r23s/d$*d2“ p—iozeti(ka) |

% / du,d?z, et RD)I L A14(0)0,4iDeth (e, 1 )| A)
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— meD(a, k1),(9.54)

m2f5(a) kL)’

m?fp(a, k),

- meTB(Oé, kL)’

— mkih[)(a, kJ_),

(Ali)(2e,21)04iDetp(0)|A) = mkih(a, kL)

(A[i D (0)0i00(ze, 21 )|A) = mkihp(a, k1),

— mkiiL*D(Oz, kJ_)



and

87335/(196*032@ e~iBeetilk) L (Bl D, (02 )P, 0(O)B) = —m?fp(B.ky), (9.55)
Sois dr,d*xy e P (Blp(a,, 21 )p iDap(0)|B) = m? 5 (B, kL),
87338/dx*dzxL e~ iBa k)L (Bl D, (0)p, (s, 1)|B) = m2 (B, k),

- / da,dey e 0PN (Blg(O)p,iDap(xs, 1) B) = —m?[H(B, kL),
%/dx*deL e e tikT) L (Blepi B* (w21 )oaith(0)|A) = —mkihp(B, k1),

2 . 4 _
o [ doadio s IO (Bl(a, 01 )0wiD(O)]B) = mhip(aky)

2 [ ged?a, emBeHED L (Bldi D (0)ou B) = mkihp(B,k
8735 T AT | € < ’wl D*( )Uozw(m*yxj_)‘ > mr; D(/Ba J.)?

2 . . _ _
/ do.d?z ) e P2t DL (Bl (0)oeiiDitp(we, w1 )|BY = — mkih (o, k1)

8m3s

Next, in Sect. 4 and 5 we calculate target Gq matrix elements and restore the cor-
responding contributions with projectile gGq ones by trivial replacements (4.29). Conse-
quently, we will list only parametrizations of target Gq matrix elements. The projectile
matrix elements can be obtained by the usual (4.29) replacements. °

We parametrize the quark-quark-gluon TMDs with matrices 1 or 75 as follows

1 . . _
63 dzyd®zy e PoHEDL (Bl (y, 21 ) Bi(wx, ©10)1(0)|B) = kimeg (B, kL)
1 . ) _
o [ s B B, ) BOGO)B) = ke (5.k1)
1 —iBxx+i(k,x 7 _
167r:~a/dﬂ'7*d2xl e~ Pr L (B (0) Bi(0)¢(2, 71 )| B) = kieem(B,kL)  (9.56)

1 ) . _
167 / do,dixy e Pt (BIG(0) Bilw)p(en, 21)|B) = kiegm(B, k1)

1 —ifxi+i(k,x 7 - ~
673 / dedey e P H DL (B (0, w1 )iBi(wa, 213 0(0)|B) = kiméa (B, k1)
1 . _ - .
163 /dx*dzll e Pr DL (Blp(2y, 1 )iBi(0)15%(0)| B) = kimég (8, kL)
1 2 77,B$*+Z(k x)J_ R 5, =
163 dr.d°z) e L (Bl(0)iBi(0)vs (s, 21 )| B) = kiegm(B,ky) (9.57)
1 —i1Bxx+i(k,x " . 7 =x
o5 [ dasd’zy e P (B (0)iBi(x) st (s, 2 1) [B) = kiegmi(B, kL)

60One shold be careful with A; <+ B; replacement due to Eq. (9.14), see e.g. Eq. (9.47).
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and accordingly

1 ) . _ ,
o3 / da,d®z, e 0T EOL (Bl (2, 21)Bi(w, 210 )Y(0)|B) = kimég(B,ky)

1 , , - . »
167r3/d:1:*d2:c¢ e~ B Ak L (Bl (2, 1) Bi(0)(0)|B) = kiméi(B, k1)
1 . . o -
16713 dx*dle e_lﬁx*—ﬂ(hx)L <B‘w(O)BZ(O)w(5E*7$J—)|B> = kiméG(ﬂakL)
1 _ o .
167r3/dx*d2“ e~ Pt (Bl (0) Bi ()¢ (w4, 21)|B) = kimép(8,k1)  (9.58)

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

dred®T 50 itk - .
/ gy ¢ L (BB (@)ow(0)|B) = kim[Bhg — h+ hp —iec)(8, k1)

dﬂf*d2l‘ —ifz+i(k,x n " o
/8773;_ o Bz ti(k@) L (Bl(z)oexBi®(0)|B) = klm[ﬁhé‘ —h+hp +iegl(B, kL)

kim[Bhy — h— h, +iég](8, k1)

dred®T] 50 itk ~
[ i (Bl(0) 0.0 Bi(0) )

d *d2 —i1fzxx+i(k,x " 7 7 7 .=
/ it IR (BIGB(0)0wb (@) B) = kimlBhy —h — hp — iec)(8, kL)

(9.59)

Let us illustrate the derivation of these equations. From equations of motion (9.43) and
Eq. (9.3) we see that

1 ) . _ 1 ) .
&r%/dx*dxj_ e—zﬁqar*-&-z(k,l‘h <B‘wB(x)’Yz‘U*o'¢<0)’B> _ W/dx*dxl e—zﬂqx*-i-z(k,xh
X (Bl(x)[Bow — %kicf*. — €ijkivs +i B* 0ei]¥(0)|B) = —mk;[Bhy —h+ hp](B, k)

(9.60)
On the other hand
2 - 2 -
2 (BIOB@)iowt(O)B) = 2(BISB (2)(5y + i0i)0w0(0) B) (9.61)
2 _ .
= L (BlYBi(2)oxet(0)|B) + (BlyBi(2)15%(0)|B)
= ngs / drdz, e PamtikD) L Bl B; ()0 .e1(0)| B)
- &Tli)’zs/dm*dwl- e~ Bawstilka)L <B’7Z’B(x)%0*0¢(0)|3> —iéq(B, k1)

where we used parametrization (9.56). From the above two equations we easily get the first
of Egs (9.59). In a similar way one can obtain the rest of formulas (9.59).
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Second, for transverse o’s we get

/d[E*de_
16708 ©

—ifx+i(k,x) L

(BlyB*(x)o,, j9(0)|B) (9.62)
= m(dykj — 5“@) [ —ie(B, k1) —iec(B, k1) + Bhy (B, kL) — hp(B, k)],
/dfgi? e et L Blaj () BH(0) 0y, j4(0)| B)

= m(0lky — 60k, )[ie(B, ki) +ieG(B, ki) + Bhy (B, k1)
JE=r (BIGB(0)ou, 16(x)|B)

= m(0lky — 60k )[ie(B, kL) — iea(B, kL + Bhy (B,kL) + hp(B, kL)),
[t e B0, B ()]B)

= m(6htky — 08k )[ —ie(B, kL) +ieg (8, ki) + Bhy (B,k1) + B (8, k)]

- h*D (67 k:J_)] )
—ifr+ti(k,z) |

Again, let us illustrate the derivation of the first of the above equation. After convo-
luting p and v, we need to prove that

/d:n*d:z:L e lﬁqa’*“(kxh(BWBy( Jou, j¥(0)|B)

- 1617r3 / dr,dx i e P EDLBIB (2)y; — iBj(2)1(0)|B)

— imk; [e(Bg, k1) + ea(By, k1) +iBehz (8, k)],
= mk;[ —ie —iec + Byhs — hp] (B, kL)

1673

(9.63)

which easily follows from equations of motion (9.43) and parametrizations (9.56).The rest
of the equations (9.62) is proved in a similar way.

For o, with one longitudinal and one transverse indices we define

1 2 —iBxx+i(k,x n 1
Ws/dw*d%u e Wbztilko). (BlY)(ws,x1) [ Bi(x)0ej — igijBkak(x)]¢(0)|B>

1
= —(kikjﬂL*gijkL) th(ﬁ,]ﬂ)
1 2

Ws/dx*d%u e~ Prtiha) L (Blp(0)[B;(0)oe; — gijBkak(O)]¢($*;$L)|B>

1 1-
= — (kik; + igijki)ahféf(@ k1) (9.64)
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Next, we parametrize

1

63 /dx*deJ_ e e RO L (Blp(s, 21 )7 By (s, 2.1)10(0)| B) (9.65)

= [kik; + K2 2] frg (B, k) + 2[R (F1 — ig) — 28m*f)(B, ko),

16 1673 de*dQ:cL e~ tBeatilka)L <BWJ(9C*7xi)Bi(O)ij(O)‘B>

= [kik; + k3 g”]flc(ﬁ ky)+ 99 [h(ﬁ +ig1) — 28m° f3t] (B, k1),

= [kik; + K2 2] frg (B, k) + T2 (FL + i) — 28m> ) (B, ko),

! /dm*dQ»m e ibrtilka)L <B\¢(0)’Yj3z‘(0)¢($*,M)\B>
/d:n*d Ty e —iBetitka)L <B|¢( ) (m*,xL)fij(m*,xL)\B>

1673
= [kik; + k1 g”]flc(ﬁ ki) + iy [h(fL —ig1) — 2m*f5](B, k1)

Let us prove the first of the above equations. Consider

1617r3/dx*d2x¢ e~ e tilha). <B|¢( ) B(x)p,p,1(0)| B)
kg
1673

= K1[fL(B, kL) +igL (B, k1)) —2m>fp(B, kL) (9.66)

. _ , -
de,d?z | e P ED) LBl () [ — i +i€ij77v5 + 20 Dy plx]¢(0)]B)

where we again used QCD equations (9.43)
On the other hand,
%(BI@Z_J(:E)E(@MDW(O)IB) = P(x)7' (B + iBis) (@)9(0)) = (x) B (2)y:1(0)) =
1
1673

/ dryd®wy e PR (BB (2)y,(0)|B) = (KT (f1L +igL) — 2m® fp)(B, k1)
(9.67)

Next, v; B = 28 — B'~; so from the equation of motion (9.43)

v [ sy B B B@ROIB) = 11— B s — m ol 5. K)
(9.68)

and we easily get

dr,d’x, — B, +i(k,x) 7 i 2 ) 2
/W e P IL (Blg(x) % B (2)P(0)| B) = [k (fL —igL) — 28m”f3](B, k1)
(9.69)

The rest of the convolutions in Egs. (9.65) are obtained in a similar way.
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Finally, we parametrize TMDs with integrated gluon fields as in Eq. (5.13) as follows

o s D (Bl e p VO)NB) = Rifig(5 )

1 2

1673 s

12 . - \
1678 5 / deyd®z, e PO (B (2)p BO0WW(0)|B) = —kifis(8,k1)  (9.70)

1 2 o L ]
1671—38/d$*d23j‘J_ e~ 1Bti(k,m) L (B\w((])plﬁ%(x)z/}(x*,xL)\B> = szfg</3’ ki)

/ da Py e P HEDL (BB0)50)p, ¢ (en e )|B) = — kifig(8,ky)

8m3s

/ ndL igo.tihion, (Bl (2)p, 2B, 2 W(0)|B) = m® fog(B,k1)

dx,d? . A _ ~
/ S e IR (BIG(0)p, 2BO) (s 21 )|B) = mfag(B,kL)

v d?r, . . _
/ L1 i i) (Bl()(2B) (O)p, B(O)|B) = mPfig(B.kr)  (9.71)

8m3s

2
/ G L —ipetitba)s (BI(0) (2B) (2)p,(en 21 )|B) = m2Fia(B.kL)

8m3s

d *d fi Ty +i(k,z H
[T e L (Bl a5 B 2 JOOIB) = mfag(5,h)

ij

/ M e D (BIG(0)p, 5 5 By (0 (e 21)|B) = mPfog(8 kL)

d d ij
/ s <B|w<x>pn5% B (0)0(0)[B) = m?f35(8, k1) (9.72)
[ e (B0 35 B 2 )IB) = (5 k)

dl‘*dQJ? —ifxi+i(k,x "
/ gy ¢ P (BIO(x) 0us, Ba(x)i(0)|B)

k3 9an
kikg hg (B, kL) + = [hlg + hagl (B, kL),
dl’*d Tl 7iﬁm*+i(k§,x)l n
871'35 <B|¢(0)UOBJ_{BQ(O)¢(‘T)|B>

1- k% gt
= _kieig k ———O"Bh h k
aky 16(B. k1) - [hig + hagl(B, k1)

/dxgd TL =iBratithe) L (Bl(x) Tep, Ba(0)1(0)| B)
k‘2 gaﬁ
2

e" AR D) L (Blih(0)00s, Ba(x)t) ()| B)

= ki hig(8 k1) + o T [+ hgl (8 k),

ded?z |
© 8ms

I k? géﬂ T
= _kakﬁ 1608, kL)_ET[ 16+ hagl(B, k1) (9.73)
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and

2 . . —
B i (B @) ow Bl a1 JOO)B) = homhg(0,F)
2 . . — —
QDL ibr )i (Blg(O)owB(O) (s, 7 )|B) = himhsg(5, k)
Y

d *d2 —iBr+i(k,z) "
[ i (Bl @) o BrO)0)|B) = Rimhig(8, k) (9.74)

dx*deJ- e~ 1Bti(k,w) L 7 *
T e 3. ) = (BlY(0)0eiBP(24, 21 ) (24, 21 )| B) = kimh3g(ﬁakl)

/dw*dle e—iﬁx*—l—i(km

(Bl (2)0eiBij(zs, 2 )Y(0)|B) = kjmhag(B. kL)

2
/dl’*dm —iBe k)L Bl4p(0)0eiBij(0)1(2s, w1 )|B) = kjmhag(B, kL)
[ e s (B )i 0)6O)IB) = hymbigh k) (675)

2
/d:):*dxl —ifzi+i(k,z) | (BW}( )Tei zj($*,$L)¢($*>fUL)|B> = kijZg(ﬁakL)

As usual, the corresponding matrix elements for the projectile are obtained by trivial re-

placements x, < o, g < 34 and Py < Py
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