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We present a general analysis of the orbital angular momentum (OAM) distribution of gluons
Ly(z) inside the nucleon with particular emphasis on the small-x region. We derive a novel operator
representation of Ly(z) in terms of Wilson lines and argue that it is approximately proportional to
the gluon helicity distribution Lg(z) ~ —2AG(z) at small-z. We also compute longitudinal single
spin asymmetry in exclusive diffractive dijet production in lepton-nucleon scattering in the next-to-
eikonal approximation and show that the asymmetry is a direct probe of the gluon helicity/OAM
distribution as well as the QCD odderon exchange.

I. INTRODUCTION

After nearly thirty years since the discovery of ‘spin crisis’ by the EMC collaboration [1], the partonic decompo-
sition of the nucleon spin continues to be a fascinating research area. Among the four terms in the Jaffe-Manohar
decomposition formula [2],
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the quark helicity contribution AY: is reasonably well constrained by the experimental data. The currently accepted
value is AY ~ 0.30. Over the past decade or so, there have been worldwide experimental efforts to determine
the gluon helicity contribution AG as the integral of the polarized gluon distribution function AG = fol dxAG(x).
The most recent NLO global QCD analysis has found a nonvanishing gluon polarization in the moderate x region
f01.05 drAG(z) =~ 027008 [3]. However, uncertainties from the small-z region = < 0.05 are quite large, of order unity.
Future experimental data from RHIC at /s = 510 GeV [4] and the planned Electron-Ton Collider (EIC) [5] are
expected to drastically reduce these uncertainties.

In contrast to these achievements in the helicity sector, it is quite frustrating that very little is known about the
orbital angular momentum (OAM) of quarks L, and gluons L,. In fact, even the proper, gauge-invariant definitions of
L, 4 have long remained obscure (see, however, [6]). Thanks to recent theoretical developments, it is now understood
that Ly, can be defined in a manifestly gauge invariant (albeit nonlocal) way [7, 8]. Moreover, this construction
naturally allows one to define, also gauge invariantly, the associated partonic distributions [9, 10],

Lq,q :/0 drLg,q(). (2)

A detailed analysis shows that L, q(x) is sensitive to the twist-three correlations in the longitudinally polarized
nucleon.
Introducing the z-distributions L 4(z) is essential for the experimental measurement of OAMs. Just like AX, which

is the integral of the polarized quark distribution AY = fol dxAq(x), Lq,4 can only be determined through a global
analysis of the ‘OAM parton distributions’ L, 4(x) extracted from various observables. However, accessing Lq 4(z)
experimentally is quite challenging, and there has been some recent debate over whether they can be in principle
related to observables in the first place [11-13].

In this paper we propose a method to experimentally measure the gluon OAM distribution L4(x) for small values of
x. This is practically important in view of the abovementioned large uncertainties in AG from the small-x region, as
well as a strong coupling analysis [14] which suggests that a significant fraction of spin comes from OAM at small-z.
Together with a related proposal which focuses on the moderate-x region [15], our work represents a major step
forward towards understanding the spin sum rule (1).} We shall make a crucial use of the relation [8, 18, 19] between

I Very recently, a different observable related to the quark OAM distribution Lg(x) for generic values of x [16] has been suggested.
Moreover, the first direct computation of Lg in lattice QCD simulations [17] has appeared.



L, 4 and the QCD Wigner distribution [20], or its Fourier transform, the generalized transverse momentum dependent
distribution (GTMD) [8, 21, 22], which actually holds at the density level L, 4(z). Since the gluon Wigner distribution
is measurable at small-z [23], Ly(z) should also be measurable through this relation.

In Section II, we review the gauge invariant gluon OAM L, and its z-distribution Ly(z). In Section III, we discuss
the said relation between L,(x) and the gluon Wigner distribution, and prove some nontrivial identities. From Section
IV on, we focus on the small-z regime. We derive a novel operator representation of L, (z) in terms of lightlike Wilson
lines. The operator is unusual (for those who are familiar to nonlinear small-x evolution equations) as it is comprised
of half-infinite Wilson lines and covariant derivatives. We observe that exactly the same operator is relevant to the
polarized gluon distribution AG(z) at small-z. This, together with the arguments in Appendix B, has led us to
advocate the relation

L,(z) = —2AG(x), (x < 1) (3)

which puts strong constraints on the small-z behavior of L,(z) and AG(z) and their uncertainties. It also suggests
that the measurement of L,(x) at small-z is closely related to that of AG(xz). Based on this expectation, in Section V
we compute longitudinal single spin asymmetry dAo = do™ — do* in diffractive dijet production in lepton-nucleon
scattering. It turns out that the asymmetry vanishes in the leading eikonal approximation, and the first nonvanishing
contributions come from the next-to-eikonal corrections. This involves precisely the OAM operator found in Section
IV, and as a result, the asymmetry is directly proportional to L,(x) in certain kinematic regimes. Interestingly, the
asymmetry is also proportional to the odderon amplitude in QCD. Finally, we comment on the small-z evolution of
Ly(z) and AG(z) in Sec. VI and conclude in Sec. VII.

II. GLUON ORBITAL ANGULAR MOMENTUM

In this section, we review the gluon OAM L, and its associated parton distribution L,(z) following [7-9]. The
precise gauge invariant definition of L, is given by the nonperturbative proton matrix element

(P'S|Fre D

pure

lim APOYS|PSY = —ieIA |, STL,, (4)
A—0 : :

where P* & § P is the proton momentum and the spin vector is longitudinally polarized S* ~ § ST. On the right
hand side, we keep only the linear term in the transverse momentum transfer A, = P| — P, which is assumed to be

—
small. We use the notations D# = W +1gA, and Df,.. = DV — igAghys. Aghys is a nonlocal operator defined
by [7]

) =F [0 =y )y o () F (). )

where U is the lightlike Wilson line segment in the adjoint representation. L, does not depend on the choice of the
+ sign in (5) due to PT symmetry [8]. In the light-cone gauge A* =0, A} = A" and (4) reduces to the canonical
gluon OAM originally introduced by Jaffe and Manohar [2]. The operator structure (4) was first written down in [24],
but the authors proposed a different A} .. We emphasize that the choice (5) is unique if one identifies AG in (1)
with the usual gluon helicity AG that has been measured at RHIC and other experimental facilities.

Next we discuss the gluon OAM distributions L,(z) with the property?

L, = /0 el () = % [ 11 doLy (). (6)

The z-distributions for the quark and gluon OAMs L, ,(z) have been previously introduced in [25, 26] and their
DGLAP evolution equation has been derived to one-loop. However, the definition in [25, 26] is not gauge invariant,
and the computation of the anomalous dimensions has been performed in the light-cone gauge A* = 0. The gauge
invariant canonical OAM distributions L, 4(x) have been first introduced in [9]. They reduce to the previous definitions
[25, 26] if one takes the light-cone gauge.® While the notion of OAM parton distributions is not yet widely known,
we emphasize that they are crucial for the measurability of OAMs. Just as one has to measure the polarized quark

2 The normalization of Ly (z) in (6) and (7) differs by a factor of 2 from that in Ref. [9] where Ly(z) was defined as Ly = f—ll deLg(x) =

2 fol dxLg(x). The present choice is in parallel with the definition of AG(x): fol drAG(xz) = AG.
There is an alternative gauge invariant definition in [27], but this is different from the one [9] we discuss in the following.



and gluon distributions Ag(z), AG(x) in order to extract AY = fol drAq(z) and AG = fol drAG(z), any attempt to
experimentally determine L, , must start by measuring its a-distribution Lg 4(z).

For the gauge invariant gluon OAM (4) with A
is defined through the relation [9]

Dhys 8iven by (5), the distribution Ly () is also gauge invariant and

where Mp and Mp are the ‘F-type’ and ‘D-type’ three-gluon collinear correlators
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(In the above, we omitted Wilson lines U for simplicity.) The quark OAM distribution L,(z) can be similarly
defined through the collinear quark-gluon-quark operators. Interestingly, although L, 4(x) are related to three-parton
correlators which are twist-three, a partonic interpretation is possible because one of the three partons has vanishing
longitudinal momentum fraction x — 2" = 0 due to the delta function constraint in (7). After using the QCD equations
of motion, one can reveal the precise twist structure of Ly(x): It can be written as the sum of the ‘Wandzura-Wilczek’
part and the genuine twist-three part [9]
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where Hy, = ©G(z) and E,; are the gluon generalized parton distributions (GPDs) at vanishing skewness. ® and Mg
are the quark gluon- quark and three-gluon correlators defined similarly to (8) (see [9] for the details). Eq. (10) shows
that L,(z) and AG(z) are related, albeit in a complicated way. Later we shall find a more direct relation between
the two distributions special to the small-z region.

Before leaving this section, we show the DGLAP equations for Ly 4(z). They can be extracted from the results of
the anomalous dimensions in [25, 26] (see, also, [28]).

|
) ’ (11)
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Pyy(z) = Cr(1+ (1 -2)%), (14)
. (P-4 Bo
AP, (z) =Cr(22 1), (16)
AP (z) =ns(1 — 3z + 422 — 22°) (17)
AP, (2) = Cp(—2% + 32— 2) (18)
AP, (z) = 6(z —1)(22 — 2 +2) (19)
where Cp = Nf_l = %, ny is the number of flavors and By = 11 — 2% For completeness and a later use, we also
note the DGLAP equation for the helicity distributions
d (AQ($)> _ %/ dz <Aqu(Z) Aqu(Z)) <AQ($/Z)> (20)
dlnQ? \AG(z) 21 J, 2 \APgq(2) APyy(z) ) \AG(z/2)) "
14 22 3
APy (2) = Cr ((1 jjﬁ + a1 z)) , (21)
APy(2) = (22— 1), (22)
APyq(z) =Cr(2-2), (23)
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III. OAM AND THE WIGNER DISTRIBUTION

The original definition (7) is technical and does not immediately invoke its physical meaning as the OAM. Fortu-
nately, there exists an equivalent and very intuitive definition of L,(z) in terms of the Wigner distribution. The gluon
Wigner distribution is defined as

dz—d? BAL
(EW(LL',(]J_,[)J”S):2/ Z 3ZJ_/ 12-6—sz+2 +igL -z
(27‘1’) P+ (27r)

x(P+ 2L S|TeFY (b + 2) F™ (by — 2)| P — &4, 9) , (25)

where the trace is in the fundamental representation. It is convenient to also consider the Fourier transform of
the Wigner distribution with respect to b, namely, the generalized transverse momentum dependent distribution
(GTMD) [8, 21, 22]

IW(x7qL’AJ~’S):/dszWg(I5qL7bl;S)eiAJ‘.bJ‘

d3xd3 ) . ) ) .
:4/ e T R G I @) P () (26)
_ (P+5L S| P=5L)S) . . . .
where (--+) = n (25) and (26), we have to specify the configuration of Wilson lines to make

= P.51P.5)
the nonlocal operator F(z)F(y) gauge invariant. There are two interesting choices for this [29, 30]. One is the
Weizsicker-Williams (WW) type

(TP (2) ' (y)) — (TeF () Us (2, ) F ' (y)Us (y, 7)) (27)
and the other is the dipole type

(TeF* () F T (y)) = (TeF T (2)U— (2, y) F () U (y, 7)) , (28)



where Ui (2,y) = Uy 100 1)Us, y, (£00) U~ (Y1) is a staple-shaped Wilson line in the fundamental represen-
tation. We denote the corresponding distributions as W and Waip, respectively.

The Wigner distribution describes the phase phase distribution of gluons with transverse momentum ¢, and impact
parameter b, . Their cross product b, x ¢, classically represents the orbital angular momentum. It is thus natural

to define L, as [§]

1 .
L, E/ d$/d2b1_d2(u €iib' ¢ Wi (x,q1,by1)
_1

6AZ

where our default choice is the WW-type Wigner distribution because it is consistent with a partonic interpretation.
One can check that (29) agrees with (4), with the + sign taken over to that in (5). W has the following spin-dependent
structure

1
— _i/ d:zc/d2 qL e”q]L hm g Wy(x,qi, A1), (29)
1

St ,
W(z,q,AL,S) = ZﬁEUAl ¢y (fx, o)) + iDL - qrh(e, lqu])) +--- . (30)

Substituting this into (29), one finds
1
Ly = A/ dw/dzfu qif(x,lqLl), (31)
1

where \ = P+ = +1 is the helicity of the proton.

The result (31), together with a similar relation for the quark OAM, is by now well established [8, 18, 19]. We
now discuss this relation at the level of the z-distribution. Since (29) involves an integration over z, it is tempting to
identify the integrand with L,(z)

Ly(z) = 2/d2de2(u b @ We(z,q1,b1)

. i 0
:—2z/d2qL eJqJ_ lirgo AT Wiz, q1,AL). (32)

(The factor of 2 is because f_ll dr = 2 fol dz.) It turns out that this exactly agrees with L,(z) defined in (7). The

proof was essentially given in [9] for the quark OAM distribution Lq(z). The generalization to the gluon case is
straightforward, and this is outlined in Appendix A. Here we prove another nontrivial fact that L,(z)’s defined
through the WW and dipole Wigner distribution are identical for all values of x. Namely,

/dszd2qLe”biqui(:v, bi,q1) = /dzbl_d2QJ_€ijbj_Qinip(xa bi,ql). (33)

The proof goes as follows. Consider the part that involves ¢ ; [ d?q J_qu. For the WW-type Wigner, this is evaluated
as

TR iz i( 2 9 i(z i(_z
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- %Tr [ (5) (DPev — v Dy pt (-5 ) ut] (34)

where we only show the relevant operator structure and suppress the arguments of Wilson lines U which should be
obvious from gauge invariance. The same type of calculation for the dipole Wigner distribution gives
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Taking the plus sign in (34) (the minus sign leads to the same conclusion) and subtracting (35), we obtain

. 0 i s i 2 ot . 0 Tz +i(_z\ gt
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The question is whether the nonforward matrix element (...) of the operator (36) contains the structure ig—ieij A' §L(x).
If so, the function §L would contribute to the difference L}V (2) — L' (x). However, this is impossible as one can
easily see by applying the PT transformation to the matrix element. Under PT, F*¥ — —F"" and one obtains an
identity
ST A =St 4 i
’LFEJAJ_(SL(I) = —zFGJ(—AL)(;L(:z:), (37)
which immediately gives dL(x) = 0.
The above proof is crucial for the measurability of Ly(x). While Ly(x) is naturally defined by the WW-type Wigner
distribution, the dipole Wigner distribution has a better chance to be measured in experiments [23]. Below we only
consider Wi, and omit the subscript.

IV. SMALL-z REGIME

Our discussion so far has been general and valid for any value of x. From now on, we focus on the small-z regime. In
this section we derive a novel operator representation of L,(z) and point out its unexpected relation to the polarized
gluon distribution AG(z).

A. Leading order

In order to study the properties of the (dipole) Wigner distribution at small-z, as a first step we approximate
e P (@ =y7) ~ 1 in (26). We shall refer to this as the eikonal approximation. We then use the identity

U (x)) = —ig/ dfoooﬁszH(:C)sz’,oo —igAi(oo,:CJ_)U(:vJ_)—l—igU(xJ_)Ai(—oo,xJ_), (38)

— 00

where U(z1) = Uso,—oo(z1) and do integration by parts. This leads us to [23]

4NC 2 A2
W(‘Tu AJ_7 ql1, S) ~ WQ(.’I], AJ_u QJ_) = W (QL - TJ—) F(.’I], AJ_u QJ_) 3 (39)
where F' is the Fourier transform of the so-called dipole S-matrix
_ 2 2 iqL-(z L —yo ) +i(e +yL) S5 1 i

F(z,Ay,q.) = | &z dy, e’ F L7y LHYL) FTr[U(xL)U (yo)] ) - (40)
The last two terms in (38) have been canceled against the terms which come from the derivative of the transverse
gauge links connecting 2, and y; at = = 400 (not shown in (40) for simplicity). The z-dependence of F' arises from

the quantum evolution of the dipole operator TrU(x )UT(y, ). To linear order in A, we can parameterize F' as
F(z,A1,q1) =Pz, AL,q1) +ig - A1O(z, |q1]). (41)

The imaginary part O comes from the so-called odderon operator [31, 32]. It is important to notice that F' cannot
depend on the longitudinal spin S, and therefore, W, cannot have the structure (30). This follows from PT symmetry
which dictates that

(P+ 5,8 U@ )U(y)]| P = 5,8) = (P = 3, =S |T[U(-z)UT(—y)]| P+ 5, -5) ,



so that Wy (z,q1,A1,S) = Wo(z,—q1,—A,,—S). Therefore, it is impossible to access any information about spin
and OAM in the eikonal approximation. This is actually expected on physical grounds. At high energy, spin effects
are suppressed by a factor of  (or inverse energy) compared to the ‘Pomeron’ contribution as represented by the first
term P in (41).4

B. First subleading correction

In order to be sensitive to the spin and OAM effects, we have to go beyond the eikonal approximation. By taking
into account the second term in the expansion e~ @~ =47) =1 —jzPT(z~ —y =)+ --- and writing W = Wy + oW
accordingly, we find

4P*
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The first equality is obtained by splitting = —y~ =2~ +T — (y~ + T) where T is eventually sent to infinity. In the

second equality we write =~ 4+ T = ff; dz~ and switch the order of integrations between f dx~ and f dz~.

In contrast to Wy, 0W can have the structure (30): From PT symmetry, one can show that 6W(z,q,,A,,S) =
—0W (x,—q1,—A1,—S).> The most general parameterization of the near-forward matrix element in (42) is, to linear
order in A and ST,

4pt
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W d°x d*y, e TTE)wL L YL [ dz ™ (Tr[U(2 1 )U—_ oo~ (Y1) DiU.— oo (y1)])
St A J Al J
= lgpr€ij -5t | flada) + | ) + 5 ol lar]) —aL A g A, [gu )
St Al J A% J
~ 5pci -5 | B, lqo]) + (@ + 5 |Claslae]) + 2¢1 AL - quh(a, o) p + -+ (44)

4 The situation is different when the spin is transversely polarized. In this case, F' can have the structure €45 Si qi, and the corresponding

amplitude has been dubbed the ‘spin-dependent odderon’ [33]. While this is subleading compared to the leading Pomeron term P, it is
suppressed only by a fractional power % with o ~ 0.3.

5 More generally, in the Taylor expansion of the phase factor e’mPﬂzi’yi), the odd terms in x can contribute to the OAM.



(44) is obtained from (43) by applying the PT transformation. We recognize the functions f and h that appear in
(30), the former is related to the OAM as in (31). The other real-valued functions g, A, B, C' do not contribute to the
Wigner distribution. Integrating both sides over ¢, we obtain the following sum rules

/quL(f—g+in)=o, /quL(B—C—zqih)zo. (45)

Eq. (43) uncovers a novel representation of the OAM distribution at small-z in terms of an unusual Wilson line
operator in which the covariant derivative D; is inserted at an intermediate time z~. Such operators do not usually
appear in the context of high energy evolution. In the next section we shall see that this structure is related to
the next-to-eikonal approximation. Here we point out that the same operator is relevant to the polarized gluon
distribution AG(zx). This elucidates an unexpected relation between AG(x) and L,(z).

Let us define the ‘unintegrated’ (transverse momentum dependent) polarized gluon distribution AG(x,q ) as

+ 2 -
Z.’L‘AG(I qJ_)S = 2/ Me_iprrziJriQL'ZL <PS |€ijTl“F+i (%) U_F1I (_%) U+| PS>

P+ (2r)3 P+
— 4/ dg'rdgye*ixP+(zifyi)+qu_-(zj_fyj_) <PS|6U’I‘I’ I:F+Z(‘/L.)U_F+J(y)U+} |PS> (46)
(2r)3 (PS|PS) '

such that [d?qi AG(z,q1) = AG(z) and fol drAG(z) = AG. Note that (46) is a forward matrix element A} = 0.
Using the same approximation as above, we obtain the following representation at small-z

St _ APt 2 2 igrL-(x1—y1)
iAG(z, QJ_)P+ = W/d z dy,e
Xeij{Qi/ dz~ <Tl“[ SUZ—_OO ,TJ_ UT(yJ_):|>
+qi/ dz= (Tr [U(xL)U—ooz(yL)DjUzoo(yl)D}v (47)
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S+
AG(z, qJ_)PJr (48)
_ 8P+ J 2 2 iqr-(zL—y1) = - T
_Weuqum[/dxj_dyj_e /_Oodz <Tr{ 5sz_OO$J_U(yJ_)j|> .
Substituting (43), we find
AG) = - [ dargt (f(a.larl) + gl lax])
1
——5Lola) - [ dargtgla o). (49)

This is a rather surprising result. From (10), one can argue that if AG(x) shows a power-law behavior at small-
z, AG(z) ~ =7, the OAM distribution grows with the same exponent Ly(z) ~ . Eq. (49) imposes a strong
constraint on the respective prefactors, and the relation is preserved by the small-z evolution because both L, (z)
and AG(x) are governed by the same operator. Moreover, in Appendix B we present three different arguments which
indicate that |f| > |g|. If this is true, a very intriguing relation emerges

Ly(x) = —2AG(x). (50)

As mentioned in the introduction, reducing the huge uncertainty in AG from the small-x region 2 < 0.05 [3] is a

pressing issue in QCD spin physics. Eq. (50) suggests that, if the integral f00'05 dxAG(x) turns out to be sizable in
future, one should expect an even larger contribution from the gluon OAM in the same x-region which reverses the
sign of the net gluon angular momentum

0.05 0.05 0.05
/0 dxAG(z) —l—/o dzLg(z) ~ _/0 dzAG(z) . (51)



This has profound implications on the spin sum rule (1). In particular, it challenges the idea that AY and AG alone
can saturate the sum rule. There must be OAM contributions.

Eq. (50) is reminiscent of a similar relation observed in the large-Q? asymptotic scaling behavior of the components
in the spin decomposition formula Eq. (1) [28]. To one-loop order,

AX(t) = const. , (52)

1 1 3nf

Lo(t) = —=A% 4 =21
() 2 +216+3nf ’ (53)
4Nt 4AY
AG(t) = — + - (AGQ + ) , (54)
Bo  to Bo
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Ly(t) = —AG(t) (55)

+§16+3nf ’

where ¢ = In (Q?/Acp) and we have neglected the subleading terms at large-Q*. AGj represents the gluon helicity
contribution at some initial scale 3. From these equations, we find that the large negative gluon orbital angular
momentum would cancel out the gluon helicity contribution if the latter is large and positive. It is interesting to see
how this behavior imposes a constraint on the small-z contribution to AG and L, when we apply Eq. (51) as the
initial condition. The scale evolution of Ly(x) and AG(z) can be an important agenda for the future electron-ion
collider [5] where one of the primary goals is to investigate the sum rule (1).

V. SINGLE SPIN ASYMMETRY IN DIFFRACTIVE DIJET PRODUCTION

In this section, we calculate longitudinal single spin asymmetry in forward dijet production in exclusive diffractive
lepton-nucleon scattering. As observed recently [23], in this process one can probe the gluon Wigner distribution at
small-z (see also [39]) and its characteristic angular correlations. Here we show that the same process, with the proton
being longitudinally polarized, is directly sensitive to the function f(z,qy).

A. Next-to-eikonal approximation

Exclusive diffractive forward dijet production in ep collisions has been extensively studied in the literature mostly
in the BFKL framework [34-38], and more recently in the color glass condensate framework [23, 39]. We work in the
so-called dipole frame where the left-moving virtual photon with virtuality Q2 splits into a ¢ pair and scatters off
the right-moving proton. The proton emerges elastically with momentum transfer A . The ¢q pair is detected in the
forward region (i.e., at large negative rapidity) as two jets with the total transverse momentum k1, + ko = —A
and the relative momentum %(k:u —k1)=P,.

In the eikonal approximation and for the transversely polarized virtual photon, the amplitude is proportional to
[23, 39]

. . 1 K :
x /d2x¢d2y¢e_zm'“_z’m'“ <FTr[U(:u)UT(yL)]> ckalers) i

. 21 L

[ dPqu Pl — g
= F(A
Z/ (27’(’)2 (PJ_ — QJ_)2 +€2 ( Laql)a (56)

where r| =2z, —yy and €2 = z(1 — 2)Q?. z (or 1 — 2) is the longitudinal momentum fraction of the virtual photon
energy ¢~ carried by the quark (or antiquark).

As we already pointed out, (56) cannot depend on spin. Our key observation is that the next-to-eikonal corrections
to (56) include exactly the same matrix element as (43) and is therefore sensitive to the gluon OAM function f. Going
beyond the eikonal approximation, we generalize (56) as

/d2fEJ_d2fElJ_d2yJ_d2yj_€_ile'CEL_UQL'?JL <NL EKil(ETl) i (57)

C

Tr[U(CL'J_,le_)UT(yJ_ayi)]> o v’

where we allow the quark and antiquark to change their transverse coordinates during propagation. U(x .z’ ) is
essentially the Green function and can be determined as follows.
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Consider the propagation of a quark with energy k= = 2¢~ in the background field A, A% . The Green function
satisfies the equation®

1
aa_ + 2/{—_D2 - gAJr(x,:zrl)] G- (27, zy, 2", 2))) =id(x™ — 2" )dP(z, — ). (58)
To zeroth order in 1/k~, the solution is

z

QY (z™,xy, 2" 2)) = 0@ —a'")6P (xL — ') exp (—ig/ dzAJr(z,xL)) . (59)

—

This is the eikonal approximation. Writing G = G° + 6G, we find the equation for 6G

0
Y oAt P2 0
[283: gAT (a7, )] 0G + 2k: D, G"=0. (60)
This can be easily solved as
Gz~ xy 2", 2) ) = 2k_
We thus obtain the desired propagator

/—

9( '*)/ dz Uy, (x1)D2 8P (z1 — &/ )U,— - (2)). (61)

U(vax/L) = Gk* (Oov'ILa —OO,.I/L)

) <
= U(21)0® (w1 —2) + 5= /_ dz Uneo- (w1)D? 6P (21 — o' U, _oo(a')). (62)
n (57), we need the Fourier transform of U(z,2/))
/d%ue_““'mLU(:z:l, 7))
= etkial (U( ')+ i Az U () )(D2, k2 —2iki D, )U.- oo(:c;)) . (63)

If we ignore A, (63) agrees with the result of [407 41] to the order of interest, although equivalence is not immediately
obvious.” Clearly, A is important for the result to be gauge invariant (covariant). The last term in (63), when

substituted into (57), gives the same operator as in (43). In addition, (63) contains the operator Us, .- D2 U,- _
which we did not encounter in the previous section. However, the matrix element of this operator does not require
new functions. To see this, we write down the general parameterization to linear order in A |

4p+
g%(2m)3

S+
= (s(@, 1)) + in(w,lq1]) pre gL £ (64)

/dQILdzylei‘u'(u*yL)JriATL'(“*yL)/d27< (1) 3 LU ool (z)UT(yo)])

AP+
g9*(2m)?

St
= —(r(@lau) +inz, la1 ) 57 gL A e (65)

where &, n are real. (64) and (65) are related by PT symmetry. By integrating by parts in (64) twice, we can replace

/d2de2yJ—eiQL-(IL_yL)"FiATL-(IL'f‘yL)/dz_<’I‘I»[UOO7z7(xJ_)BiLUzi)_oo(xJ_)UT(yJ_)D

the operator Uy, .- D2 U,- _. with a linear combination of Uy, .- D2 U.- _., and the surface terms. The latter
can depend on spin through the operator

A
(4 ) U DU (66)

6 For a quark, there is an extra term in the equation at O(1/k~) which depends on the gamma matrices PP = D? + Jou Frr. We

neglect this term because it gives vanishing contribution to the physical cross section to O(1/k~) since Tro,, = 0.
7 Note that the ki term comes from the expansion of the on-shell phase factor

. N k2 k2
e ik [dz = exp <—22]j/dz> ~1 —i%—{/dzf

This term is proportional to the leading term and can be dropped since it does not give any spin-dependence.
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as in (43). We thus obtain an identity
C
Ii+iﬁ:—(li+iﬁ)+g—i5, (67)
and therefore,

s i) = Jolasl), e laul) = 3G lau). (65)

B. Calculation of the asymmetry

We are now ready to compute the longitudinal single spin asymmetry.

dAco B dor=11 do?r="1
dy1d?ky 1 dyad?ka . dyid?kiodysd®key dyid?ky o dyad?ka)

(69)

where y1, y2 are the rapidities of the two jets. Our strategy is the following. We first substitute (63) into (57) and
use the parameterizations (43) and (64) for the resulting matrix elements. We then square the amplitude and keep
only the linear terms in ST /k~. The leading eikonal contribution has both the real and imaginary parts from the
Pomeron and odderon exchanges, respectively

Pi 0 ]
/dquﬁ (P(AL,q1)+iAL - q10(q1)) - (70)

The next-to-eikonal contribution of order 1/k~ also contains both real and imaginary parts as shown in (43) and (64).
When squaring the amplitude, we see that the terms linear in ST arises from the interference between the leading
and next-to-eikonal contributions. It turns out that the odderon O interferes with the imaginary terms in (43) which
in particular include the OAM function f, while the Pomeron P interferes with the real terms in (43) which we are
not interested in. The problem is that, on general grounds, one expects that the Pomeron amplitude P is numerically
larger than the odderon amplitude O, and this can significantly reduce the sensitivity to the OAM function. We avoid
this problem by focusing on the following two kinematic regions

P, >q.,Q, Q>qL, P . (71)

(g1 here means the typical values of ¢, within the support of the functions P and O.) In this limit, the Pomeron
contributionin (70) drops out because

/d2QLP(ALaQL) =0, /d2QLQiP(AL7QL) =0, (72)

for A} # 0. The first integral vanishes because the ¢, -integral sets the dipole size r; = x; — y, to be zero so
that U(z)UT(2,) = 1. Thus the integral becomes proportional to the delta function 6 (A} ). The second relation
follows from the symmetry P(A},q1) = P(AL1,—q1). On the other hand, the odderon contribution survives in this
limit because, for example,

%

. A
/dQQLQIAL -q10(qL) = TL/dQQMﬁO(QL)- (73)

We can thus approximate, when P, > ¢, Q,

Pl — ¢ . ( Ay PiP-Ay
2 1 iR . ~ _ 1 1 2 2 .
/d U T (P(AL,q1)+iA1 -q10(qL)) z( 2P? + T )/d q1910(q1) (74)
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A similar result follows in the other limit @ > ¢, Py . (74) is to be multiplied by the next-to-eikonal amplitude which
reads

dqu Pi_qi 2,0 321 i +A_L)_z/ Ti(— +A_L) ,
/(27T)2 (PL_QL)2+€?“/d$J'd ettt AL

1 L
x/dz<E:ﬂvmz(ﬁ)(ML5§+;B”>Uz,mmﬁﬂﬂ@m

1
1 i ;
2
i\ g*(2m)° / d*q. Pl —q\
4 AP+ (2m)2 (PL — q1)? + &2

1 1 ‘ , ‘ ,
X [<k—_ + k—_> €k ((f —g)PIAY — (f+9)d A +24A1 - qu P1q + 2fﬂJiA’i)
1 2

+ (k_ - k_> €jk (2(f +9)Pldh + AN, - QLAi(ﬁ) +- (75)
1 2

where we kept only the imaginary part. Here, k| = z¢~, ky = (1—2)¢” and k1 = —% —P,and ko) = —% +P;.
We then expand the integrand in powers of 1/P; or 1/Q and perform the angular integral over ¢,. Consider, for
definiteness, the large-P limit. At first sight, the dominant contribution comes from the O(1) terms proportional

to P%fi (f —g) and P%Dfi A. However, after the ¢g-integral they cancel exactly due to the sum rule (45). Thus the
L L

leading terms are O(1/P,) and actually come from the last line of (75) which can be evaluated as

_irg?en)? ( 11 ) e Pl / 2q; Ftg) = Cidag(l— 2Z)AG(x)E”Pi

Taart & k) P2 ) o™ 32PTq- P?
iAo (1 — 22) e Pl
N oy L) (76)
where we used (49) and (50). Multiplying (76) by (74) and restoring the prefactor, we finally arrive at
dAo 4 2 2 2
Ty dgadPhr 4 asNCaemx;eqé(x,y* -1 —-22)(z"+ (1 —2)%)
AJ_ . —2AG(I) 2 2
XWSHMZSPA { L,(x) /d q1q70(x,q1), (77)
where ¢pa is the azimuthal angle between P; and A and e, is the electric charge of the massless quark in units
of e. We also used =z = %. z is fixed by the dijet kinematics as
|k1L|€y1
= ) 78
|k11|evr + |koy [eve (78)
In the other limit @ > ¢y, P, the cross section reads
dAo 22+ (1-2)?
~ At o Neovem, 26(xe —1)(1 — 22) 55— 2
Ay Py L dyadPhy, e sz:e'f (= ) ) 21— 2)?
PIA —2AG
><J'—6J' sin gppa { Lg(xgx)}/quJ_in(x,qL). (79)

The terms neglected in (77) and (79) are suppressed by powers of 1/P; and 1/Q, respectively.
The above results have been obtained for the transversely polarized virtual photon. In fact, the whole contribution
from the longitudinally polarized virtual photon is subleading. The only difference in the longitudinal photon case is

the integral kernel
Pi _ qi Q
d?q) ——+t—+ — / d?q) . 80
e K ey <
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Proceeding as before, we find that the contribution from the longitudinal photon to Ao is suppressed by factors 1/P3
and 1/Q? compared to (77) and (79), respectively.

We thus find that the asymmetry is directly proportional to AG(z). On the basis of (50), we may also say that it
is proportional to Ly (z). Previous direct measurements of AG(z) (or rather, the ratio (AG(z)/G(x)) averaged over
a limited interval of z) in DIS are based on longitudinal double spin asymmetry [42, 43]. In general, longitudinal
single spin asymmetry vanishes in QCD due to parity. Here, however, we get a nonzero result because we measure
the correlation between two particles (jets) in the final state. The experimental signal of this is the sin ¢ pa angular
dependence. This is distinct from the leading angular dependence of the dijet cross section cos2¢pa [23] which has
been canceled in the difference dAo = do*=! — do?=""1.

Notice that the asymmetry vanishes at the symmetric point z = 1/2 and the product (1 — 2z)sin¢gpa is invariant
under the exchange of two jets z > 1 — z and k1, <> ko). Subleading corrections to (77) include terms proportional
to sin2¢ppa without a prefactor 1 — 2z. These are consequences of parity. Compared to singpa, sin2¢0pa has an
extra zero at ¢pa = m/2, or equivalently, |k11| = |k21|. When z = 1/2 and |k1.1| = |k2.|, the two jets cannot
be distinguished. Therefore, the A = 41 cross sections are exactly equal by parity and the asymmetry vanishes.
This argument can be generalized to higher Fourier components. The most general form of longitudinal single spin
asymmetry consistent with parity is

dAco >
= n\<, &, P ) A in(2 1
dy1d2ky | dysd?ks | nz:%c (2, @, [P, |AL]) sin(2n + 1)gp, A,
+ D dn(2,Q,|PLL|AL]) sin2n¢p, A, , (81)
n=1

where ¢, (z = £, Q, |PL|,|AL]) = 0.

It is very interesting that the measurement of (77) also establishes the odderon exchange in QCD which has long
evaded detection despite many attempts in the past [44]. The connection between odderon and (transverse) single spin
aymmetries has been previously discussed in the literature [33, 45-47]. However, the observable and the mechanism
considered in this work are new. To estimate the cross section quantitatively, the integral [ d*q.q¢3 O(z,q1) should
be evaluated using models including the QCD evolution effects. Importantly, theory predicts [48, 49] that O(z,q.)
has no or very weak dependence on x in the linear BFKL regime. This will make the extraction of the z-dependence
of AG(x) easier.

VI. COMMENTS ON THE SMALL-z EVOLUTION EQUATION

The appearance of half-infinite Wilson line operators is quite unusual in view of the standard approaches to high en-
ergy QCD evolution which only deal with infinite Wilson lines Uy, —oo. At the moment, little is known about the small-
x evolution of these operators. Still, we can formally write down the evolution equation by assuming that the soft gluon
emissions only affect Wilson lines at the end points 2~ = +oo [50]. Defining O,, = [dz Uy, (21 )DU,- _o(x1)
and using the technique illustrated in [50], we obtain®

0

-z T
Oln l/xTr [OwLUyJ
asN, () —y1)? 1
=5 | &z CTE e T (0, Ul [Ty [U., U} ] =Tr [0, U] ]

palle [, s o2 Lo ) (o0 ) - (0,0 ]

o2 1, —21)2(z1 —y1)? | Ve TLFy TPy TLVyL
asN. (xp —21)-(yL —21) 1 ]
+ d*z [ —
272 / + (x1 —21)%(z1L —y1)?  (xL—21)?
1 1
X {ET&« (0., Ul | T [U., U ] - E’I‘r U, Ul | T [U., UL O, U] ] } . (82)

8 There are terms on the right hand side which consist of ‘ordinary’ Wilson lines Uco,— oo and their derivatives [52]. We omit these terms
because they do not have spin-dependent matrix elements.
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One can show that
0, Ul = / dz Uy~ DU (83)

is an element of the Lie algebra of SU(3). Therefore, its trace, which appears on the second line of the right hand side
of (82), vanishes. Note that there is no singularity at z; =y, and z; = x . The latter can be seen from the identity

(@ —y)” L i-E)@i-a) 1 1 (84)

(1 —2z1)*(zL —y1)?* (L —20)*(20 —y1)?  (zr—21)*  (yL—=21)?

The above equation is similar to the ones discussed in [51, 52]. In particular, O, , and the next-to-eikonal operators
in (62) are possibly related to the operator V?° introduced, but unspecified in [51]. If this is the case, the small-z
behavior of Ly(x) and AG(z) is related to that of the gi(z) structure function or the polarized quark distribution
Ag(z). This issue certainly deserves further study.

VII. CONCLUSIONS

In this paper, we first presented a general analysis of the OAM gluon distribution Ly(z) by making several clarifi-
cations regarding its definition and properties. We then focused on the small-z regime and derived a novel operator
representation for Ly(x) in terms of half-infinite Wilson lines U, .- and the covariant derivatives D?. It turns out
that the exactly the same operators describe the polarized gluon distribution AG(x). Based on this, we have argued
that L,(z) and AG(z) are proportional to each other with the relative coefficient —2. Moreover, the small-z evolution
of these distributions can be related to that of the polarized quark distribution. These observations shed new light
on the nucleon spin puzzle.

We have also pointed out that the same operator shows up in the next-to-eikonal approximation [40, 41]. This
allows us to relate the helicity and OAM distributions to observabes. We have shown that single longitudinal spin
asymmetry in diffractive dijet production in lepton-nucleon collisions is a sensitive probe of the gluon OAM in certain
kinematic regimes.

The large-x region, on the other hand, requires a different treatment and the first result has been recently reported
in [15] to which our work is complementary. Probing the quark OAM L, seems more difficult, but there are interesting
recent developments [16, 17]. Together they open up ways to access the last missing pieces in the spin decomposition
formula (1), and we propose to explore this direction at the EIC.
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Appendix A: Equivalence of L,(z) defined in (7) and (32)

In this appendix we show that Ly(x)’s defined in (7) and (32) are equivalent. We rewrite the operator in (9) as

FHo(0)To. D(27) 0.y AEPRYS ()
1 ~ . . z _ - i N
=5F+a<o><U0yDZ<y>+z [ o GsgE ) (A1)

-
—Si(())ﬁoy +1 / dwﬁOWgFH(w)ﬁwy) Afphys(yf)
0

_ F+O‘(O) (UOny)urc(y_); géurc(o)UOy i / dw_H(j:(w_ . Z_))ﬁong—’_i(w)ﬁwy)Aiphys(y_) )
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To obtain the second equality we need to split the integral
/ dw™ = :F/ dw™ 0(£(w™ —27)) :I:/ dw=0(£(w™ —y7)), (A2)
Y- —00 -
and similarly for fo'f dw™. Substituting (A1) into (9) and comparing with (7), we find

Uoy) APy ™)|PS) . (A3)

pure

d ~
AL Ly(a) =i [ TPV PS|E 0) Ty D~ D

Integrating over x, we recover (4). (A3) exactly agrees with the OAM defined through the WW-type Wigner distri-
bution (32) as one can see from (34).

Appendix B: Arguments for L,(z) ~ —2AG(x)

In this appendix, we discuss the function g(x, g, ) defined in (43) which accounts for the difference between L, (x)
and AG(z) according to (49). While we cannot make rigorous statements about this nonperturbative function, we
give three arguments that g(z, g, ) is suppressed relative to the OAM function f(x,q,).

1. g in the parton model
First, let us evaluate f and g in the ‘parton model’. Namely, we compute the matrix element
/deLdeLei(QJ_JrATL)'IJ_Jri(*ZIJ.JrATL)'yJ_
o0
x/ dz= <P+ ‘ﬁ{m ngsz_oo:vLUTyJ_”P——>, (B1)

— 00

in one-loop perturbation theory by replacing the external proton state with a superposition of single quark states as
dg
(P+ A2 1P = 5 2prton = 3 [ F05(6 AP +A/21. P = 572 (B2)
f

where ¢ (£, A1) is a weight function and f is the quark flavor. Expanding the operator to quadratic order in A, we
find that the ST-dependence can arise only from the terms

N/dz_/dw_<Ai(z_,xL)A+(w_,yL)>f, (B3)
and
“ / dzm / dw (Ai(z 2. ) A (W 21)); . (B4)

For quark matrix elements, (B3) can be evaluated as, up to a normalization factor,

NPT (VY v + vy ) + ans (VY — vy ) e

(g1 + 8)2(qr — 8-)2

AJ
~ e (0 +5-) €T, (B5)
o )

where we used @'y'u ~ i€ Aj% and computed only the imaginary part. As for (B4), we get

1 A
—6@) (¢, — AL /d2k € —£S5T . B6
R O O -
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Becclause of the delta function, the factor Aﬂ_/2 in (B6) can be replaced by %(qﬂ_ + AT]i) This shows that g = A =0,
an

1 A 1
fO( —5(2)<q1_——)/d2/@_ .
(a0 + %) (= 4)° 2 (ke 50)" (k= 2"

(B7)

It is easy to check that the sum rule (45) is satisfied to this order. This result suggests that g is a higher order effect,
suppressed at least by a factor of ag compared to f.

2. Nonperturbative argument
Next we give a more formal argument from another perspective. Let us simplify the notation as
Oar) = [ = U e) Dl - cfi). (B8)

O'(y) =U(yL), (B9)

and consider the matrix element

/d%ucl?ylei(‘”*%)'M“’(‘“%)'yL <P - %, S

TO,()0' ()l |P - 3.5

2
. SJ” . A i AJ
We observe that in covariant gauges in which the gauge field vanishes at infinity = = 400, both O; and O’ are gauge

invariant (or more properly, BRST invariant). This means that the states O;|PS) and O'|PS) are ‘physical’ in that
they are annihilated by the BRST operator Qz(O|PS)) = 0 (the Kugo-Ojima condition [53]). In much the same way
as in the proof of unitarity of the S-matrix in gauge theories, we can insert the intermediate states

D T (P+ &, S|0,(00) X) (X |0'(00)| P - &+, S) : (B11)
X

PX=—q.

and exclude from X the BRST exact states of the form |X) = Qp|Y). |X) are then gauge invariant states with
a positive norm and unit baryon number. A representative of such states is the single nucleon state whose matrix
element can be parameterized as

(P+485,510:(00)|PX,S) =1 (P + 5~,5) (avi + bA L + cqui) u(PY = —q1,5). (B12)
The structure ~ €;;S™ comes only from the first term

S j
T (P+ &4, 8) yu(Py = —q1,9) ~ 5T € (a0 +5+), (B13)

and this means g = 0 for this particular contribution. We cannot extend this argument to the case where |X) is
a multiparticle state which consists of one baryon and other hadron species whose transverse momenta add up to
—q. . Yet, it seems reasonable, at least from a naive extrapolation of (B13), that the matrix element (A /2|O;| —q.1)
dominantly depends on the relative transverse momentum between the initial and final states ¢; + A, /2 rather than
their sum —¢q; + A, /2. The latter contribution would come from those atypical configurations in which a baryon
carries transverse momentum —+q; and other hadrons carry —2¢, such that their sum is —¢g,. This indicates that

[f1> gl

3. DGLAP equation

Finally, we study the double logarithmic limit of the DGLAP equation and directly show that the linear combination
L,(z)+2AG(z) is parametrically suppressed compared to AG(z). Let us assume that AG(z) and Ly(z) are dominant
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at small-z. Then, from (11) and (20) we get

d _2Caa, ['dz

WAG($)N p L?AG(Z)’ (B14)
d Caas [1d

Togrlel@) ~ aa /m C(L,() - 21G(2)). (B15)

We see that the linear combination Ly (z) + 2AG(x) evolves homogeneously.

d - OAas
W(Lg(x) +2AG(2)) &~

1
d
/ f(Lg(z) +2AG(2)). (B16)
In the double logarithmic limit, (B16) can be solved by the standard technique as
Lg(z) + 2AG () ~ Y op (v + &) ~ 2ver (B17)
g omi P\ T ’

where Y =1In1/x and £ = €42: In Q2. On the other hand, from (B14) we get
AG(z) ~ 2V2VE (B18)
This shows that |Ly(x) + 2AG(x)| < |AG(z)|, |Lg(2)|, as far as z-dependence is concerned.
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