PHYSICAL REVIEW LETTERS 128, 182002 (2022)
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We propose a novel observable for the experimental detection of the gluon orbital angular momentum
(OAM) that constitutes the proton spin sum rule. We consider longitudinal double spin asymmetry in
exclusive dijet production in electron-proton scattering and demonstrate that the cos ¢ azimuthal angle
correlation between the scattered electron and proton is a sensitive probe of the gluon OAM at small x and
its interplay with the gluon helicity. We also present a numerical estimate of the cross section for the

kinematics of the Electron-Ion Collider.
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Introduction.—After more than 20 years of operation,
the Relativistic Heavy Ion Collider (RHIC) spin program at
Brookhaven National Laboratory has revealed that the
gluon helicity contribution AG to the proton spin sum rule

I 1

is nonvanishing and likely sizable [1-5]. Together with the
known quark helicity contribution AX ~ 0.3, the result
indicates that parton helicities account for a significant
fraction of the proton spin. Yet, there still remain huge
uncertainties about the small-x contribution to AG =
Jo dxAG(x) defined as the first moment of the polarized
gluon distribution function. Resolving this issue is one of
the major goals of the future Electron-lon Collider
(EIC) [6].

Another obvious goal of the EIC is to measure the orbital
angular momentum (OAM) of quarks and gluons L, ,.
However, progress in this direction is relatively slow
although there have been continuing theory efforts (for
recent works, see, e.g., Refs. [7-10]). Currently, there does
not seem to be a consensus in the community about which
observables need to be measured at the EIC in order to
constrain L, ,. This is so even after the first wave of
proposals for experimental observables appeared several
years ago [10-14] (see also an earlier attempt Ref. [15]).
These works exploit the known connection [16-18]
between parton OAMs and the Wigner distributions [19],
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or equivalently, the generalized transverse momentum
dependent distributions (GTMDs). However, the required
processes typically involve very exclusive final states
which are challenging to measure. Besides, observables
are often related to GTMDs via complicated multidimen-
sional convolutions even at the leading order. Clearly, more
theoretical efforts are needed to increase the accuracy of
predictions or devise new observables better suited for the
purpose.

With this in mind, we take a fresh look at the process
considered in Refs. [11,12]. There, the authors have
proposed to measure longitudinal single spin asymmetry
(SSA) in exclusive dijet production in electron-proton
collisions ep — y*p — jjp’ where the incoming proton
is longitudinally polarized. It has been shown that the
following angular-dependent part of the cross section

do"r ~ h,sin(¢, —da )(z—2)Sm(AA5), (2)

is an experimental probe of the gluon OAM. h,, = +1 is the
proton helicity and z (Z = 1 — z) is the momentum fraction
of the virtual photon carried by the quark (antiquark) jet.
¢, 1s the azimuthal angle of the relative transverse
momentum of the two jets ¢, = ¢;; — ¢, in a frame in
which the proton and virtual photon are collinear, and ¢,
is that of the scattered proton. A, and A5 are certain twist-
two and twist-three amplitudes, respectively, and the latter
is sensitive to the gluon OAM. As is familiar in the context
of transverse single spin asymmetry, one takes the imagi-
nary part of their interference terms.

In this Letter, we propose a new observable for the gluon
OAM by implementing two major changes in the above
proposal. First, we consider double spin asymmetry (DSA)
in dijet production ep — ¢’jjp’ where both the electron
and incoming proton are longitudinally polarized. The
outgoing lepton must be tagged and its azimuthal angle
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¢;, measured. Electron polarization brings in an extra
factor of i to the cross section, so this time one takes the
real part of the interference terms. The formula we shall
arrive at is

do"v" ~ h,hycos(p;, — pa )Re(ALAS), (3)

where h; = %1 is the electron helicity. Experimentally, the
term (3) can be isolated by forming the linear combination
do™™ — do™™ — do™ + do~~. Unlike in (2), the prefactor
does not vanish for symmetric jet configurations (z = 1/2),
a fact which will turn out to be important. We shall argue
that DSA (3) is more advantageous than SSA (2) from both
theoretical and practical points of view. Second, we point
out that there is another contribution to the asymmetry
coming from the gluon helicity generalized parton distri-
bution (GPD). Such a contribution was overlooked in
[11,12], but is parameterically as important as that from
the OAM. We shall perform the leading order calculation of
both contributions and numerically evaluate them. The
result demonstrates that DSA in dijet production is a unique
observable which allows us to directly probe into the gluon
OAM L, and its interplay with the gluon helicity AG.

Orbital angular momentum and GTMDs.—Let us first
quickly recapitulate the connection between GTMDs and
parton OAMs. Following [20,21], we parameterize the
leading-twist gluon GTMDs as

xfg(x’ 57 I‘éli AL)
= [ e = )R 2 )
(2z)’P* ¢ ¢
1 — . O'j+ ~ X
= WM(P ) Fia+ 5T (K Fio+ A Fy3)
.aiji(i Al
N @)
where P/ =[(p+p')/2, A =pF—pt, and &=
(pt=p't)/2P*. i,j =1, 2 are two-dimensional vector
indices. All the GTMDs are a function of x,¢&, 122,ﬁ2,
and k| - A . The usual GPDs are obtained by integrating
over k|,
1 ic™VA,
/defog = ﬂ'ﬁu(p/) (Hger + Eg2M>u(p), (5)
normalized as H,(x) = xG(x) in the forward limit. In the
following we shall encounter the integrals

. k2 -
i) == [ @R Fe =0, (©)

_ k2 .
O(x,g)z/dzhﬁgﬂz(x,g, A, =0). (7)

In the limit £ — 0, L,(x) is the parton distribution function

of the gluon OAM [22] normalized as [} dxL,(x) = L,.

The imaginary part of F;, is called the spin-dependent
odderon [23] and its k; moment is related to the three-
gluon correlator relevant to transverse single spin asym-
metry. The real part of F, is proportional to &, but
otherwise unconstrained. In (4), the GTMDs are de-
fined in the “symmetric” frame where P, =0 so that
P = A /2 =—p,. The advantage of this frame is that
one can exploit PT (parity and time-reversal) symmetry to
constrain the dependence of GTMDs on variables.
However, this frame is inconvenient and practically not
used when describing actual experimental processes. We
shall instead work in the so-called hadron frame where the
incoming virtual photon and proton are collinear along the
x3 direction, namely, p, = 0. The two frames are related
by the so-called transverse boost, a Lorentz transformation
that leaves invariant the plus component of a four-vector
V+:‘7+, Vl:VL+CL‘7+,andV_:\7_+CL~‘7L+
(C%/2)V*. Applying this transformation to the matrix
element (4) with C, = A, /(2p*), we see that if one
considers a scattering process in the hadron frame where
p1 =0, transverse momentum transfer p’, = A, and t-
channel gluons with transverse momentum k | , the GTMDs
Fy,(x,& k., A,) should be evaluated at

~ X ~

ki =k —5AL A =(1+HA,. (8)
Many of the previous phenomenological applications of
GTMDs have adopted the small-x kinematics x < 1 which
also implies £ < 1. In such cases, the difference (8) is
negligible to first approximation.

Double spin asymmetry in diffractive dijet production.—
We consider exclusive dijet production in electron-proton
scattering depicted in Fig. 1. This process has attracted a lot
of attention in the literature in different contexts [11,12,24—
32]. However, longitudinal double spin asymmetry has not
been studied to our knowledge. In the hadron frame, the
longitudinally polarized proton moves fast in the +x°
direction and the virtual photon with virtuality ¢*> =
—Q? in the —x? direction. Two jets in the final state
have longitudinal momentum fractions (of the photon)
z=p-q/p-q and Z=1-z, and transverse momenta
g, —zA, and —q, — ZA |, respectively, where A | is the
transverse momentum of the recoiling proton. ¢, is rela-
ted to skewness & and the y*p center-of-mass energy
W2 = (p+q)* as

g% + z220?

¢ = -q% +22(Q* +2w?)’

©)

The momenta of the incoming lepton is paramete-
rized as I = (I*,17.1,) = {[Q(1 =)/ (V2y)]. (Q/V2y),

[(Ov/1=y)/yln,} where y=p-g/p-1 as usual and
n, = (cos¢; ,sing; ) is a unit vector in the transverse
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plane. The spin-dependent part of the lepton tensor is
L' ~ =2ie""?s,q,. For a longitudinally polarized lepton,
s, =hl, where h; = =£1 is the helicity. In order to be
sensitive to the azimuthal angle of the lepton plane ¢; , t
index p has to be transverse. Since ¢ = =+ is longitudinal,
one of u, v must be longitudinal and the other transverse.
Namely, we should look at the interference effect between
the longitudinal A; and transverse A% (1 =1, 2) virtual
photon amplitudes

AL =A% + A7, AL =€M(AF + AY).  (10)
The twist-two part A7 1,7 18 proportional to gluon GPDs and
has been calculated in [25] in the two-gluon exchange
approximation (see Fig. 1). The twist-three part A} T
involves GTMDs and retains one factor of #-channel gluon

transverse momentum k| . It has been calculated in [11] and
here we reproduce the result

lgs em€q 2(2_2)

Ay = N. (@127 iu(qi)er - y1v(qs)
X (2£)°(1 -2p)
% / R PR (25 tTe-a2y i@))
X /dzqul . kJ_ng(x, g’ kJ_’ AJ_)
s€em€q 2(2 w
_ige N, & (q( iflz) i(q1)r"v(q2)
X
* / e Ty
X/dzklé’l'kl)(?fg(x,f,kl, AJ_)’ (11)
. sCem 16 - w
A = e N . é(éi +Z/1Z)ZQ i(q1)r"v(q2)
x 8&2(1-p)
) /dx (¥ = & +ige)? <1 Ty ife))
x [ Phig. ko), (12)

where u? =zz0% and = [u?/(¢5 +4*)]. The k,-
weighted integrals of f, lead to the moments (6) and
(7). Importantly, in both the longitudinal and transverse
amplitudes, the x integral contains a third pole at x = £¢£.
Such poles often imply the breakdown of collinear fac-
torization due to diverging x integrals [33]. (Gluon GPDs
may contain terms proportional to @(& —x)(x? — £2)?
which are not integrable if there is a third pole.)
Fortunately, these potentially dangerous terms can be
dropped by setting z = 1/2, after which A3 = 0 and only
a second pole remains in A3T. Note that, if one considers

SSA [11], one cannot set z = 1/2 because the asymmetry
(2) vanishes at this point. After integrating over the jet
azimuthal angle ¢, , we obtain the following contribution
to DSA at z = 1/2:

do Qe [dp, L*"ALA,
dydQ?d¢; dzdgid*A, 277 Q* (W?+Q%)(W? —M3)zz’

(13)

where M3 = ¢% /(zZ) = 443 is the invariant mass of dijet
and

/dqﬁqLL” AuAu: hhp s®em 2(q2l+ﬂ) |ll||AL|
2
Re HHS)* - ¢ §2€§’I>*

4‘13_ < (2)« & (2)*) }
+ He ™ — £ L
g\ =g !

* 4612 (2)= O
+( & e ) =
( )

XCOS(¢ZL_¢AL>' (14)

The details of the calculation, including the case z # 1/2,
will be presented elsewhere [34]. The various “Compton
form factors” are defined as

H'E’l)@) - /_j dx (x=¢& —l—ngegjzjj- E—ie)’ (15)
@ ! . EH(x,&)

" (5)_/—101 (x—E+ie)?(x +&—ie)? (16)
_ ! . szg(x’ ¢)

£,(8) = /_1 d (x =&+ ie)*(x + &€ —ie)?’ (17)

_ lx x0(x,¢)
O(é)—/_ld Gottilat i) (18)

and 5,(]1'2) (&) is defined from E,(x, &) similarly to Hél‘z) (&).
Assuming |H,| > |E,|, we see that the cross section is
directly proportional to the Compton form factor of the
gluon OAM L. The characteristic correlation k; x A| ~
sin(¢py, —pa,) of OAM manifests itself as a cosine
correlation between the outgoing electron and proton
angles. A similar transfer of angular correlations has been
noticed in [35] for the cos 2(¢h;, — ¢h», ) dependence of the
elliptic gluon GTMD [27,36]. Away from the point
z = 1/2, there are corrections proportional to (z —1/2),
but collinear factorization is suspect for them as already
mentioned. Instead, one should use the k  -factorization
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FIG. 1. Exclusive dijet production in electron-proton scattering.

approach to calculate the corrections, although their con-
nection to the OAM is less clear.

DSA from the gluon helicity.—Next we discuss another
source of DSA from the gluon helicity GPDs

dz™ pt s e .
ey [ e IR 2D /) )

= o) (ifrsr = B ) (19

where H,(x) = xAG(x) in the forward limit. This origi-
nates from the interference between the unpolarized and
polarized gluon GPDs in the amplitude and the complex-
conjugate amplitude [37]. An entirely analogous contribu-
tion should be added to the result for SSA in [11,12]. The
cos(¢p;, —¢a,) asymmetry due to this mechanism is
actually known in the context of deeply virtual Compton
scattering (DVCS) [38]. Unlike in DVCS, in dijet produc-
tion there is no contamination from the Bethe-Heitler
process. The asymmetry can be calculated purely within
the GPD framework by setting £, = O but keeping one
factor of A in the hard part. In general, the cross section
contains integrals with a third pole such as

ol (1.
[owea @

Remarkably, however, these factorization-breaking terms
all vanish at z = 1/2 and we find [34]

H,(x,¢)
/ CEgt e

/ddquL””A”A,,
_ 20 , (1-8)20°
N hhp s®em qm
2 2
e ("~ Zpe”) (7558

x |1 |[A;]cos(¢y, — pa,)s (21)

with

5 (2) o xH (x, &)

~ xE (x, &)
E) = / e 22

g9 (5) X (x2 _ 52 + i§€>2 ( )

In the following, we shall be mainly 1nterested in the

small-¢ region & <1073, In this region Hg (cf) are
dominated by the imaginary part, and one can show that
SmH" ~ —23mH.? [39]. Combining (21) with (14) and
neglecting £, and £ 4» we find that the asymmetry is roughly
proportional to the combination

q1 —H
H H L 23
(g+2+ﬂ) (23)

Depending on the sign of ¢2 —u®> = ¢3 — Q?/4, the
helicity and OAM contributions interfere positively or
negatively. Note that ﬂ(gz) + L, ~AG(x) £ Ly(x), and
AG(x) ~ —Ly(x) at small x [7,12,40,41] (see however,
Ref. [8]). Thus, the two contributions have the same sign
when g3 < Q%/4 but tend to cancel each other when
g% > Q?/4. By varying 0%, we should be able to see this
very interesting interplay between the helicity and
the OAM.

Numerical results.—We now present a numerical esti-
mate of the cross section. We neglect E , E, altogether.

H,(x,&), Hy(x,¢), and xL,(x,&) are reconstructed from
thelr parton distribution function (PDF) counterparts
xG(x), xAG(x), and xL ,(x), respectively, using the method
of double distributions [42,43]. We use the JAM
Collaboration [4,44] gluon PDFs xG(x) and xAG(x) as
inputs. As for xL,(x), we employ the Wandzura-Wilczek
(WW) approximation [22]

1
Nx/ d—xxG

although we are eventually interested in constraining the
genuine twist-three part neglected in this approximation.
We integrate over A assuming a Gaussian form factor
e~P21 with b = 5 GeV~2 [25] and change variables g, —
& according to (9). The other parameters are fixed as
hyhy =1, /5., =120 GeV, and y = 0.7. The resulting
cross section (only the DSA part)

Ldx'
2x/x WAG(x'), (24)

zd—a’ (25)
dydQ-dzdédog

is shown in Fig. 2 at 6¢p = ¢; — ¢p», = O for three different
values of Q2 (2.7 GeV?, 4.8 GeV?, and 10 GeV?). The
plots correspondto 1 < ¢, <3 GeV (1 < g, < 2.35 GeV
in the Q> = 2.7 GeV? case). Typical jet rapidities in the
laboratory frame are —2 < n < —1 at the top EIC energy
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FIG. 2. The DSA part of the differential cross section (25) at Q> = 2.7 GeV? (left), 0> = 4.8 GeV? (middle), and Q> = 10 GeV?
(right). The labels “OAM” and “Helicity” refer to the two contributions (14) and (21), respectively.

E, ~250 GeV. We see that the OAM (14) and helicity (21)
contributions are comparable in magnitude, though the
latter tends to be larger because of the cancellation between

Hén and Hf). As aresult of this cancellation, we observe a
clear sign change of the OAM contribution with increasing
0?2, see Eq. (23). It should be mentioned that there are large
uncertainties in our prediction even in the helicity part
because currently AG(x) is poorly constrained, including
even the sign, especially in the small-x region but also in
the large-x region. (See a recent discussion Ref. [45] on this
point.) Besides, nothing is known about L ,(x) experimen-
tally at the moment, and our model for £, involves key
assumptions (the WW approximation and the use of the
double distribution technique) whose validity needs to be
investigated. The above result should thus be regarded as an
exploratory study to be significantly improved in the future.
Nonetheless, our calculation adequately demonstrates the
feasibility of accessing the OAM from DSA. Ultimately, £,
can be extracted from future experimental data, and for this
purpose an accurate determination of xG(x) and xAG(x)
down to x ~ 1073 is crucial.

Conclusions.—We have proposed DSA in exclusive dijet
production as a novel observable for the gluon OAM L,
that can be measured at the EIC. Compared to SSA (2)
previously suggested in [11,12], it has a number of
advantages. Most importantly, the third poles at x = +¢
in (11), (12), and (20) which are potentially dangerous for
QCD factorization can be eliminated by setting z = 1/2,
but this is not possible in SSA. In practice, measurements
are done in some window in z. We expect that the cross
section do/dz varies mildly around z ~ 1/2, but this needs
to be substantiated in future investigations. Second, unlike
the jet angle ¢, , the electron angle ¢;, is not affected by
final state QCD radiations. The former is integrated over in
DSA, and this greatly simplifies the cross section formula
without losing sensitivity to the OAM. We thus expect that
DSA is more robust against higher order QCD corrections
to this process [28]. Furthermore, in the limit x % £ — 0,

Hél 2 are dominantly imaginary, and the extraction of the
imaginary part in (2) turned out to be a delicate problem
within the effective theory of high energy QCD [12]. For

DSA, such a concern is simply absent. (We however note
that in the present GPD-like approach, the real and
imaginary parts of £, are comparable in magnitude.)

The present calculation can be straightforwardly
extended to the quark exchange channel important in the
low-energy (low-W, high-£) region. We expect an addi-
tional contribution proportional to the product of the quark
GPD and the quark OAM ~ H7 L. This will be a nice
addition to the finding in [13] which is so far the only
observable known to be sensitive to L.
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