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Theory of deeply virtual Compton scattering off the unpolarized proton
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Using the helicity amplitudes formalism, we study deeply virtual exclusive electron photoproduction off
an unpolarized nucleon target, ep — ¢’ p’y, through a range of kinematics both in the fixed target setting
with initial electron energies of 6, 11, and 24 GeV and for an electron ion collider. We reformulate the cross
section bringing to the forefront the defining features of the ep — ¢’ p’y process, where the observables are
expressed as bilinear products of the independent helicity amplitudes which completely describe it in terms
of the electric, magnetic, and axial currents of the nucleon. These contributions are checked against the
Fourier harmonics-based formalism which has provided so far the underlying mathematical framework to
study deeply virtual Compton scattering (DVCS) and related experiments. Using theoretical model
calculations of the twist-two generalized parton distributions, H, E, H , and E, we uncover large
discrepancies between the harmonic series and our proposed framework. Most importantly, these numerical
differences appear in the intermediate Q” range which represents a sweet spot for extracting generalized
parton distributions from data. We provide a framework that is ideal, on one side, to study and compare the
different conventions that can be used to describe the leading order contribution to DVCS in QCD, while on
the other it facilitates a quantitative extraction of physically meaningful information from experiment

through traceable and controllable approximations in the intermediate Q? region.

DOI: 10.1103/PhysRevD.105.016015

I. INTRODUCTION

Deeply virtual Compton scattering (DVCS) is measured
through the exclusive process, ep — ¢'p’y, where, in the
one photon exchange approximation, the virtual photon
four-momenta squared, 0?, provides a hard scale for the
process. Quantum chromodynamics (QCD) factorization
theorems allow us to single out the perturbative, short
distance reaction from the nonperturbative, long distance
matrix elements described in terms of generalized parton
distributions (GPDs) [1,2]." GPDs encode new information
on the internal dynamics of the proton that will allow us,
through a combined analysis of experimental data and
lattice QCD results, to ultimately map out its 3D structure.
These distributions enter the observables embedded in
the Compton form factors (CFFs), which are convolutions
over the longitudinal momentum variable x with complex
QCD Wilson coefficient functions (see reviews in [6-8]).

“btk8bh @virginia.edu

'sl4y @virginia.edu

'Detailed proofs of factorization for deeply virtual exclusive
processes can be found in [3-5].

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2022/105(1)/016015(23)

016015-1

At leading order, four quark chirality conserving GPDs
giving eight CFFs describe all possible quark (P,) proton
(Pp) polarization configurations, Pqu =UU,LL,UT,LT,
allowed by parity conservation, time reversal invariance,
and charge conjugation. The eight CFFs appear simulta-
neously in all of the deeply virtual exclusive scattering
experimental observables, independent of the specific
beam-target polarization configuration. This poses a chal-
lenge for the extraction of CFFs from experiments which
are affected by large theoretical uncertainties (see [8] for a
detailed list of experiments).

In Ref. [9], we introduced a new theoretical formulation
of the cross section for the ep — ¢'p’y process in all
polarization configurations for the incoming electron and
proton target. The main goal of Ref. [9] was to provide a
formulation of the cross section in terms of CFFs that
allowed one to evaluate precisely the impact of order 1/Q
and higher power corrections of kinematic and dynamical
origins.

Focusing on the unpolarized target case, in this paper,
we illustrate how the complete calculation of the cross
section leads to a more direct interpretation in terms of the
electric, magnetic, and axial current contributions to
DVCS. In our approach, the Bethe-Heitler (BH)-DVCS
interference term of the ep — ¢’ p’y cross section exhibits a
structure analogous to the cross section for ep elastic
scattering (see, e.g., Refs. [10,11] and references therein),
preserving the structure of the nucleon charge, magnetic,
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and axial current contributions to the cross section from the
underlying helicity amplitude configurations [12,13].

Previous studies, referring, in particular, to the widely
adopted formalism of Refs. [7,14—17] Belitsky-Kirchner-
Muller (BKM) are organized, instead, in terms of harmon-
ics of the azimuthal angle, ¢, and in kinematic powers of
1/Q. On one side, the harmonics-based formalism presents
the appealing aspect of associating a dominant harmonic
for each observable, therefore providing a simplified
framework for experimental measurements. While this
approach was perhaps needed in the pioneering analyses
of the HERMES era [18], at present, with Jefferson Lab
@12 GeV and the future Electron Ion Collider (EIC) we are
now entering a precision era where information on the
physics content of the deeply virtual cross section, in
particular, its electroweak structure, can be studied. This
structure, in turn, bears important consequences for build-
ing a phenomenological framework to quantitatively study
the composition of angular momentum, mass, and other
mechanical properties of the proton in terms of quark and
gluon contributions.

Our new framework radically changes the extraction of
CFFs from data [19]. In Refs. [15,16], according to the
harmonics expansion, the magnetic contribution containing
the angular momentum related CFF combination (H + E)
to the BH-DVCS interference term was deemed as power
suppressed and, therefore, not included in the leading order
formula. Following Ref. [19], we introduce linear fits of the
DVCS data that enable us to extract the magnetic con-
tribution for the first time, with a relatively small size error.

While our approach shares a common starting point with
the initial studies of the cross section performed in
Refs. [20-22], our results are in line with the recent study
in Refs. [23-25], broadly labeled as “finite ¢ and target
mass corrections”, in that we recognize the importance of
kinematic contributions originating from the choice of
reference frames where the QCD hadronic tensor and
BH proton current are evaluated.

A further advantage of the new formalism is that it
provides compact expressions for the various kinematic
coefficients expressed in terms of invariant four-vector
products. From the practical point of view, we provide
simplified expressions that can be readily used in the
development of simulations and pseudodata, for both fixed
target and collider settings. A striking example is given by
the form of the BH unpolarized cross section which
reduces, in our case, to two lines of (:omputation.2 The
DVCS contribution is organized in terms of structure
functions for the various polarization configurations for
the lepton beam and nucleon target, in line with the general
cross section formulations of Refs. [13,26].

*Our results are consistent with a previous calculation for the
unpolarized BH cross section given in terms of Mandelstam
invariants Refs. [20-22].

The work presented in this paper is organized in the

following points:

(i) We discuss in detail the physics content of the
expressions derived in Ref. [9], including the origin
of the phase dependence and the polarization con-
figurations for both the twist-two and twist-three
contributions (Sec. II).

(i) We perform a detailed numerical comparison with
the formalism of BKM for the unpolarized cross
section including the BH, DVCS, and BH-DVCS
interference terms. The comparison is valid up to
twist three, using the same model calculation of the
GPDs for both the present paper’s and the BKM
expressions. This ensures that the differences can be
ascribed entirely to the formalism, (Sec. III).

(ili) We cover a range of kinematic regions, from
Jefferson Lab @6 GeV and @12 GeV to a hypo-
thetical energy value of 24 GeV fixed target con-
figuration [27] to the ElcC [28] and EIC [29]. All
graphs are shown and discussed in Sec. III.

Finally, we write our conclusions and outlook in Sec. I'V.

I1I. UNPOLARIZED SCATTERING
CROSS SECTION

The cross section for the deeply virtual photon electro-
production process, e(k) + p — €'(k') + p' +v'(¢'), on an
unpolarized proton, is derived from a coherent super-
position of the DVCS and BH amplitudes, where the
BH contribution arises when the final photon is emitted
from either the initial or final electron. It is therefore a
competing mechanism to the DVCS process evaluated at
low momentum transfer, —t < Q?. One has

o _ [|T? = [|Tpy + Toves|?
de]dQ2d|t|d¢ - - BH DVCS

=T(|Tgul* + [Toves* +Z), (1)
with the interference term, Z, being defined as
1 = TguToves + Thyes e (2)

where I' is the flux factor,

a3

I'= ,
1677 (s — M?)*\/1 + y’xp;

where a is the electromagnetic fine structure constant.
We define the relativistic invariants, Q%> = —(k —k’)?,
t=A=(p' = p)’ xp; = Q*/2(pq), with v = (pq)/M,
s = (p + k)?; ¢ is the angle between the lepton and hadron
planes and M the proton mass.

(3)
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The amplitude for the DVCS process reads

9;4»

Tpyes = e JDVCS 7 5 Jbvcs (4)

where the lepton and hadron currents are, respectively,
given by

Joves = (k' Ry u(k, h), (5a)

&’ (¢),  (5b)

where W, is the DVCS hadronic tensor, and M (q') is
the polarization vector of the outgoing photon, y’. For BH
one has

Jbves = W”V(Pa P')(

e3

Tgy = le];,H(JBH)w (6)

with
Jou = (V) Ly (kK. g, ()
(JBH)M = U(P',A/)FuU(Pva (8)

where LZD is the tensor for electron scattering off the proton
with the emission of a final photon, and I', is the usual
current operator given in terms of the Dirac and Pauli form
factors, F| and F,, as

(p+0r),
e (9)

Fﬂ: (Fl +F2)}/;4_
The DVCS amplitude involves the photon projection
operator, g,,, which is defined by the expansion [30,31]

Ju =D ()M (&) e (10)

Ay

UUU = F|TBH| =

DVCS _

Syu W
o = g
oLy = € letl {A{,Ui)te(FlH + 2FyE) + BLyGyMe(H + €) +
oty =e Ql;|t| {A%USm(FlH +7FE) + BE,GySm(H + &) +

{Fyur +€eFyy, + ecos 2pF5n +

Inserting the expansion in Eq. (6), we obtain the following
invariant expression:

3
e A x ok *
Toves = —5 (Jbvesén” )(JDVCS‘C"V )s (11)

S

where the photon polarization vector contracted with the
hadron current is evaluated in the hadron scattering plane,
and it is therefore rotated by a phase,

¢}’ (hadron) = e~iNi€," (lepton). (12)

This phase determines the ¢ dependence of the DVCS cross
section. The BH cross section has only kinematic ¢
dependence through four-vector products of the type
(kA), (kq'), ..., where k lies in the lepton plane, and
A,q'..., lie in the hadron plane. The BH-DVCS interfer-
ence term has both a phase dependence from the DVCS
contribution and a kinematic dependence on the angle ¢
through the BH contribution. All of these contributions
were calculated explicitly in Ref. [9] carefully separating
out the phase dependence from the kinematic one. The
phase dependence is not made explicit in the harmonic
expansion formalism of BKM, and we surmise that its
different (or lack of) treatment is at the origin of the
numerical discrepancies shown in this paper.

We focus on the cross sections for either an unpolarized
or a polarized electron scattering off an unpolarized
nucleon which are, respectively, given by

oyy = GUU + UDVCS + O%/U? (13)

oLy = GIL)XCS + O:L[U- (14)

The detailed structures of the BH, DVCS, and BH-DVCS
interference contributions to the cross sections in Egs. (13)
and (14) given in Ref. [9] in the Born approximation read

r
[ABH<F% + 7F3) 4 BpyutGyy), (15)

e(e + 1) cos pFY, (16)

I (2h)\/2¢(1 — €) sin g F337 (17)

T, Gydelt + YO ! 0 F“”}, (18)

UGM\SmH +

Itw3
VQ 'Ft } (19)
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where ¢; is the lepton charge, y = (gp)/(kp),
7 = —t/4M?, t, is the minimum 7 value allowed by taking
the transverse four-momenta transfer Ay > 0, and ¢, the
ratio of longitudinal to transverse virtual photon flux in
DVCS, is given by

-y -3y
L=y 439"+

€

F,| and F, are the Dirac and Pauli form factors; Agy and
Bgy are kinematic coefficients expressed in terms of four-
vector products involving all the relevant four-momenta:
the initial and final electron momenta, k and k', the final
photon momentum, ¢’, A, and the average proton momen-
tum P = (p + p’)/2. In Eq. (15), we wrote their kinematic
dependence on the relevant kinematic variables fore the
process, y, Xgj, I, 07?, and ¢. Their detailed expressions are
given in Ref. [9]. The CFFs are defined, in the QCD
factorization framework, as convolutions of the GPDs for
each quark flavor, ¢, with the Wilson coefficients functions.
At leading order, we have for, F, = (Hq, Eq) and

F,= (ﬁng), respectively,

F,(E1)=C(C*F,) z/ldxC*(x, §F (x.6.1).  (20)

-1

F (1) =C(CF)= / ldxC_(x,!;)Fq(x,f, n, (21

-1
with the leading order coefficients functions given by

1 1
Ci(x’é):x—f—ieq:x—l—é—ie. (22)

The GPDs observe crossing symmetry relations with
respect to x — —x, which allow us to introduce valence
(symmetric) and quark singlet (antisymmetric) distributions
(for a detailed discussion see Refs. [32,33]). In DVCS, the
proton GPD is written in terms of the quark GPDs as

H=Y ¢2H,. (23)
q

with e, being the quark charge. The neutron GPD can be
obtained using isospin symmetry.

Although the full structure of the cross section was
already given in Ref. [9], to facilitate data analyses and
interpretations, we make the following observations:

(i) The BH cross section is cast in a form similar to ep
elastic scattering. However, due to the additional
photon radiated from the electron in either the initial
or final state, the virtual photon exchanged with
the target is aligned along A at an angle ¢, and the
kinematic coefficients, Agy and Bgy, multiplying
the form factors, acquire a complicated dependence

in ¢ [9]. A more physical interpretation of these
terms can also be obtained by writing the coeffi-
cients combination,

epp = (1+@(1 —i—‘r))_], (24)

ABH

measuring the exchanged virtual photon’s longi-
tudinal polarization relative to the transverse. Notice
that egy # €.

(i1)) The DVCS structure functions are bilinear functions
of the CFFs multiplied by kinematic coefficients
that are directly related to the helicity structure for
the process. We introduced a similar notation as in
Refs. [13,26] defining Fyy 7, Fyy ., Fon?, Fo??,
and F SL";]"S where the first and second subscripts
define the polarization of the beam and target,
respectively, and the third subscript defines the
polarization of the virtual photon. The superscripts
refer to the azimuthal angular dependence associated
with each structure function. Notice the structure of
the multiplicative factors in each structure function:
Fyy.r has no \/fy —1/Q factor and is therefore the

dominant term at high Q2. F55?, F3¢ contain one

helicity flip factor o /7o — 7/ Q. Fin*? is a leading
twist contribution associated with a double helicity
flip, and it is both proportional to (z, —t)/M? and
suppressed by a factor ag from the gluon coupling.
Finally, 'y 1, containing only twist-three GPDs, is
given by the product of two single-flip terms
yielding a multiplicative factor of (¢, —t)/Q>.

(iii) The BH-DVCS interference contribution is ex-
pressed in terms of linear combinations of products
of CFFs elastic form factors, F; and F,, with the
coefficients, A%, B, C%,,, which are functions of
(QZ,xBj, t,y,¢) [9]. Similar to the DVCS contribu-
tion, there is no obvious connection between the
various beam/target polarization configurations and
the GPDs contributing to the structure functions.
On the other hand, similar to the BH term, one can
single out the contributions,

F1H+TF25, GM(H+5), GMH,
where the electric and magnetic properties of the
cross section are clearly separated out, and in
addition, one has the equivalent of an axial charge
term. The latter appears similarly to the parity
violating term in elastic scattering. It is, however,
parity conserving in DVCS-BH interference because
of the presence of the extra photon emitted at the
proton vertex.

For completeness, we list the expressions for both the

BH and BH-DVCS interference terms in Appendix B.
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A. Comparison with previous formulations

In exclusive unpolarized scattering processes from the
proton, it is expected that the magnetic contribution will
appear suppressed with respect to the electric one due to
the phase dependence of the spin flip amplitude describing
this term. Indeed, in Ref. [9], we found that this holds
specifically for DVCS, where the magnetic contribution to
o}, appears multiplied by a smaller coefficient, B, than
the electric form factor. This contribution represents,
however, the most interesting term of the unpolarized cross
section; since it contains the combination of CFFs, H + &,
it brings us closer to getting a quantitative hold of angular
momentum [1]. A goal of this paper is to help galvanize the
efforts to extract information on this important quantity.
Notice, in fact, that, as shown in Sec. III, in our formalism,
the coefficient of the magnetic term, BY,,,, is larger than the
coefficient of the axial term, C%,,, thus bringing this term
within current experimental grasp. In the BKM formalism,
on the contrary, the coefficient C%,;; is larger than B%,,.
|

The analytic forms of the coefficients A%, B, and C%,,,
evaluated using the BKM formalism, are also given in
Appendix C. Another difference is in the twist-three GPD
contributions, written in detail in the next section, which we
define along the lines of the GPD decomposition of the
correlation function of Ref. [34]. This allows us for the first
time to give a physical interpretation of the various twist-
three contributions in terms of orbital angular momentum
and spin orbit contributions.

The numerical evaluation of the differences with the
BKM formalism presented in Refs. [14-16] is presented in
Sec. III in various kinematic regimes.

B. Twist three

We discuss the structure of the BH-DVCS interference
term at twist three, in view of the fact that it contains GPDs
describing the longitudinal component of orbital angular
momentum, E,, the spin orbit term (2H5, + &) [35,36],
and terms related to transverse angular momentum, H,7,

Fop? = ASEJI[Fl (Re(2Har + Exr) — Re(2Har + E5p)) + Fa(Ne(Har + Har) — Re(Hay + tHar))]

+ BE%IGM(EREEZT — meg/zT)

G)T

+ COV GyREMeHay — ReHlyy) — t(Re(Eap — EExr) — Re(Eny — EEL)). (25)

For a polarized electron beam, we obtain a structure analogous to the unpolarized case, where the fe parts of the CFFs

are replaced with the Im parts, namely,

FEy = AS IR (Sm(2Hyr + Er) — Sm(2Hhyr + Eip)) + Fo(3m(Har + tHar) — Sm(Hhy + 7Har))]

+ BS[)JIGM(Smng - Smg/ﬂ)

()T

+ CLy Gu2E(SmHyr — SmHyy) — (Sm(Exy — EEar)

The coefficients, ASLI, BSLI, C Sl)jz’ and Af,)jz, B(L3,)]I, Cf,)]I,

are written in terms of four-vector products involving all
relevant variables, for the electron, k, k', final photon, ¢/,
momentum transfer, A, and average proton momentum, P.
Similarly to the twist-two case, they can be expressed in
terms of the set of variables (Q?, xp i 1, ¥, @). Their specific
expressions are given for the first time in Ref. [9].
A comparison with BKM cannot be performed due to
the inherently different structure of their dynamic twist-
three expressions. Note for the twist-three CFFs,
Hor, Erp..., we use the same notation as for the twist-
two case, by defining them through the convolution with
the leading order Wilson coefficient functions given in
Eq. (21). The possible role of an explicit qgq term is beyond
the scope of this paper.

The notation for the twist-three GPDs is illustrated in
Table I where we show, along with our notation, their
quark-proton polarization configuration, the corresponding

— Sm(Exr — EE47)))- (26)

TABLE I. Twist-three GPDs and their helicity content. In the
first column, we show the GPDs notation for this paper. The
second column shows the quark and proton polarizations.
The third column shows the analogous configurations in the
TMD sector. Finally, the fourth column shows the corresponding
notation from Ref. [34]. The asterisk denotes naive T-odd twist-
three TMDs (we define ¢ = %=0).

AM?

GPD PP, TMD Ref. [34]

H* uu f 2Hyr + Epr
Hy LL 9r 2HYy + Ey
Hy UL i Eyr — By
H* LU gt Eyr - ¢E);
E* UT (T* ) Hyp + tHyp
Bl LT 9y H'y, + tHby
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notation in the TMD sector, and the notation from Ref. [34]
(see also Table I in Ref. [9]). The notation follows the one
adopted for TMDs [37,38], namely,

(1) H and f correspond to the vector coupling in the
parametrization of the quark-proton correlation
function.

(i) H and g correspond to axial-vector coupling.

(iii) The L superscript indicates an unsaturated trans-
verse momentum index in the correlation function’s
coefficient [35].

(iv) The subscript L(T) involves the amplitude for a
longitudinally (transversely) polarized target.

C. Azimuthal angular dependence

The azimuthal angular, ¢, dependence is a key feature of
the cross section, appearing with different capacities in the
description of the BH, DVCS, and BH-DVCS interference
contributions. In electron scattering exclusive reactions, the
cross section assumes a characteristic dependence on the
phase, ¢, which originates from rotating the virtual photon

polarization vector, ef,\;, from the leptonic to the hadronic
plane (see, e.g., Refs. [31,39] and the detailed reiteration
for deeply virtual scattering in Refs. [12,13]). This depend-
ence allows us, in general, to single out the contributions
from the overlap of different transverse and longitudinal
amplitudes (e.g., 67, 677, 61 7...) describing different phys-
ics content.

In the specific case of exclusive photoproduction, we
distinguish between the BH and DVCS processes. In BH,
there are only two structure functions, i.e., the proton
elastic form factors; therefore, similar to elastic scattering,
we do not organize the cross section by writing out the
various virtual photon polarization components. The
dependence on ¢ is purely kinematic.

For the DVCS and BH-DVCS contributions, we set
the virtual photon for DVCS, ¢, along the z axis in the
laboratory frame, while the virtual photon, A, for the BH
process is along A, at an angle ¢ with respect to g.

As shown below, this mismatch results in a much more
complicated dependence of the polarization-vector prod-
ucts contributing to the cross section, generating substantial
t and target mass corrections [9].

1. Phase dependence of pure DVCS contribution

The polarization vectors for the virtual photon of
momentum ¢ along the negative z axis in the laboratory
frame are defined as

ehyr=t1

_ 1 1
Ap=0 — ~ (7] _ 2. _
0= 5(:0.0.00) = (/1 +7:0.0.1). (28)

(0; F1.,1,0), (27)

5l

Notice that the DVCS helicity amplitudes are evaluated in
the center of mass (c.m.) frame of the final photon-hadron
system, which defines the hadron plane at an angle ¢ with
respect to the lepton plane [9]. The cross section is
evaluated by transforming to the lepton plane rotating
the polarization vectors defining the helicty amplitude,

AZ\/,\V, by —¢ about the z axis. Another way to express this
is that the lepton produces a definite helicity virtual photon
which we take along the z axis in the lepton plane; however,
the virtual photon’s interaction with the target occurs in the
hadron plane which is rotated through an azimuthal angle
¢. The phase dependence of the DVCS contribution to the
cross section is a consequence of such a rotation about the
axis where the virtual photon lies [30,31]. The ¢ rotation
about the z axis changes the phase of the transverse
components and leaves the longitudinal polarization vector
unchanged as

e—iN b
V2

The ejected (real) photon polarization vectors read

el =%l o (0, F1,4,0). (29)

, 1 i
M=+ = — (0; F cos O cos ¢ + isin b,

V2
FcosfOsing +icosg, sind).  (30)

€™, in principle, also undergoes a phase rotation; however,
this phase rotation does not contribute to the cross section
due to the completeness relation obtained summing over
the physical (on-shell) states [40],

A, * A
> (& (@) e (d) = —gu- (31)
Ay
2. Phase dependence of BH-DVCS interference term

The same treatment described above is applied to the
BH-DVCS interference term. Here, the different polar-
izations allow us to distinguish the twist-two and twist-
three terms as

twist 2 > (0 ) es” = cos gl — singpel,,  (32)

A=%1
: A;=0y, A;=0

twist 3 — (&,” Neenr = = b (33)

where the components of gk, are gf =1+12/0%

9ty = g5 = vV v + 0%/Q% and gi; = v*/ Q%

In addition to the phase dependence, differently from the
pure DVCS term where the azimuthal angular dependence
resides entirely in the phase factors, the BH-DVCS con-
tribution contains a ¢ dependence of kinematic origin. The
kinematic ¢ dependence arises from the orientation of the
A vector which lies at an angle ¢ in the hadronic plane and
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generates a ¢ dependence through factors of four-vector
products (kA) in the coefficients of the structure functions
similar to the BH case. As a result, we single out an overall
multiplicative cos¢ term in the twist-two contribution
to 6%, and a sing term in the twist-two contribution
to o v» Which originate from the phase dependence arising
from the helicity amplitudes of the hadronic current.
The coefficients contain also the kinematic ¢ dependence
as explained above. A similar situation is found at twist
three where the phase dependence cancels out since for
the virtual photon e~»*? is 1 as a consequence of its
longitudinal polarization; thus, the ¢ dependence is entirely
of kinematic origin.

This result seems at variance with the representation
given in the original harmonics expansion of approach
Refs. [15,16]. However, one should notice that in these
papers the distinction between the ¢ dependence from
the phase of the polarization vectors and the ¢ dependence
from the kinematics is not evident. This point of departure of
the two formalisms is important as also addressed in
Refs. [23-25], where the question of ¢ and target mass
corrections resulting from the different choices of the ori-
entation of A has been also studied. In particular, itis important
to establish a pathway in the decomposition of subleading
twist terms which in our case clearly result from the ¢
dependence from the “phase” of the hadronic current. This
ensures that what enters into our twist-three cross section terms
are directly due to twist-three GPDs and not to kinematically
suppressed terms. These issues seem to have prevented so far a
clean extraction of information from data [41].

III. NUMERICAL RESULTS

In this section, we present numerical evaluations of the
BH, DVCS, and BH-DVCS interference terms evaluated in
Ref. [9], emphasizing the feature of our new formalism as
compared to previous approaches discussed in Sec. II.

We compare results obtained both in the helicity ampli-
tudes and in the BKM formulations [15,16], for various
observables entering the unpolarized cross section at
kinematic settings ranging from recent measurements at
Jefferson Lab [42,43] to a 24 GeV fixed target scenario [27]
and the EIC [28,29]. Since the goal of this paper is to
highlight the new features of the framework for exclusive
electoproduction as compared to BKM, we restrain from
discussing issues involving fits to the cross section, the
extraction of the CFFs from experimental data, and the
modeling of GPDs based on DVCS data. These topics will
be discussed in upcoming publications.

We start from showing in Fig. 1 what is perhaps the
biggest consequence of our new framework for deeply
virtual exclusive scattering on an unpolarized proton:
the dependence on the scale, Qz, of the dominant con-
tribution to the BH-DVCS interference matrix element,
Me(FH + tF,E). The extraction of this quantity in our
formalism is consistent with a slow Q> dependence as

VA —o—
21 xy=036 BKM'10 o
t=-0.35 GeV Theory ——
1
LL(]\I
29
(=
+ ; Lo
z 0 bt
3
0 b
S | [, T
1
-2
VA —e—
2 xBj=0.48 BKM'10 =
t=-047 GeV2 Theory ——
%)
<1
[ \
+ T
: q
= 9 1.4
] I I - &
=4 ::
b
-1
BKM'10 —=—
xg; =0.60 Theory ——
@ 05} t=-106GeV’
53
=
+
:—
= 0 0
< .
= t i
05
0 2 4 6 8 10
Q’ GeV?)

FIG. 1. The CFFs combination, F,(t)ReH + tF,(t)Re, cor-
responding to the first term in Eq. (18), plotted vs Q2. This
quantity was extracted from data [42] using the formalism
presented in this paper and in Ref. [9] (blue circles) and using
the formalism of Ref. [16] (orange squares). The curves in the
figure illustrate the effect of perturbative QCD evolution, calcu-
lated using the GPD parametrization in Refs. [45,46].

predicted by the perturbative QCD evolution equations for
GPDs [5,32,44]. In the BKM formalism, on the contrary,
oscillations appear which could indicate spurious Q2
dependence resulting from the approximations taken in
the cross section coefficients.

Notice that, although BKM use the harmonics based
formulation where, in particular, the o7, cross section is
not organized in terms of A7, B, C¥,,, one can retrieve
equivalent expressions by rearranging the various harmon-
ics contributions. These expressions are displayed in
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FIG. 2. The cross section oy, Eq. (13) for the kinematic bins
from Ref. [43] with initial electron energy e; = 5.75 GeV,
0> =1.8 GeV?, t=-0.172 GeV?, xpj = 0.34 (top panel)
[42]; €, = 11.5 GeV, Q* =4.5 GeV?, t = -0.29 GeV?, xp; =
0.37 (second panel); and for projected values of a fixed target
experiment at ¢; = 24 GeV (third panel). The curves correspond
to the contributions from oy Eq. (13), oBtL, (15), 6DYCS, (16),
and alI]U, (18), calculated in the laboratory system.
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FIG. 3. The cross section oy in a collider setting kinematics
for an EIC with initial electron energy e, =5 GeV, initial
proton energy €, =41 GeV, and kinematic bin xgz; = 0.01,
t=-0.18 GeV2, and Q2? =5 GeV? of the US-based EIC
[29] (top), and initial electron energy e, = 3.5 GeV, initial
proton energy ¢, = 20 GeV, and kinematic bin xz; = 0.021,
t = —0.094 GeV?, and Q% = 2.17 GeV? of the China-based EIC
[28] (bottom).

Appendix C. We note that even by doing so, the analytic

comparison between the two formulations represents a

formidable task due to the inherent complications arising

from the different choices of variables for the lengthy
coefficients.

(1) InFig. 2, we present the cross section oy, Eq. (13),

with the separate contributions, obil, (15), ob)<S,

(16), and 67, (18), calculated in the Virginia (VA)

framework. We consider three different settings in

the laboratory system with electron beam energies:

(k,), = €, =5.75, 11.5, 24 GeV, and correspond-

ingly increasing Q? values. The experimental data
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FIG. 4. Total unpolarized cross section with VA theory CFFs
(top) €; =5.7 GeV, 0% = 1.8 GeV?, xg; = 0.34
t =—0.17 GeV?; (bottom) e, = 10.6 GeV Q% = 4.5 GeV?
xp; =037, t=-0.26 GeV2.

s

s

are from Ref. [43] (top panel) and Ref. [42] (middle
panel). The 24 GeV setting [27] is becoming an
exciting possibility that will allow further explorations

(i)

(iii)

of GPDs and the 3D structure of the nucleon in a wide
kinematic range. In particular, the access to larger
Q? values in the valence region will allow us to
settle many issues related to power corrections
and the onset of QCD factorization. The theo-
retical predictions for DVCS and the DVCS-BH
interference were calculated at leading twist using
GPDs from the spectator model in [45-47],
summarized in Sec. III A. We underline that these
are predictions, not fits, where the model param-
eters were fixed using constraints from experi-
ments other than DVCS. The latter include a
recent nucleon form factor and parton distribution
function (PDF) measurements. These curves show
a realistic picture of the relative sizes of the
various contributions. The BH term is known to
high precision, since its calculation is based on
QED, the only unknowns being the nucleon form
factors at low four-momenta transfer, 7, where
their uncertainty is small. The uncertainty band in
the figure refers to the error from the fit
in [45,47].

The various contributions to the unpolarized cross
section are shown in Fig. 3 for collider configura-
tions at the EIC typical kinematic setting (upper
panel) [29] and at EIcC kinematics (lower
panel) [28].

In Fig. 4, we compare three cross section for-
mulations: the present framework (VA), the for-
mulations of Ref. [15] (BKM’01), and Ref. [16]
(BKM’10), respectively. It should be noticed that
the quantity plotted, oy, is the sum of BH,
DVCS, and BH-DVCS interference contributions.
All three calculations use the same BH cross
section. The DVCS and DVCS-BH interference
terms use the same CFFs values displayed in
Table II, but they differ in the analytic form of the
coefficients from the three different formulations.
One can see sensible discrepancies between the
VA and BKM calculations. It should be noticed
that the differences are suppressed; i.e., they

TABLE II.  Value of Compton form factors using Virginia Reggeized spectator model and global extraction from KM 15 [48] and KM
10a [49].

CFF xp;  —1(GeV?) Q% (GeV?) Re H ReE ReH ReE ImH ImE ImH ImE
VA 0.34 0.17 1.82 —0.897 -0.541 0.244 2.207 4.842 1.806 1.131 5.383
VA 0.37 0.26 4.55 —0.884  -0.424 0312 2.900 3.702 1.298 0911 3.915
KM15 0.34 0.17 1.82 —2.254 2212 1.399 141.362  3.506 e 1.565 e
KM15 0.37 0.26 4.55 —2.143 1.990 1.098 87.385 2.793 1.371

KMl10a 0.34 0.17 1.82 —1.513 1.583 e 40.863 3.783 e

KMI10a  0.37 0.26 4.55 —1.574 1.518 22.146 3.147
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FIG. 5. Comparison of the interference plus DVCS contributions to the cross section, 6%, + 6Dy
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¢

oy calculated using the frameworks

from the VA and BKM groups, respectively. Left panels: same notation and kinematic bins as in Fig. 2. Right panels: comparison
between the formalism of Ref. [9], VA'19, the same formulation including the higher order gauge fixing coefficients given in

Appendix C, VA’21, and BKM’10.
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FIG. 6. Comparison of the unpolarized cross section, o>,
Eq. (16), obtained in the VA and BKM frameworks, respectively.

DVCS
oyu

is plotted vs —t using the CFFs from the Reggeized

diquark model. The error band represents a theoretical error from
the Reggeized diquark model fit.

(iv)

appear smaller in value owing to the fact that the
cross section is dominated by the BH contribution
which is the same in both the VA and BKM
formulations. The differences will, however, af-
fect the extraction of the CFFs.

To better describe the size of the difference
between the two formalisms, we compare the o7, +
6y UPVES terms in Fig. 5. One can see clear discrep-
ancies between the two frameworks that do not seem
to decrease with increasing electron energy. Notice
that the VA formalism has different features of the ¢
modulations characterizing the cross section at
central values of ¢.

This feature shows up clearly in the lhs panels.
On the rhs, the effect of the extra terms originating

from

invariance preserving coefficients is

gauge

displayed. The impact of these terms tends to disappear
with larger Q% It should be stressed that none of the
curves shown in the figure correspond to a fit of the
DVCS data in that the values of the CFFs are theoretical
predictions.

(@)

(i)

(iii)

016015-11

The ¢ dependence of the DVCS contribution, 65)S,
is presented in Fig. 6, for the kinematic bin,
€, =5.75 GeV, Q* = 1.8 GeV?, xp; = 0.34 (other
kinematics display a similar trend). One can see that
for this term the improved calculation of Ref. [16]
brings the VA and BKM evaluations closer.

To interpret the origin of the BKM-VA discrep-
ancies, in Figs. 7 and 8 we juxtapose calcula-
tions using the VA formalism (left panels) to the
BKM formalism (right panels). Figure 7 shows
the same quantity, oD} + 67, as in Fig. 5 dis-
playing the contributions to the latter from the three
terms, AL, (F\H + tF,€), BY, « Gy (H + &), and
C{,U x GMﬁ (Eq. (18). From the figure, one can see
that the term proportional to AZ,;, dominates the cross
section. What is striking is the different weights that
the A%, BY,, and C¥,, terms carry, respectively,
in the VA and BKM frameworks. The differences
with the VA formalism are particularly striking for
the axial term, C%,,,, which is both smaller in size and
has a complex ¢ modulations for the VA case. These
differences persist in the kinematic range of Jeffer-
son Lab @ 12 GeV Ref. [42] (not shown in the
figure). While the A7, term dominates the VA cross
section, the contribution from C%,;, is important
in the BKM case, especially with increasing
energy. The uncertainty bands in the figure represent
the theoretical error evaluated using the model
in Ref. [45].

In Fig. 9, we compare in detail the coefficients,
AL, BY,, and C},, for the BKM and VA for-
mulations. In order to understand whether the
discrepancies are due to terms proportional to
M?/Q?, t/Q? we studied the behavior of the
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FIG. 7. BH-DVCS interference contribution to the cross section agu, Eq. (18) in the VA (left) and BKM (right) formalism. The initial
electron energy is €; = 5.75 GeV from Ref. [43] (top panels), e; = 10.5 GeV Ref. [42] (middle panels), and for a projected value of a
fixed target experiment at €; = 24 GeV (bottom panels). The curves correspond to the calculation at twist two using the Reggeized

diquark model [45] for the electric current which appears in the cross section multiplied by Ay, the magnetic term with coefficient By,
and the axial term, Cyy.
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coefficients vs ¢ and Q. The results shown in Fig. 9
represent the percentage deviations of the BKM’01
and BKM’10 coefficients from the VA ones, Ay
(top), Byy (middle), and Cyyy; (bottom), evaluated at
¢ =0 (left panel) and ¢ = 180 degrees (right
panel). On the lhs, we plot the percentage deviations
as a function of —¢, at Q> = 1.8 GeV?; on the rhs,
they are plotted vs Q2 at —t = 0.17 GeV?. Notice
that the differences among the approaches tend to
subside at small ¢ and in the large Q? limit. Our
findings substantiate the hypothesis that the treat-
ment of 7-dependent and target mass corrections is
important, although no systematic effect can be
singled out.

We also evaluated the impact of the coefficients
of the twist-three contributions These are pre-
sented in Fig. 10. Our estimate shows that twist-
three terms are small, of the same size of the
B}, BY,, C}, terms (see Figs. 7 and 8).
Finally, in Figs. 11 and 12, we present our results
for the polarized beam cross section, o7y,
Eq. (14). In Fig. 11, we show the comparison
with BKM’01 and BKM’10. Notice that with the
VA formalism one can see that the twist-two
CFFs do not describe quantitatively the cross
section at Q%> = 1.8 GeV?, while the agreement
improves increasing Q? to 4.5 GeV?. Figure 12
displays the different contributions from the A%,
Bf,, and Cf, terms, Eq. (19). Notice, in this
case, the smallness of the axial contribu-
tion, GMSmfI.

A. GPD Model

To compare the VA and BKM cross section frame-
works, we used the parametrization from Refs. [33,45,46]
which is based on the Reggeized diquark model. In
the DGLAP region, x > &, the parametric form for

_ o = © e 2~ 2
F,=H,E, H,E, at the initial scale Q; ~0.1 GeV~,

reads

Comparison of the kinematic coefficients, Ay (top),

Byy (middle), and Cyppy (bottom) at the kinematic point
0% = 1.82 GeV?, xp; = 0.34, 1 = —0.17 GeV?, ¢; = 5.75 GeV.
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FIG.9. Coefficients A%/U (top panels), B%/U (middle panels), and C%]U (bottom panels). On the lhs, the coefficients are compared to the
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calculations and the formalism presented in this paper plotted vs Q2, for ¢, = 10.591 GeV, xpj =034, =t =0.17 GeV?2.
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FIG. 10. Ratio of the kinematic coefficient of the twist-three
term, A(;l),z, in Eq. (25), over the twist-two coefficient By in
Eq. (18), plotted vs ¢ for e; = 5.75 GeV, Q% = 1.820 GeV?,
xpj = 0.34 and 1 = —0.17 GeV?. For comparison, we also plot
the ratio of the kinematically subdominant twist-two coefficient,

CUU over BUU'

Fq(x,é, I) _ _/\/'qx[ar,ﬁ»ozf](l—x)l’qt]Fdiq(x7 g’ [), qg=u, d,

(34)

where Fq is obtained from a diquark calculation with mass
parameters, m, (quark mass), M, (dipole cut-off mass),
MY (spectator diquark mass), and o x[%*@(1=x)"1]
accounts for the Regge behavior at low x. In the
Efremov-Radyushkin-Brodsky-Lepage (ERBL) region,
—¢ < x < &, we use a simple parametric form constrained
by parity conservation and charge conjugation. The param-
eters for the twist-two GPDs are constrained from exper-
imental data on the nucleon elastic form factors and
PDFs, using
(1) the GPD normalization conditions,

[ w0 = Fi(0),

-1

/ VE,(x.&.1,0%)dx = FU(1).
-1

/ VH (v, 801 0)dx = G (1),
-1

/_ B (e QNdx =G, (35)

1

where we used the flavor separated data on the
elastic nucleon form factors, F{ and F4 [50], and the
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FIG. 11. Total LU cross section with VA theory CFFs at
kinematic bins: Q% =1.82GeV?, xp; =034, t = -0.17 GeV?,
€;=5.75GeV (top); 02=4.55GeV?, xBj=0.37, t=—0.26GeV?,
€; = 10.591 GeV  (middle); Q® = 4.55 GeV?, xg; = 0.37,
t = —0.26 GeV?, e, = 24 GeV (bottom).
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same kinematic bins as Fig. 11. The different contributions from
the A;y, By, and Cpy terms are shown.
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FIG. 13. VA Compton form factors H and E calculated in the
Reggeized diquark model, Eq. (34).

nucleon axial [51] and pseudoscalar [52] form factor
parametrizations,
(i1) the forward limit conditions,

H,(x,0,0;0%) = q(x, 0%),H,(x,0,0; 0%
= Aq(x, 0%), (36)

with the unpolarized PDF, g(x), and the helicity
distribution, Ag(x), being evaluated using current
nucleon PDFs parametrizations (details are in
Refs. [53,54]). To compare with data, the GPDs
are perturbatively evolved at leading order to the

scale, of the data, Q2 [4,5,32,44].
In Table II, we present the values of the CFFs, H, &, 7T(,
&, calculated at xpj =0.34, 0.37, =t = 0.17, 0.26 GeV?,

and Q% = 1.8, 4.5 GeV?, compared with the values from
the analyses in Refs. [48,49]. The imaginary and real
components of H and £ from the VA model are also shown
in Fig. 13 in a similar kinematic range. The uncertainty
bands in the figure represent the theoretical error of the
parametrization [45].

In Fig. 14, we show the potential impact of the new
formalism on extracting the values of the CFFs from
experiment. On the rhs, we show o7, + oDyCS using
the CFFs extracted from the fit in Ref. [49] using the
BKM formalism. On the lhs, we show the same quantity
evaluated using the same CFFs from Ref. [49], but with
the VA formalism. The fact that the data on the lhs
can no longer be fitted quantifies once more the
discrepancies between the two frameworks. Notice, in

particular, that the value of the KM15 ReE contributing

016015-16



THEORY OF DEEPLY VIRTUAL COMPTON SCATTERING OFF ... PHYS. REV. D 105, 016015 (2022)

VA Formalism BKM '10 Formalism
DVCS+Int —— DVCS+Int ——
006} g =5.75GeV DVCS —— 006 g =5.75GeV DVCS ——
Int —— Int
0.04 Agy — 004 Agy —
Byy —— Byy —
-'> P $ CUU -r> [ CU'U'
3 002 R3S MAAIRET 3 00 IFP B
E i f Hy 2 job ! by
FR T < of—3
= =
S B

v ¢
2 2
002 Q' =182GeV 0.02
Xp; =0.34

Q% =182 GeV?
Xp; = 0.34
t=-0.17 GeV? t=-0.17 GeV?
004 0.04
30100 150 200 250 300 35 30100 150 200 250 300 35
¢ P
0.006 0.
DVCS+Int — 006 DVCS+Int —
g, =10.59 GeV DVCS — £, = 1059 GeV DVCS —
It —— Int ——
0.004 0.004
AUU - AUU' -
- Byy — _ Byy —
< 0.002 /J/TN”U — £ 0.002 b1 b Cow—
£ 3 N 2 ] .
S 9 NN 2 9 11 —g iRl ]
= =
= =]
© {/ Q=455 Gev? & % Q=455 GeV?
-0.002 ‘} xg= 037 -0.002 % { Xg; = 0.37
{‘ t=-026 GeV> % t=-026 GeV>
0.004 0.004
30 100 150 200 250 300 35 30 100 150 200 250 300 35
@ ®

0.006 DVCS+Int — 0.006 DVCS+Int —
€ =24 GeV DVCS —— £ =24 GeV DVCS ——
0.004 Int —— 0.004 Int
Ayy — Agy —
BUU - BUU -
< 0002 Cou — <, 0.002 Coy —
g o
=] =]
ER E o0
3 ]
5 Q%= 455 GeV? 5 Q=455 GeV*
0.002 xp; =037 -0.002 xp; =037
t=-026 GeV> t=-026 GeV?
-0.004 0.004
30100 150 200 250 300 35 30100 150 200 250 300 35
® P

FIG. 14. Sum of contributions 6%, + 62y S using CFF values from Kumericki ef al. [49] in two different formalisms for the cross
section: VA formalism (left) and BKM10 formalism (right).
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FIG. 15. Total LU cross section with Kumericki CFFs at kine-
matic bin. Left: 0*=1.82GeV?, x3;=0.34, 1=-0.17 GeV?,
€ =5.75GeV. Right: Q% =45 GeV?, xp; =037, t=
—0.26 GeV?, ¢ = 10.591 GeV. Our prediction for a 24 GeV
beam energy.

to oDy makes this term three times larger than our

value. (All values of the form factors used in the plots
are displayed in Table II.) Figure 15 shows a similar
trend for o .

IV. CONCLUSIONS AND OUTLOOK

In order to extract information on the QCD matrix
elements of deeply virtual exclusive electron scattering
processes, one needs to first understand the detailed
structure of the cross section. In deeply virtual exclusive
photoproduction, in particular, tracking analytically the
dependence in the high Q7 limit on the invariants x ;and 7,
as well as on the angle ¢ between the lepton and hadron
planes, has constituted a challenge which has been ham-
pering, so far, a clean extraction of the various contributions
to the cross section.

In our study of unpolarized scattering, differently from
previous approaches, we argue that by organizing the cross
section for the ep — ¢’ p’y scattering process according to
its electromagnetic structure allows us to clearly separate
the contributions of the various twist-two CFFs as well as
the twist-three components.

Furthermore the cross section is described in terms of
manageable and streamlined structures for the BH and
DVCS contributions up to twist three. In particular, the
DVCS-BH interference term is described by

(i) an electric contribution, (F| — 7F,)(H — 7€),

(i) a magnetic contribution, (F; + F,)(H + &) con-
taining the combination of GPDs necessary to
extract angular momentum, B

(iii) an axial contribution, (F; + F,)H.

The latter is reminiscent of the GG, contribution in
elastic scattering, but it is now allowed without violating
parity conservation because of the extra degree of freedom
provided by the outgoing photon with momentum ¢’ # g.

The kinematic coefficients are lengthy but straightfor-
ward to calculate functions of ¢ evaluated to all orders in
1/Q. In addition to a kinematic ¢ dependence, we explain
how the virtual photon phase ¢ dependence originates in a
clearly distinguishable way. This distinction is important to
for disentangling terms of different twist both in DVCS and
in related processes including, e.g., timelike Compton
scattering.

The reorganization of the cross section also uncovers
substantial discrepancies with the harmonics decomposi-
tion of BKM. We find several discrepancies in both the pure
DVCS and DVCS-BH interference terms, while the BH
contribution turns out to be numerically equivalent. These
discrepancies are important and can affect considerably the
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extraction of CFFs from data, and consequently, any
conclusion on the behavior of angular momentum, pres-
sure, or shear forces inside the proton. We tracked the
differences between the BKM and VA formalism numeri-
cally, as a function of the various kinematic variables
involved. We conclude that while the differences tend to be
reduced at high Q2 for some of the observables, this is not a
general rule.

What is the inherent reason behind such discrepancies?
Our results might be compared, in principle, with the
studies in Refs. [23-25] which result in both #-dependent
and target mass corrections, albeit using the harmonics
decomposition. A common point of view is that the choice
of the leading twist decomposition of the DVCS hadronic
tensor is not unique. The consequences of this ambiguity
results in a different structure of power corrections.

Future work in this direction, including numerical
evaluations of twist-three three CFFs, as well as a straight-
forward extension of our framework to timelike Compton
scattering, will help us determine unambiguously the
internal dynamics and mechanical properties of the proton.
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APPENDIX A: CROSS SECTION PHASE
SPACE FACTORS

The cross section for BKM and in this paper (VA) are
written in terms of different kinematic variables as

do
VA ——————— =TA|T]% Al
(VA) = S s = TulTE. (AD
do
BKM =T T|? A2

where
B 1 Xy 1
VA_(S—MQ')Z)C’ BKM_Qz_S—Mz’

T'va _ 0° _Y
Tpgem (s —M?)°x%y Q%

APPENDIX B: KINEMATIC VARIABLES IN
FIXED TARGET AND COLLIDER FRAMES

To describe the reaction
k+p—Kk+p +4.

one defines the lepton plane through the four-momenta
k and k', with ¢ = k—k/, and the initial proton four-
momenta, p; the final photon momentum, ¢’, and the final
proton momentum, p’ define the hadron scattering plane.
The cross section, Eq. (1), depends on the variables &,
(initial electron energy), Q2, Xpj = Q?/2Muv), t, and ¢.

1. Laboratory frame
In the lab, or proton rest frame, the initial electron is
aligned with the z axis, and the final electron is scattered in
the x--z plane with components
k= (ka;o’ O’ k3 = _|l_€| ~ _ko)’
p=(M;0,0,0),

k’s(k’ PR S R 0%)

o o ZMXB]-’ o 3 2/(3 ’
2

g=k—-kK = (y;—y/kﬁ?—k’f,O,—u(l+;—y>), (B1)

where, disregarding the electron mass, k, = |l_<'| =¢,. The
cross section calculations are done with ¢ aligned along the
Z axis, i.e., rotating from the lab frame by the angle

a = arctan(q;/q3)

in the x--z plane. The rotated four vectors in this frame are
denoted by, kX, k'R, gR.

The outgoing photon components are derived from the
relations

plo + qg =M+v,
P +af = df.
and using the definitions

t=(p—p)?=2M-2pp),
t=(q—-q9)*=-0%-2(qq)
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one obtains

g% = (q,; 4, sinOcos ¢, g, sinOsinp, g’k = ¢/, cos ),

where

1+ 0+ 29,9,
21§

t
q’azv+m, gk =

0 = arccos(q% /).

From these vectors, one defines A =¢g—¢' and p’' =
p+A.

2. Collider frame

In the collider frame, with the initial proton moving
along the positive z axis, one has

k= (k,:0,0,ky = —|k| ~ —k,),

p=(p,=1/p3+M*0.0.p;),
o —0%+ 2k k
K = k/; krz_k/z’ , o™o ,
(” R TS

qg=k-K,

koo (2)) (- o)
BO- )

14
~ ko - 5 + PoXBj»

-

V= .
2p()xBj

The outgoing photon four-momenta components are
derived by first boosting to the c.m. frame with

8M?

Ao k@)

16M?

B = ) W)

where P = (p + p')/2, T = —t/4M".

[42((kP)* + (K'P)?) = (z + 1)((kA)* + (K'A))].

[(kA)? + (K'A)],

P3 Po
p=-— y=—"
Po M

so that the components of the boosted virtual photon ¢ are

95 =v(q, + Pa3).
Q?,z =412

a5 =v(qs + Bq,).

One now rotates ¢® to obtain a vector g® aligned with the z
axis using

a = arctan(q? /¢5%).
The outgoing photon has components
9% = (q,; 4, sinOcos ¢, ¢, sinOsinp, ¢'¥),
where

ot w_ _1+0°+240q,
P 277

0 = arccos(q/q),).

q,=q5+

A and p’ are reconstructed from these vectors.

APPENDIX C: KINEMATIC COEFFICIENTS FOR
BH and BH-DVCS INTERFERENCE TERMS

For convenience, we write the expressions of the
kinematic coefficients relevant for this paper. All coeffi-
cients were calculated in Ref. [9] in a covariant form using

four-vector products with notation, (ab) =a,b, —a - b.

The relevant four-vector components for both the labora-

tory frame and the collider frame are given in Appendix B.
The BH coefficients in Eq. (15) read

(C1)

(C2)
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The BH-DVCS interference cross section coefficients in Eq. (18) read

ALy = 2APE)
= 8D [(K'P)(2K} — kr - ¢ — 2(kq')) + (kP)(2Ky - ky + Ky - g+ 2(K) = (kr - P)2(KK) + (K))
T (Ky - Py)(kq')] cos ¢ — 8D_[(Pq')(2kr - Ky + 2(kK')) — (kr - Pr)(K'q') = (K5 - Pr)(kq')
+ (Pr - ) (kK)] cos ¢ (C3)

Bhy = 4(A%5")
= —ALD . [(K'A)(2k% — ky - q7 — 2(kq")) + (KA) (2K} - kr + Ky - g7 + 2(K'q")) = (kr - Ar)(2(kK') + (K'q'))
+ (k7 - Ar)(kq')] cos g — 4ED_[(Aq') (2kr - ky + 2(kK')) = (kr - A7) (K'q") = (ky - A7) (kq')
+ (g7 - A7) (kk')] cos ¢, (C4)

1 1
CL, = ——ehov+ (P”Ay —~P,A, +-A Ay> Gop (Z5 Y

2P 2°H
D
= P_I (—(kr - Pr)(q7 - Ar)K'™ + (kg - Ap)(Pr - qp)k™" + (k- Pr)(qr - Ar)k™

— (kp - Ar)(Pr - qp)k™ = 2(kK') (k7 - Pr)AT = (kq')(ky - Pr)AT
+ (Kq')(kp - Pr)A* + 2(kk')(Ky - Ap)P* + (kq')(Ky - Ap) P = (K'q')(kp - Ap)P*] cos ¢

+ 4% [(K'q")(kr - Pr)AT = (kK')(q7 - Pr)AT + (kq')(ky - Pr)AT

— (Kq')(kr - A7) P+ (kK')(q7 - Ar)P™ = (kq')(ky - Ar)PT] cos ¢, (C5)

where (Z2°7)7 and (25?7 are linear combinations of the kinematic four vectors, k?, k%, ¢, describing the BH-DVCS
interference lepton tensor [9],

(Z5°7) = (K2 [(2k,k, = ik, ) g + 2(kq)]2D + K [(2k,k, + quk,) 7 = 2(K q)]2D
+ 4"kl gy — 2(kK)D_ + ¢ [(=2(kK') + (K q') )k — (kq")K,]2D.
+ g7 [(kK') gy, — (K'q' )k, — (kq')k,]2D_} cos ¢ (Co)

and

(Z7) = (K7 [(2k,k, = gk, ) +2(kq ) 12Dy + k(2K k, + g,k )er” —2(K ¢)]2D
+q 2k ke = 2(kK)ID_ + e’ [(=2(kK') + (K'q))k, — (kq')k,]2D
+ €7 [(kk')q, — (K'q')k, — (kq")k,]2D_} cos . (C7)

D7 and D~ are defined as

. (kq') = (kq') —_ _(kq) + (kq) (C8)

- 2(Kq) (k') C2(Kq)(kq)
We also calculate leading terms that restore electromagnetic gauge invariance. We introduce these expressions below:

Atly = Al = 8D_[(PK)(kr - q7) + (Pk)(Ky - ¢'y) = (KK')(Pr - ¢})] cos ¢. (€9)
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Bijy = By — 4ED_[(K' ) (kr - q7) + (kA) (K - q7) — (kK') (¢ - Ar)] cos ¢
2_D+[k/+(2(kr “kr) = (kr - q7) = 2(kq)) + k" (2(ky - k7) + (k7 - q7) + 2(K'¢"))] cos ¢
t

=257 D_[q" (2(ky - Ky) +2(kK)) + K (kr - qip) + k* (K - qp)] cos . (C10)

D_
Clly = Chy + 4— [=2(P7 - q7)(kp - kp) AT + (Pr - q7) (ky - Ap)K'™ + (Pr - q7) (k- Ap)k™

+ 2(k7 - qT)(kT Pr)AT = 2(ky - g7 ) (kp - Ap)PT = (g7 - Ar)(kr - Pr)k'™™ = (g7 - Ar)(Pr - kp)k*
+2(q7 - Ar)(ky - kp) P = (kK')(Pr - q7) A" + (kk')(q7 - Ar)PT] cos . (C11)

The coefficients A%, B, and C},; can be reevalauted using the expressions in BKM [15],

M= _y3ﬂ)11(¢)732<¢) [—8 (21 ‘_y) -85 L (1= )2 = xgj) — 8K(2 — 2y + y?) cos ¢] . (C12)
_ £ Z (2 — xa

B(I/U B xBijtPI (¢)P2¢ [ (2 y) Q (1 )(2 Bj)} (C13)

o f (2—y)3 2
v = e P (VP2 [8 () T EKE@ =y 5T eos ‘/’] ’ (€19

where
Pi(¢p) = —ﬁ{]—&-ﬂ(cosqﬁ}, Pyr(p) =1 +é+ﬁ{]+ﬂ(cos¢}, (C15)
RPN e 1 4xpi(1 = xp;) + 7 t— 1

J:<1—y—y§><1+Qtz>—(1—x3j)(2—y)Q’2, (C17)

with y = Qz/(xBj(s _M2>) 7 = MZXBJ/QZ, I, = —2§M2/(1 - 52)’ &= XB//(z _xBj>'
The updated “BKM’10” expressions accounting for 1/Q? power corrections are given in the following form [16]:

1 un
A = PGP {Z et meos ) | (c18)
Biu = xBjy3l‘771 {Z CHF (n) cos (nq’))} (C19)
unp,A unp
Cho= s {Z<c++o 20 cos (n) . (c20)

where the expressions for C}F(n), C""(n), and C}";(n) can be found in Ref. [16].

The coefficients for the longitudinally polarized electron beam, Eq. (19), are the same as for the unpolarized case:
Aly = Afy, By = Bjy, and Cly = Clyy
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