arXiv:1609.03830v3 [hep-ph] 3 Sep 2018

Preprint typeset in JHEP style - HYPER VERSION

Exclusive photoproduction of a v p pair
with a large invariant mass

R. Boussarie

LPT, Université Paris-Sud, CNRS, Université Paris-Saclay, 91405, Orsay, France
Email: renaud.boussarie@th.u-psud.fr

B. Pire

Centre de Physique Théorique, Ecole polytechnique, CNRS, Université Paris-Saclay,
91128 Palaiseau, France
Email: bernard.pire@polytechnique.edu

L. Szymanowski

National Center for Nuclear Research (NCBJ), Warsaw, Poland
Email: Lech.Szymanowski@ncbj.gov.pl

S. Wallon

LPT, Université Paris-Sud, CNRS, Université Paris-Saclay, 91405, Orsay, France &
UPMC Univ. Paris 06, faculté de physique, 4 place Jussieu, 75252 Paris Cedex 05,
France

Email: wallon@th.u-psud.fr

ABSTRACT: Exclusive photoproduction of a v p pair in the kinematics where the pair has
a large invariant mass and the final nucleon has a small transverse momentum is described
in the collinear factorization framework. The scattering amplitude is calculated at leading
order in a and the differential cross sections for the process where the p—meson is either
longitudinally or transversely polarized are estimated in the kinematics of the JLab 12-GeV
experiments.
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1. Introduction

The near forward photoproduction of a pair of particles with a large invariant mass is
a case for a natural extension of collinear QCD factorization theorems which have been
much studied for near forward deeply virtual Compton scattering (DVCS) and deeply
virtual meson production [1-6]. In the present paper, we study the case where a wide
angle Compton scattering subprocess v(qq) — 7p characterized by the large scale M., (the
invariant mass of the final state) factorizes from generalized parton distributions (GPDs).
This large scale M., is related to the large transverse momenta transmitted to the final
photon and to the final meson, the pair having an overall small transverse momentum.
This opens a new way to the extraction of these GPDs and thus to check their universality.
The study of such processes was initiated in Ref. [7,8], where the process under study
was the high energy diffractive photo- (or electro-) production of two vector mesons, the
hard probe being the virtual ”Pomeron” exchange (and the hard scale being the virtuality
of this pomeron), in analogy with the virtual photon exchange occuring in the deep inelastic
electroproduction of a meson. A similar strategy has also been advocated in Ref. [9-11] to
enlarge the number of processes which could be used to extract information on GPDs.
The process we study here!

Y (q) + N(p1) = v(k) + p°(Pp, €p) + N'(p2) (1.1)

is sensitive to both chiral-even and chiral-odd GPDs due to the chiral-even (resp. chiral-
odd) character of the leading twist distribution amplitude (DA) of pr, (resp. pr).

Its experimental study should not present major difficulties to large acceptance detec-
tors such as those developed for the 12 GeV upgrade of JLab. The estimated rate depends
of course much on the magnitude of the GPDs, but we show that the experiment is feasible
under reasonable assumptions based on their relations to usual parton distributions and to
lattice [14-17] calculations.

Let us briefly comment on the extension of the existing factorization proofs in the
framework of QCD to our process. The argument is two-folded.

The now classical proof of factorization of exclusive scattering at fixed angle and large
energy [18] allows to write the leading twist amplitude for the process v + 7 — v + p
as the convolution of a mesonic distribution amplitude and a hard scattering subprocess
amplitude v + (¢ + §) — v + (¢ + ) with the meson state replaced by a collinear quark-
antiquark pair. This is described in Fig. 1a. The demonstration of the absence of any pinch
singularity (which is the weak point of the proof for the generic case A+ B — C' + D) has
been proven in the case of interest here [19].

We extract from the factorization procedure of the exclusive meson electroproduction
amplitude near the forward region [20] the right to replace in Fig. 1la the lower left meson
distribution amplitude by a N — N’ GPD, and thus get Fig. 1b. Indeed the same collinear

1Some of the results presented here have been reported previously [12,13].
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Figure 1: a) Factorization of the amplitude for the process v+ — v+ p at large s and fixed angle
(i.e. fixed ratio t'/s); b) replacing one DA by a GPD leads to the factorization of the amplitude for
Y+ N =~ +p+ N at large M2, .

factorization property bases the validity of the leading twist approximation which replaces
either the meson wave function by its distribution amplitude or the N — N’ transition
to its GPDs. A slight difference is that light cone fractions (z,1 — z) leaving the DA are
positive, but the corresponding fractions (z+¢&, £ —x) may be positive or negative in the case
of the GPD. Our calculation will show that this difference does not spoil the factorization
property, at least at the (leading) order at which we are working here.

The analogy to the timelike Compton scattering process [21-23]:

AN = N =yt~ N (1.2)

where the lepton pair has a large squared invariant mass Q2, is quite instructive. Although
the photon-meson pair in our process (1.1) has a more complex momentum flow, one may
draw on this analogy to ascribe the role of the hard scale to the photon-meson pair invariant
mass.

In order for the factorization of a partonic amplitude to be legitimate, one should avoid
the dangerous kinematical regions where a small momentum transfer is exchanged in the
upper blob, namely small #' = (k — ¢)? or small v’ = (pp— q)?, and the region where strong
final state interactions between the p meson and the nucleon are dominated by resonance
effects, namely where the invariant mass M[?N, = (pp + pn+)? is not large enough.

Our paper is organized as follows. In Sec. 2, we clarify the kinematics we are interested
in and set our conventions. Sec. 3 is devoted to the presentation of our model for DAs and
GPDs. Then, in Sec. 4, we describe the scattering amplitude of the process under study
in the framework of QCD factorization. Sec. 5 presents our results for the unpolarized
differential cross section in the kinematics of quasi-real photon beams at JLab where S,y ~
6-22 GeV?. Finally, in Sec. 6 we give estimates of expected rates at JLab. In appendices,



we describe several technical details required by analytical and numerical aspects of our
calculations.

As a final remark in this introduction, let us stress that our discussion applies as well
to the case of electroproduction where a moderate virtuality of the initial photon may help
to access the perturbative domain with a lower value of the hard scale M,,,.

2. Kinematics

We study the exclusive photoproduction of a vector meson p and a real photon on a
polarized or unpolarized proton or neutron target

Y(q,€q) + N(p1,A) = y(k, ex) + po(pm Ep) + N,(p27 )\/) ) (2.1)

in the kinematical regime of large invariant mass M,, of the final photon and meson pair
and small momentum transfer ¢t = (py — p1)? between the initial and the final nucleons.
Roughly speaking, these kinematics mean moderate to large, and approximately opposite,
transverse momenta of the final photon and meson. Our conventions are the following. We
define

I I
py+D
N (2.2

and decompose momenta on a Sudakov basis as
o =ant +bpt+ 0, (2.3)

with p and n the light-cone vectors

p= L0001 w=Y000-1)  pon=

and
o = (0,0",0Y,0), V2 = 2. (2.5)

The particle momenta read

M? M? + A}
Ho_ e H Mo o LAY K B
pi=0+p'+ ——Fn", py=01-Ep'+———n+ A7, ¢*=nt, (2.6
1 ( ) 8(1_’_§) 2 ( ) 8(1—6) ( )
5 — Ay /2)2 A"
k“:an“+7(pt /2) P+ — =L,
as 2
b+ Ay /2)2 + m? Al
p‘Z:OépTL'u—F(t t/) Pp,u,_pli__l’ (27)
ApS 2

with M, m, the masses of the nucleon and the p meson. From these kinematical relations
it follows that .
(Pk —

S

1) n (P + %&t)2 +m?
sa,

26 = (2.8)

Q NI



and

26 M? A2
l—-a—a,= + . 2.9
PTii-e) -9 29
The total squared center-of-mass energy of the y-N system is
SN = (g+p1)* = (1+&)s+ M?. (2.10)
On the nucleon side, the squared transferred momentum is
1+& oy 482M?
t=(ps—p1)?=— A2 — . 2.11
The other useful Mandelstam invariants read
26 M? Sol+¢
r_ 2 _ a2 _ 2
S = (kf—"pp) —wa—268<1—m>—Atl_£, (212)
5 — Ny )2)>
= —(k—q)?= B = Auf2)° at/ ) , (2.13)
5+ A /2)2 + (1 — o) m2
il = (- = PO (214

Qp

and

o (. B+ A2 4 m M2+ A2\ (L 1)’
MpN’_‘S(l £—|— sap Oép—|—78(1_£) Pt 2At . (215)

The hard scale M,fp is the invariant squared mass of the (y p%) system. The leading
twist calculation of the hard part only involves the approximated kinematics in the gen-
eralized Bjorken limit: neglecting A; in front of p; as well as hadronic masses, it amounts

to
~)
Dbt
M2 ~ 2L 2.16
o = (2.16)
a,~l-a=a, (2.17)
T M,fp
— NP 2.18
$=5=7 » TRg o (2.18)
I = A2 I 2
~t'=aM;, , -—u=abM,. (2.19)

For further details on kinematics, we refer to appendix C.

The typical cuts that one should apply are —t/, —u’ > A2 and M[?N, = (pp+pn)? > M3
where A > Agcp and Mp is a typical baryonic resonance mass. This amounts to cuts in
o and & at fixed M,fp,
conditions boil down to a safe kinematical domain (—u')min < —t' < (—t')mae Which we

which can be translated in terms of ' at fixed M,fp and ¢. These

will discuss in more details in Sec. 5.

In the following, we will choose as independent kinematical variables ¢, v/, M,fp.

Due to electromagnetic gauge invariance, the scattering amplitude for the production
of a pr meson with chiral-odd GPDs and the scattering amplitude for the production of



a pr, meson with chiral-even GPDs are separately gauge invariant, up to the well known
corrections of order % which have been much studied for the DVCS case [24,25]. We

choose the axial gauge p, E‘Z = 0 and parametrize the polarization vector of the final
photon in terms of its transverse components

p_ o _ EklokL oy
g, =&, ———p", 2.20
k kLl bk p (2.20)
while the initial photon polarization is simply written as
T
el = el . (2.21)

We will use the transversity relation p, - £, = 0 to express the polarization of the p meson
in terms of only its transverse components and its component along n, using

1 [p3
TL'Ep:a—p a—/ys(p‘gp)‘i‘(pj_'ﬁpl) . (222)

3. Non-perturbative ingredients: DAs and GPDs

In this section, we describe the way the non-perturbative quantities which enter the scat-
tering amplitude are parametrized.

3.1 Distribution amplitudes for the p meson

The chiral-even light-cone DA for the longitudinally polarized meson vector p% is defined,
at the leading twist 2, by the matrix element [26]

1
012 (0" u() 6 (Bpr £91.)) = %pzf,,o /0 dz 0T g (2), (3.1)

with f, = 216 MeV, while the chiral-odd light-cone DA for the transversely polarized
meson vector p% is defined as:

' 1
_ 1 —izp,-
O10) u(@) .20} = (e 15— heh)S [ 7 00(2), 32
where 6ﬁi is the p-meson transverse polarization and with pr = 160 MeV. The factor %

takes into account the quark structure of the p®—meson: |p%) = %(!um — |dd)). We shall

use the asymptotic form for the normalized functions ¢ and ¢,

¢y(2) = 62(1 - 2),

d1(z) =62(1—2). (3.3)
3.2 Generalized parton distributions

The chiral-even GPDs of a parton ¢ (here ¢ = u, d) in the nucleon target (A and )\ are
the light-cone helicities of the nucleons with the momenta p; and ps) are defined by [27]:

w2 N7 (=5) 7" (5) Ipes ) (3.4)

1 . .
= / dx e‘éx(ﬁﬂ?ﬂyiﬂ(m, ) [7+Hq(x,§,t) + 2L0+aAa Ef(x,&,t)| u(pr, A),
—-1 m



and

Nl Y\ y+a5, (Y

(p(pz,A)\q< 2) Y g (2) Ip(p1, ) (3.5)
1 ) ~ ~

= [ do AT 0, X) |y ) 4 oA B0 i, ).
1 m

The transversity GPD of a quark ¢ is defined by:

w2 X (~2) ot (2) (o1, ) (3.6)

1 i .
= / dx e_%””(ﬁ*’p;)yiﬂ(pg,)\’) [z o HL(z,&,t) + .. ] u(p1, A),

where ... denote the remaining three chiral-odd GPDs which contributions are omitted in
the present analysis.

We parametrize the GPDs in terms of double distributions (DDs) [28]
H(x, &t = 0) = / dBda 6(8 + Ea— ) FU(B,a,t = 0), (3.7)
Q

where F7 is a generic quark DD and Q = {|8] + |a| < 1} is its support domain. A D-
term contribution, necessary to be completely general while fulfilling the polynomiality
constraints, could be added. In our parameterization, we do not include such an arbitrary
term. Note that similar GPD parameterizations have been used in Ref. [29].

As shown in Sec. 4.2, with a good approximation we will only use the three GPDs H,
H and Hp. We adhere on Radyushkin-type parameterization and write the unpolarized
DD f9 and the transversity DD f7. in the form

fA(B,at =0) =TI(B, @) q(B)O(B) — (=P, ) 4(=B) O(=F), (3.8)
and [9]
f1(B ot = 0) = T1(B, ) 5q(B) O(B) — II(= B, ) 6q(—B) O(—B) , (3.9)

while the polarized DD f7 reads

fUBs et = 0) = T1(53, ) Aq(B) O(F) + TI(=f, a) Ag(—P) O(=B), (3.10)

where II(5,a) = %% is a profile function and ¢, ¢ are the quark and antiquark
unpolarized parton distribution functions (PDFs), Aq, Ag, are the quark and antiquark
polarized PDFs and dq, ¢ are the quark and antiquark transversity PDF's.



We now give specific formulas for the three GPDs which we use in the present study.
The GPD H? reads

Lz _ 2 .9
gt =0 = 06> ¢ [ ay JE IS e g)

¢ 3(1-ztéy)?—y’
/%?‘ L S q(z — &y)

T 3(lta—&y)’ -y

14+x

e o 3(1+x—&y)?—y?
-e(-¢>a) [ W e S

Similarly, the transversity GPD HY. reads

iz 2 _ 2
HY =0)=6 gy 30T ) Y
7@, &1 =0) (z>¢) /ffgz Y U=zt &) q(x — &y)
€ 3(1—x+&y)?* -y
e — dy - Salz —
+ O(¢ >z > - /1121 VR Iy q(z — &y)

Lie N2 2
—o(e>a) [ o 30 (ﬁif_y)gy)gy Si—a+&y),  (312)

while the GPD HY reads

- ¢ _ 2 _ .2
gt =0 = 06> ¢ [ ay {E S A - g)

4 3(1— 2 g2

Lie N2 2
+O(—¢> a:)/:x dy 2(1 E:ixg—y){y)?’y Ag(—z+€y).  (3.13)
T1-¢

Since our process selects the exchange of charge conjugation C' = —1 in the t—channel, we
now consider the corresponding valence GPDs

HYO) (z,€,t) = H(x,€,t) + HI(—x,,1) (3.14)
and
HE ) (@,6,6) = HY(2,6,1) + Hi(—2,&,1) (3.15)



which have the symmetry properties Hq(_)(a;,f,t) = Hq(_)(—x,g,t) and H%(_)(a;,f,t) =
H%(_)(—x,ﬁ,t), as well as the valence GPD

YO (2,6, 8) = HYx,&,t) — HY(—2,€,1), (3.16)

which has the antisymmetry property H9()(z,&,t) = —HY) (—z, €, 1) .
Introducing the symmetric valence distributions

Gval(z) = 0(2)[q(x) — q(z)] + 0(—2)[g(—z) — q(—=)] (3.17)

and
0qvar (z) = 0(2)[0q(x) — 6q(x)] + 6(—x)[0g(—=) — 6q(—=)], (3.18)
and the antisymmetric valence distribution
Agai(z) = 0(2)[Aq(z) — Ag(z)] — 0(—=)[Aq(—z) — Ag(—=)], (3.19)

the set of GPDs which we use in our computation of the scattering amplitude reads

L pa-) _oy = L = 3(1l-a+&y)? -y -
SHIO (@, 61=0) = | @($>£)/11+?dy4 T e )
€ 3(1—xz+&y)? —y?
o - dy (i —
o> > s>/11+? Y e sm)
+ (x & —2)], (3.20)

1 _ F 3(1— 2 _ .2
§H§( 2,66 =0) = 5 (9(:6 > ) %;dy Z( (117_4;%)&/)31/ qvar ( — &Y)
€ 3(1—=z+&y)* —y°
S} — dy = 8val (T —
+ 0>z > 5)/1?; VIO —ar ey Ot £y))
+ (e —2)], (3.21)
and
o _ 2 .2
S (@61 =0) = (@(:17 > 5)/1; dy 2(1(1”1?)@)3?/ Aguar(z — €9)
Tre
¢ 3(1—z+&y)” —y°
S — dy = Ageal(z —
+ O >z > 5)/11? 1 0—zr&) Gva (2 Sy))
— (z & —xz)]. (3.22)

3.3 Numerical modeling

For the various PDFs, we neglect any QCD evolution (in practice, we take a fixed factor-
ization scale p% = 10 GeV?) and we use the following models:
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Figure 2: Models for the GPDs H*(=) and H¥") for ¢ = .1, a value corresponding to SyN =
20 GeV? and Mgp = 3.5 GeV?. The various curves differ with respect to the ansitze for the PDFs
g¢: GRV-98 (solid black), MSTW2008lo (long-dashed blue), MSTW2008nnlo (short-dashed red),
ABMl11nnlo (dotted-dashed green), CT10nnlo (dotted brown). Note that the two GPDs H% )

based

on these two last ansitze are hardly distinguishable.

For zq(z), we rely on the GRV-98 parameterization [30], as made available from
the Durham database. To evaluate the uncertainty of this parameterization, we also
consider a few other sets of PDFs, namely MSTW2008lo and MSTW2008nnlo [31],
ABMI1nnlo [32], CT10nnlo [33].

In Fig. 2, we show the resulting GPDs H*(=) and H*") for £ = .1 corresponding in
our process to the typical value S,y = 20 GeV? and Mgp = 3.5 GeV?2.

For xAq(z) , we rely on the GRSV-2000 parameterization [34], as made available from
the Durham database. Two scenarios are proposed in this parameterization: the
“standard”, i.e. with flavor-symmetric light sea quark and antiquark distributions,
and the “valence” scenario with a completely flavor-asymmetric light sea densities.
We use both of them in order to evaluate the order of magnitude of the theoretical
uncertainty.

In Fig. 3, we show the resulting GPDs H* () and H*) for ¢ = .1 corresponding in
our process to the typical value S,y = 20 GeV? and Mgp = 3.5 GeV?2.

For zdq(xz) we rely on a parameterization performed for TMDs (based on a fit of
azimuthal asymmetries in semi-inclusive deep inelastic scattering), from which the
transversity PDFs zdq(z) are obtained as a limiting case [35]. The parameterization
of Ref. [35] for TMDs is based on the GRV-98 PDF zAq(z) and GRSV-2000 PDF
xAq(z). These transversity PDFs are parametrized as

Sa(z) = SN (@)la(x) + A) (323)
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Figure 3: Models for the GPDs H*(~) and HY) for ¢ = .1, a value corresponding to SyN =
20 GeV? and Mgp = 3.5 GeV?. In dotted blue, the “standard” scenario and in red the “valence”

scenario.
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Figure 4: Models for the GPDs H;(f) and quﬂ(f) for £ = .1, a value corresponding to Syn =
20 GeV? and Mgp = 3.5 GeVZ2. In blue dotted the “standard” scenario and in red the “valence”

scenario.

Since this parameterization itself relies on the knowledge of xq(x) and zAq(x), we
will evaluate the uncertainty on these PDF's by two means: first by passing from the
“standard” to the “valence” polarized PDF's (see above), second by performing a vari-
ation of the set of parameters Ng ,a, B, using the x? distribution of these parameters

as used in Ref. [35]%. We further discuss our procedure in Sec. 5.6.

2We thank S. Melis for providing us the complete set of parameters with the corresponding x? distribu-

tion.
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In Fig. 4, we show the resulting GPDs H;(_) and Hg(_) for £ = .1 corresponding in
our process to the typical value S,y = 20 GeV? and Mgp = 3.5 GeV?.

In order to evaluate the scattering amplitudes of our process, we calculate, for each

of the above three types of GPDs, sets of u and d quarks GPDs indexed by M,f

b €

ultimately by & given by
2
M,
2(Syn — M?) — M,fp

&= (3.25)
We vary pr from 2.2 GeV 2 up to 10 GeV 2, with a step of 0.1 GeV 2, in order to have a
full coverage of pr for the case Sy = 20 GeV 2 see appendix D.

For each Mgp, the GPDs are computed as tables of 1000 values for x from —1 to 1.
Figs. 2, 3 and 4 are examples of these sets.

4. The Scattering Amplitude

4.1 Analytical part

We now pass to the computation of the scattering amplitude of the process (2.1). When
the hard scale is large enough, it is possible to study it in the framework of collinear QCD
factorization, where the squared invariant mass of the (v, p°) system Mgp is taken as the
factorization scale. We write the scattering amplitude of the process (2.1), taking into

account the fact that the p° meson is described as “ﬂ\;id‘i:

1
V2

u d : q a4 £4 a 4
where ./\/1”7 | and Mll, | are expressed in terms of form factors H?,&,H4, £9and H, | i Hop Ly

M||,L(taM3an/) = ( i Mﬁ,ﬂ (4.1)

& i E:'% L analogous to Compton form factors in DVCS, in the factorized form and read

1 10" A - n-A =
q9_— _ - = N pya @ oq L | 5 cq
M” = n-pu(m’)\ )[n?—[ (&,t) + o EEt) +nyHI(E, t) + o Y EE ) lu(pr, N)
(4.2)
in the chiral-even case, and
1 i P-nAl—A.npPi.
M(i = n—p u(pg, )\/) |:Z (2 ]H%J_j (67 t) + m2 %%J_] (57 t)

in the chiral-odd case.
For convenience, we now define

1 1
MI(t, M,fp,pT) == /_ldw/o dqu(t,Mip,pT,w,z). (4.4)

11
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Figure 5: Half of the Feynman diagrams contributing to the hard amplitude. In the chiral-odd
case, Az, Ay and By, Bs are the only contributing diagrams (the red diagrams cancel in this case).

The scattering sub-process is described at lower twist by 20 Feynman diagrams, but
using the g <> ¢ (anti)symmetry properties allows one to only compute 10 of them, shown
in Fig. 5, then deduce the remaining contributions by substituting (z, z) <> (—z,1 — z).
In the case of (v, pr) production all the diagrams contribute. In the case of (v, p) pro-
duction, due to the chiral-odd structure of DAs and GPDs, there are only 8 non-vanishing
diagrams, out of which one only needs to compute By, A3, A4 and Bs.

We now discuss diagram B in some details, and give the results for the other diagrams
in appendix A.

The chiral-even scattering amplitudes for longitudinally polarized p® described by the
DA (3.1) involve both the vector GPDs (3.5) and the axial GPDs (3.6). We now give the
detailed expressions for TgCE(Bl), TXCE(Bl), for a quark with flavor ¢ and for diagram
B in Feynman gauge. The vector amplitude reads

a4+a
S 1 (2) (ieQ)? (i) (1)
k+z2p, , d+@+p . . 1
k+ zpy)? + ie | (q+ (x+&)p)? + ie “a P (Zpp + (x — &)p)? + i€

X trp [ﬁpéz(

X

®» | N

e N) [A7(2.6,0) + 500" A0 B, 60)| i ) (4.5)

= TP [B] 0(2)  alpa,X) [ HI0, 60 + 50 B B 660)| i ),

which includes all non trivial factors (vertices as well as quark and gluon propagators) of
the hard part of diagram B;. Here, C9°F is a common coefficient for all diagrams involving
vector and axial GPDs, reading

4
CE _ 2 12
Cci¥" = g JoQem as T Q- (4.6)

12



The trace reads:

(k+zpp)2 +ie' (q+ (x+&p)2+ie 17 " (zp, + (x — E)p)? + ie

t?‘% [Bl] = tTD ﬁpéz

8s [—3504 (61 -€1) + 2 (eqL - pp1) (€f) 'ppl)]
(O 20,7+ ie)((a + (x + Op)? + i9)((z0y + (2 — Op) 1 70
B 4 [—a2£sTA + ZTB]
T aats?zz (z — € +ie) (T + € +ie)

: (4.7)

We introduced the two tensor structures that will appear in chiral-even diagrams in the
vector sector:

Ty = (gqL - €r1),
Tp = (eqL -pL)(PL - €FL)- (4.8)
Similarly one can write in the axial sector:

1 tr(t"t")
(4N)?
k+zpp o, G+ (@+Op

14" (By) = Fod)(2) (—ieQq)? (—ig)? i% (—i)

1

t p,EF 2 DA
o [ppgk(’<?+zpp)2Jrie7 G+ @+op2ric 77 " Gp, (@ —Op2+ie
2 .- n-A ¢ -~
< aa ) 270 0, 60) = B2 B0, 0] . ) (4.9)
qCE ; A 2 N |55 Fra n-A 5

=C 75-7/‘D [Bl] @H(Z)EU(pg,)\) Y nH (:Evgvt)_W’y E (x7£7t) u(ply)‘)v

with
o k+zp g+@+&p . . 1

triy[Bi] =t ; P H >
ol =t [pp€k<k+zpp>2+z'e” (@t @+ Op2 +ic P Gy, + (@ - Optic

_ 81 [a (EqJ_ 'ppJ_) PPyl (a + 2Zap) (EZJ_ 'ppJ_) PPl €qu|
acy, ((k+ 2pp)? +ie)((q + (z + §)p)? +ie)((2p, + (x — §)p)? + i)
—4i[— (o +2az) Ta, — o1Ip,]

" aa?s%2z(x — Etie) (2 4 E+ie)] (4.10)

where we introduced the two tensor structures which will appear in chiral-even diagrams
in the axial sector:

TAr — (pJ_ . EZJ_) e'PeqLPL ,

5]

T, = —(pL - eq) €"PRLPL, (4.11)

The chiral-odd (CO) scattering amplitude involving quark of flavor ¢ (¢ = w,d) corre-
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sponding to diagram B; in Feynman gauge has the form:

7900 () = — 2 %Z’;) P205 61 (2) (—ieQq)? (—ig)? i2 (—i)
A Ak A%k (l%"‘zﬁp) n (j+($+£)p A A 1

trp ppgpgk( —EqPV1Li Y (_

k+ zpp)? + e ! (q+ (z+&p)? +ie

%ﬂ(m,)\/) 0" Hi(2,€,8)] u(pr, N)

2 o
= C1 0 [Bi]; ¢1(2) ;ﬂ(pz,X) [io™ HY(,&,t)] u(p1, \) (4.12)

where 1
c1¢0 = -5 fr Cem s 7 Q7 (4.13)

is a common coefficient for all diagrams involving chiral-odd DA and GPD, and

trpC[Bi); = (4.14)

e (B2, At (@+Op L 1

tr £ € - — & ] - -
D |PpSp ’“(k;+zp,,)2+167 (q+ (x+&)p)? +ie aPTLj T (Zpp + (x — §)p)? + ie

)

includes all non trivial factors (vertices as well as quark and gluon propagators) of the hard
part of diagram B;. The calculation of traces over y-matrices leads to the expression

85 [(a-P)egy (pp cizy- b = s€eicp) = Fhr s armrg )
((k + 2zpp)? +ie) ((Zpp + (& — §)p)? +i€)((q + (x + &)p)? + ie)
T

- 206532z (x + € + i) (x — € +i€) (4.15)

tri°(Bi); =

Here Tz ; is one of the two tensor structures which will appear in chiral-odd diagrams,

Th, = (p-k)ey [(eq-pp) (a-€5) = (q-pp) (g €5)] — ePrp®a PV Feigi )

= _788 {agiiL [~20€ (p-€)) (01 -eq1) + (1 - £q1) (p1 - €)1) +ad@Es (g1 - €)1 )]
—ael [a (o —2)Es (gL -ch1) — (pL-€q) (DL - 2h1)] (4.16)
+p' [-20°¢p" (p-€)) (equ -€rn) + (P -eh1) (eqr - €h1) —a(ehy - €51) (PL - qu)]

+eby [20%E (p-eb) (pr-eh) — (pL-ehy) (pL-ehy) +aa(a—2)Es (hy-51)] ),

the other one being

= 2 {asi (o) (- 2h) — 0 (20— 1) €8 (qr <)
+ag) [@(2a —1)&s (eqr - 51 ) +26 (p-€)) (pL - €q) + (pL - €q1) (PL - €51)]
—i—&?éi [2a¢ (p-e;) (pL-ep)) — (pl-s’;l) (pL-efy) — aas (e, 'E;J_)]

+Pi¢ [Qaf (P : f;) (8L " €k1) — @ (PL : Efu) (€L " €k1) — @ (EqL ) E;J_) (pL- EZJ_)]} .

Ty = (a-p)eqr [(pp-ck) () - k) = sE (ef, - )] — FekPes et=abrgl (4.17)
(
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Here, we expressed these two tensor structures in terms of the transverse polarization
vectors and of (p - €,), using Eqs. (2.20-2.22), for later convenience.

At the dominant twist, the sum over the transverse polarizations of the p meson can
be written as

Mo v
ppP

Y oehey =g+ L, (4.18)
pol mp

when computing the square of the chiral odd amplitude. The second term of this sum,
which arises mainly from the longitudinal polarization, does not contribute at leading
twist. We thus note that (p-€,) terms in the tensor structures will not contribute to the
cross section since when summed over the transverse polarizations at the dominant twist
they will produce terms involving the scalar product of p either with a transverse vector
or with itself, which is null in both cases.

In a similar way we obtain the expressions for the remaining independent diagrams:
Ay, Ao, As, Ay, As, By, B3, By, Bs in the chiral-even sector and A3, A4 and Bj in the
chiral-odd sector. We show these results in appendix A.

The integral with respect to z is trivially performed in the case of a DA expanded in
the basis of Gegenbauer polynomials. The expressions for the case of two asymptotical DAs
¢| and ¢, which we only consider in the present article, are given explicitly in appendix B,
and expressed as linear combination of building blocks.

The integration with respect to x, for a given set of GPDs, (which can be our model
described in Sec. 3 or any other model), is then reduced to the numerical evaluation of
these building block integrals.

4.2 Square of M| and M

In the forward limit A} =0 = P, one can show that the squares of M| and of M read
after summing over nucleon helicities:

ZM" (A, N) ﬁ*()\ \) (4.19)

= 8(1- &%) (H%s,tmq () + I DR )
— 4 (&3¢, 087 (6,1) + E1(E HET* (€.1))
= 82 (HIE DET(E,8) + HI (& DEU(E D) + HUEDET (€. 1) + HT (€ DENE, )

and
MIMT =" M N) ML (A N) (4.20)
N
. .. 2 . ;. .
o [—(1 - HEE oM (€0) - Tl et 60 - E e (60 - P (e

+e{mEE e €0 - é%’]’(@ O+ HE" (6 OIEER (6 — EF (€01} g1
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For moderately small values of £, these become:

MIMI™ = 8 (HUE DRI (6, 8) + HUEH RV, 1)) (4:21)
MM = —8HE (€, t) HET (€, 1) g - (4.22)

Hence we will restrict ourselves to H?, H? and H% to perform our estimates of the cross
section?.

5. Unpolarized Differential Cross Section and Rate Estimates

5.1 From amplitudes to cross sections

We isolate the tensor structures of the form factors as

,Hq(fvt) = ,H?LX(& )TA + qu (6 t)TBy
7:[‘1(5715) = ?4(57 )TA5 + Hq (6 t)TBs 5 (52)
HE(Et) = HE (60T, +HE (6)Th), . (5.3)

These coefficients can be expressed in terms of the sum over diagrams of the integral of the
product of their traces, of GPDs and DAs, as defined and given explicitly in appendix B.

They reads
1
HY = —C19F N, (5.4)
S
1
HL, = 8—20‘10EN%, (5.5)
~ 1
H, ?)c*qCENj1 , (5.6)
- 1
HY, 3040ENg5 (5.7)
and
1
Hp g = 5 C N 4, (5.8)
1
Hi g = —30‘1001\[;{3. (5.9)
For the specific case of our process, it is convenient to define the total form factors as
follows:

3In practice, we keep the first line in the r.h.s. of Eq. (4.19) and the first term in the r.h.s of Eq. (4.20).
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from which we isolate the tensor structures

H(Et) = Hal§, ) Ta+Hp(§ 1) Th, (5.13)
7’1(5, t) = ;qAE) (f, t) TAs + /]:[Bs (57 t) TB5 ) (5'14)
Hr(&,t) = Hry (6,0) Thy + Hry (6,6) Ty (5.15)

In this paper, we are interested in the unpolarized cross section. As a result, we will
need the squared form factors after summation over all the polarizations (outgoing v and
p, incoming ~y):

H(E D = D HE M Ag) H(E, A Ag) (5.16)

Ak g
= 2[HA )P+ L H(E O + Pl [Ha(§OHB(E ) + HA(E OHB(E )],

HEDP = ) HEL M A HH (€1, M, Ag) (5.17)
Ak g
2.4 _ B
= = (s (&P + Fss (D).
|HT(£7t)|2 = —91ij Z H%(gﬂtvAkvAqvAp)H?(£7t7Ak7)\Q7)‘p) (518)

PYD I
= 512625 (a*[Hr, (&, )7 + [Hry (6,1)]%) -

We now define the averaged amplitude squared |M)|?, which includes the factor 1/4
coming from the averaging over the polarizations of the initial particles. Collecting all
prefactors (including a factor of 22 for the missing half of the set of diagrams and a factor
of 1/2 from the square of the p” wave function, see Eq. (4.1)), which reads

1 ceop)\? 1
—2%8(1 - €2) (cacmoD) =

we have the net result (factorizing out the coefficient for the u—quark), for the chiral-even

case
—CEp _ 4 2 uwCE\2 u 1 d2 Pllve 1 d2
MF :§(1_g)(0 ) 2|Nji - 3Ni| +73 |NB — ;NB (5.19)
2 * 4 2 4 2
Py U 1 d U 1 d Pl | 1 \7d Pl |t 1 \7d
LNy — -Nd| NG - =N o)+ 2L Ny N ZLINY - -N
+s<[A 4AHB 43} +CC>+432 et e 1B [
while for the chiral-odd case, we get
o, 2048 2 1 2 1 2
M = 3—252(1—52) (Cc*“9) {044 Ny — ZN’?“A +|Nrp — ZNfl“B }-(5-20)

The differential cross section as a function of t, M2, , —u’ then reads

P
d AAI2
dtd ’ZZM2 ~ 3292 ‘?\44‘2 o7)3 (5.21)
WMy = (=) pim SN ME,(2m)
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5.2 Numerical evaluation of the scattering amplitudes and of cross sections

Above, we have reduced the calculation of the cross sections, see Eq. (5.21), to the nu-
merical evaluation of the coefficients (B.41), (B.42), (B.22), (B.23), (B.24), (B.25). These
coefficients are expressed as linear combinations of numerical integrals, listed in appendix B.

Our central set of curves, displayed below, is obtained for S,y = 20 GeV?, with M,fp
varying in the range 2.10 GeV? < M,fp < 9.47 GeV? (this latter value comes from the
vanishing of the phase-space in —t, as shown in appendix D, see Eq. (D.9)) with a 0.1 GeV?
step.

For each of these pr values, we chose 100 values of —u/, linearly varying from
(=t )min = 1 GeV2 up to (—t/)mazirae as defined by Eq. (D.5).

For each of these couples of values of (sz, —u',) we compute each of the numerical
coefficients N}, Ng, Nz, Ng and NA?, Ng, ]\Nfg,, ]\7% for the chiral-even case, as well as the
coefficients N# 4, N%A, N7 g, N%B for the chiral-odd case, using the sets of GPDs indexed
by M,fp and computed as explained in Sec. 3.2.

This whole set of dimensionless numerical coefficients allows us to perform the various
phenomenological studies discussed in the next subsections.

5.3 Fully differential cross sections

Let us first discuss chiral-even results, showing in parallel the proton and neutron target
cases.

do, dTeven _6
—— _  (pb- -6 ———————— (pb-GeV7?)
A PP V) N, d(—u (1)

1001 30 F

80 \ 25 [\

20}
60 N

15|
40
10}

201

1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5
—u/(GeV?) —u/(GeV?)

Figure 6: Differential cross section for a photon and a longitudinally polarized p meson production,
for the proton (left) and the neutron (right), at M2, = 4 GeV?. Both vector and axial GPDs are
included. In black (middle curves) the contributions of both u and d quarks, in blue (top curves)
the contribution of the uw quark, and in green (bottom curves) the contribution of the d quark.
Solid: “valence” model, dotted: “standard” model. This figure shows the dominance of the u-quark
contribution due to the charge effect. Note that the interference between u—quark and d—quark
contributions is important and negative.

We first analyze the various contributions to the differential cross section in the specific
kinematics: M,fp = 4 GeV?, Synv = 20 GeV?, —t = (—t)min as a function of —u/. The
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dependency with respect to S, n will be discussed in Sec. 5.5.

do,
doeven cven

By PP CV D d(— )

pb - GeV~F)

70 K.
601 \
50 [
40 f
30F
20 f

10¢

1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5
—u/(GeV?) —u/(GeV?)

Figure 7: Differential cross section for a photon and a longitudinally polarized p meson production,
for the proton (left) and the neutron (right), at M7, = 4 GeV?. Both u and d quark contributions
are included. In black (two top curves) the contributions of both vector and axial amplitudes, in
blue (middle curve) the contribution of the vector amplitude, and in green (two bottom curves)
the contribution of the axial amplitude. Solid: “valence” model, dotted: “standard” model. This
figure shows the dominance of the vector GPD contributions. There is no interference between the
vector and axial amplitudes.

do, do

even b-G V76 even b- —6
M2, d(—u')d(—1) (pb - GeVT) AMZ,d(—)d(—1) (pb - GeVT)
80 A

. 8L
60 \
40 1
20 1
1.5 2.0 2.5 1,‘5 2,‘0 2,‘5
—u' (GeV?) —u/ (GeV?)

Figure 8: Differential cross section for a photon and a longitudinally polarized p meson production,
for the proton (left) and the neutron (right), as a function of —u’, for M3, = 4 GeV?. The various
curves differ with respect to the ansitze for the PDFs ¢, and thus for the GPDs H* and H%: GRV-98
(solid black), MSTW2008lo (long-dashed blue), MSTW2008nnlo (short-dashed red), ABM11nnlo
(dotted-dashed green), CT10nnlo (dotted brown).

In Fig. 6, we show the relative contributions of the u— and d—quark GPDs (adding
the vector and axial contributions), which interfere in a destructive way because of the
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do e, 6 daevell ( —6
B — . —— . (pb-GeV Y
A d(—uya(—) PP V) V2 d(—u)d(—T)

20
140 |
120} 15|
100 \
80 | 10t
60\
40f N

20 ¢

—u' (GeV?) —u' (GeV?)

Figure 9: Differential cross section for a photon and a longitudinally polarized p meson production,
for the proton (left) and the neutron (right), as a function of —u’, for M2, = 3,4,5,6 GeV? (resp.
in black, red, blue, green, from top to down). Solid: “valence” model, dotted: “standard” model.

flavor structure of the p° = “ﬂ\/_idcz. The d—quark contribution is of course more important

for the neutron target case.

In Fig. 7, we show the relative contributions of the GPDs H and H involving vector
and axial correlators. The vector contribution dominates. The two parameterizations of
the axial GPD HY(z, £, t) give similar results for proton target and slightly different results
for neutron target, the one corresponding to the unbroken sea (“standard”) scenario being
less negligible than the other one (“valence”). As a simple calculation shows, there is no
interference effect between H and H contributions due to lack of a sufficient number of
transverse momenta in the tensor structures.

In Fig. 8 we display the effect on the differential cross section of changing the ansétze
for the PDFs ¢, and thus for the GPDs H* and H?% For H" and H? we rely on the
“valence” scenario for Aq. This figure shows that the effect is moderate, of the order of
10%. In the rest of this paper we will neglect this variation, and we will only use the
uncertainty on H to get an order of magnitude of the precision of our predictions for the
cross-sections.

Fig. 9 shows the dependence on pr. The production of the vp pair with a large
value of M,fp is severely suppressed as anticipated. However, the —u’ range allowed by our
kinematical requirements is narrower for smaller values of Mgp. The two curves for each
value of M,fp correspond to the two parameterizations of H (x,&,t), the lines corresponding
to the unbroken sea scenario lying above the other one.

5.4 Single differential cross sections

To get an estimate of the total rate of events of interest for our analysis, we first get the
pr dependence of the differential cross section integrated over v’ and t,

do /(—t)maw (=u")mas do
do d(—1) / d(—) FL(t) x — 37 C 522)
dM2, (—O)min (=) min dt du'dM?, —t=(—t)min
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Since this is mostly an order of magnitude estimate, we use a simple universal dipole
factorized t—dependence of GPDs,

02

Fy(t) = t—Cp’

(5.23)
with C' = 0.71 GeV?2. For a more precise study dedicated to an impact picture of the nucleon
[36—41], a more sophisticated approach [42] should be used. The domain of integration over
u' and t is discussed in detail in appendix D.

The obtained differential cross section do/ szp is shown in Fig. 10 for various values
of S, covering the JLab-12 energy range. These cross sections show a maximum around
Mgp ~ 3 GeV?2, for most energy values.

doeven

y (pb . GeV’Q) d”sven
M2,

M2,

(pb - GeV~2)

1.01

0.871

0.6

0.471

0.2

9 9
Y 2 12 2
M2, (GeV?) M2, (GeV?)

Figure 10: Differential cross section do/ dM,fp for a photon and a longitudinally polarized p meson
production, on a proton (left) or neutron (right) target. The values of S,y vary in the set 8, 10,
12, 14, 16, 18, 20 GeV2. (from 8: left, brown to 20: right, blue), covering the JLab energy range.
We use here the “valence” scenario.

5.5 Integrated cross sections and variation with respect to S,y

For S,y = 20 GeV?, the integration over M,fp of our above results within our allowed
kinematical region, here 2.10 GeV? < Mgp < 947 GeV? (see appendix D), allows
to obtain the cross sections agézton ~ 0.54 pb and o2 ~ 21 pb for the proton, and
oheutron ~ (.42 pb and g2Su°" ~ 2.3 pb for the neutron.

The variation with respect to S,y could be obtained by following the whole chain of
steps described above. However, this can be obtained almost directly. Our aim is now to
show that the only knowledge of the set of numerical results computed for a given value
of Syn, which we take in practice as S,y = 20 GeV?, is sufficient to deduce a whole set of
results for any arbitrary smaller values of S«/N- The key points are the following.

First, the amplitudes only depend on «, ¢ and on the GPDs (which are computed
as grids indexed by &). Since a = —u’ /Mﬁ%p7 it is thus possible to use exactly the set of
already computed amplitudes if one select the same set of (&)
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Second, one should note that to a given value of
2
M,
2(Syn — M?) — M2,

¢ = (5.24)

corresponds an infinite set of couples of values (M,fp, SyN) -

In practice, we use our set of results obtained for S,y = 20 GeV?, indexed by M,fp
and —u’.

Then, choosing a new value of 5’7 N, we obtain a set of values of Mgp indexed by the
set of values of sz (which vary from 2.2 up to 10 GeV?2, with a 0.1 GeV? step), through
the relation

- Syn — M?
M“%p — M2 2N

7 5.25
SN — M2’ ( )

which is deduced from Eq. (5.24), and for each of these M,fp a set of values of —/, using
the relation

—i' = (). (5.26)

which gives the indexation of allowed values of —@' as function of known values of (—u').
It is now easy to check that this mapping from a given S, to a lower 5’7 N provides a
set of (M,fp, —a') which exhaust the required domain.
Consider first the range in M’\%p‘ From Eq. (D.3), which defines the minimal value of
Mgp, independent of S, this value is mapped to a smaller value than required, when

passing from S,y to SA,N. From Eq. (D.9), it is possible to show that M,f is mapped

p Max

to a value M2 slightly larger than the new required value M2 (this comes from

vp Max s vp Max
the little dependency of M with respect to S,n). Thus, the mapping covers the whole
required domain in M,fp (with a negligible loss of precision since a few points are mapped
outside the domain and thus cut).

Now, let us consider the range in —u'. Again, since the minimal value (—u)mpi, is
fixed, this value is mapped to a smaller value than required, when passing from S,y to

S,n. Concerning the maximal value (—u/)maxMax, from Eq. (D.5) it is a linear function of
M'\%p of the form

(_u/)maxMax =-A+ M’?P s (527)
with A > 0. The mapping of Mgp leads to the maximal required value
maxMax

(—u), =-A+M2,. (5.28)

But the mapping in —u" will transform (—u)maxMax tO

72 72

M M ~
~! _ P 2\ _ P 2
(_u )maxMax = M»%p (_A + M’yp) = _A—M,ep + M’YP s (529)

which shows that the maximal value (—@)maxmax Of (—%') obtained from the mapping is

72
larger than the needed (—u')! since —A < —A %;P < 0.
vp

maxMax’
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We have thus shown that one can obtain the dependency of amplitudes and thus of cross
sections for the whole range in S,y from a single set of computation (at S,y = 20 GeV?),
thus avoiding the use of a very large amount of CPU time.

Then, for the obtained cross section which was obtained at a given value of SVN,
the integration over the (—t, —u’) phase-space and then over M,fp is performed similarly to
Syn =20 GeV? case. One finally gets the integrated cross section shown in Fig. 11 for both
the proton and neutron target, and for both parameterization of the axial GPDs*. These
cross sections prove that our process is measurable in the typical kinematical conditions
and integrated luminosity of a JLab experiment. Counting rates on a proton target are
predicted to be one order of magnitude larger than on a neutron target.

Oeven (pb) Oeven (pb)
e 3.0y
20} e 2.5) -
1516 2.0f
1.5}
101
1.0f
5l
0.5F
5 10 15 20 5 10 15 20
S, n(GeV?) S, n(GeV?)

Figure 11: Integrated cross section for a photon and a longitudinally polarized p meson production,
on a proton (left) or neutron (right) target. The solid red curves correspond to the “valence” scenario
while the dotted blue curves correspond to the “standard” one.

5.6 Results for the chiral-odd case

Let us now pass to the chiral-odd case, where a transversely polarized p meson is produced
together with the photon. This process now probes the chiral-odd transversity quark
distributions which are connected to the transversity PDFs.

In order to evaluate the theoretical uncertainty in the chiral-odd sector, for each of
the two parameterizations of the transversity PDFs, we use a set of 1500 trials with their
value of the x? test, as provided by the authors of Ref. [35], between —20 and +20. Their
9-parameters x? distribution (see the appendix of Ref. [43] for details) is given by

—x/2,.7/2
Po(z) = ﬁ (5.30)
We further renormalize this distribution in order to include on one hand the fact that the
1500 trials only cover the [—20,+20] interval, and on the other hand discretization cor-
rections. We then create a histogram of these configurations, with a distribution weighted

1A quadratic extrapolation is performed for the small domain above S, = 20 GeV?2.
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by the above described renormalized x? distribution. This weighted histogram allows us
to finally compute the —2¢ and +20¢ values of the cross-section. We perform this analysis
at —u' =1 GeV? and for three typical values of M,fp (2.2, 4, 6 GeV?), for the “standard”
scenario. We then extract the two typical configurations which gives cross-section close
to the —20 and +20 values, which we now use both for the “standard” and “valence”
scenarios in order to evaluate the typical theoretical uncertainty.

Fig. 12 shows the Mgp dependence of this cross section, both for the proton and the
neutron. Similarly to the chiral-even case, the production of the vp pair with a large
value of sz is severely suppressed. Similarly, the —u’ range allowed by our kinematical
requirements is narrower for smaller values of M,fp. Comparing the chiral-even case, see
Figs. 6, 7, 9 and the chiral-odd case, see Fig. 12, one should note the very different behavior
of the differential cross section when varying —u’. In the case of a proton probe, we show
in Fig. 12 (left) as error bands the maximal and minimal values of the cross-section (the
maximal values are obtained with the “standard” trial at +2¢ and the minimal values with
the “valence” trial at —20).

doodd

—— O (pb-GeV ¢
dM?2,d(—u')d(—t) ( )

dUo(ld -6
——————— (pb- GeV
d]\/f%)d(fu’)d(ft) ( )

3.5
201
3.0
2. 1.5
2.
1. 1.0
1.
0.5
0.
0. s 0.0 s s s s s s s \
5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 5.0
—u/(GeV?) —u/(GeV?)

Figure 12: Differential cross section for a photon and a transversally polarized p meson production,
for the proton (left) and the neutron (right), as a function of —u’, for M,fp =3,4,5,6 GeV? (resp. in
black, red, blue, green, from left to right). The error bands on the Lh.s. panel (proton) correspond

to the procedure discussed in the text. For the neutron, we only show the results for the “valence”

case.

Similarly to the chiral-even case, we perform the integration in the (—t, —u’) phase-
space. The obtained differential cross section dogygq /dMgp is shown in Fig. 13 for S,y =
20 GeV?, with the different sets of results depending on the sets of transversity PDFs which
we use, as explained above.

In Fig. 14, we show the differential cross section do,qq/ dM,fp for various values of S, n
covering the JLab-12 energy range. These cross sections show a maximum around a similar
range of M'\%p ~ 3 GeV?2, for most energy values.

Finally, the dependency of the integrated cross section with respect to S,y is shown

¢

in Fig. 15, both for proton and neutron, for the two “valence” and “standard” scenarios.
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Figure 13: Differential cross section do/ dMgp for a photon and a transversally polarized p meson
production on a proton target for S,y = 20 GeV?2. The various curves differ with respect to the
ansétze for the PDFs d¢q used to build the GPD Hp. The dotted curves correspond to the “standard”
polarized PDFs while the solid curves use the “valence” polarized PDFs. The deep-blue and red
curves are central values while the light-blue and orange ones are the results obtained at +2¢.
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Figure 14: Differential cross section do/ dM,% , for a photon and a transversally polarized p meson
production on a proton target. The values of S,y vary in the set 8, 10, 12, 14, 16, 18, 20 GeVZ2.
(from 8: left, brown to 20: right, blue), covering the JLab energy range. We use here the “valence”
scenario.

6. Counting rates

Using the Weizsacker-Williams distribution, one can obtain counting rates. This distribu-
tion is given by [44,45]

m2x?

; (6.1)

2

> ((1 2?4 1) In Qhax(1—2)
xr

1 1-—
flx) = Gem 2m2x ( - v
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Figure 15: Integrated cross section for a photon and a transverse p meson production, on a
proton (left) or neutron (right) target, as a function of S, . The solid red curves correspond to the
“valence” scenario while the dotted blue curves correspond to the “standard” one.

where x is the fraction of energy lost by the incoming electron, m, is the electron mass and

2
max

to be 0.1 GeV2. Using the expression for z as a function of the incoming electron energy
E.

is the typical maximal value of the virtuality of the echanged photon, which we take

Syn — M2

x[S'Y ]: 28 M )

(6.2)

one can easily obtain integrated cross sections at the level of the eN process, using the
relation

SwN max 1

UeNZ/UvN(l’)f(l’)dx:/S TR
N crit

The shape of the integrand

0N (2[S,n) FlSn]) dS,y . (6.3)

F(Syn) = oy (2[SyN]) f(2[S3n]) (6.4)

1
2B.M
of Eq. (6.3) is shown in Fig. 16.

Up to now we discussed photoproduction of «p pair without paying attention to the ori-
gin of the quasi-real initial photon. If it is emitted by a lepton beam, like in electroproduc-
tion of photon via DVCS, one should also consider Bethe-Heitler-type processes, in which
the final real photon is emitted by the lepton beam. Let us however note that this mecha-
nism involves an off-shell photon of momentum g, since in this case ¢> = (p,+A)% ~ —2¢sa,
is large. Thus the Bethe-Heitler mechanism involves scattering amplitudes with four hard
propagators, whereas the photoproduction mechanism considered so far involves only three
hard propagators. We therefore expect the Bethe-Heitler contribution to be suppressed. A
more precise discussion is left for the future.

At this point, we did not include any experimental constraint on the angular coverage
of the final state particles. We discuss this issue in appendix E, taking the constraints of

26



Feven(Syn) (pb- GeV_Z) Foaa(Syn) (pb- G9V72)

0.020 0.001071
0.0008 |
0.015
0.0006 |
0.010
0.0004 |
0.005} 0.0002 i |
/
0.000 : : : : 0.0000 - : : :
0 5 10 15 20 0 5 10 15 20
S,n (GeV?) Sy (GeV?)

Figure 16: Shape of the integrand of o.y, as a function of the invariant mass of the hadronic
produced state, on a proton target. Left: longitudinally polarized p meson production. Right:
transverse p meson production. In solid-red: “valence”. In dotted-blue: “standard”.

JLab Hall B and showing that this does not affect our predictions. We also show that a
binning in the outgoing photon angle could help to enhance the chiral-odd versus chiral-
even ratio, in particular for observables sensitive to the interference of the two amplitudes,
which are beyond the scope of the present paper.

We can now give our predictions for the counting rates. With an expected luminosity
£ =100 nb~1s~! we obtain for 100 days of run: 7.5 10% pr and 1.9 10° py, .

7. Conclusion

The analysis of the process YN — vp’N’ in the generalized Bjorken kinematics where
GPD factorization is expected to hold in a collinear QCD approach has shown interesting
features.

Firstly, although any helicity state of the vector meson is populated at the same level
in the twist expansion of the amplitude, the production of longitudinally polarized vector
mesons turns out to be numerically dominant. This mostly comes from the difference in
the normalization of chiral odd versus chiral even GPDs, as shown in our modelization
(see Figs. 2-4). If our model underestimates the chiral odd GPDs (which might well be
the case, since the constraints on the transversity distributions are still quite indirect), the
data rates for pr production will be higher.

Secondly, the magnitude of the cross section is large enough for the process to be
analyzed in a quite detailed way by near-future experiments at JLab with photon beams
originating from the 12 GeV electron beam. Detectors in Hall B, C and D seem to be
perfectly suited for this study. A more detailed study is needed to decide on the feasibility
of the experiment when taking into account of all detection efficiencies.

27



We restricted our analysis to unpolarized cross sections; this may be complemented by
a computation of various polarization observables.

A NLO calculation should first confirm the validity of the factorization hypothesis for
this process, and estimate the effects on the amplitude. Let us stress that, contrary to
the DVCS (and TCS) case where gluon contributions turn out to be important at this
level [23,46], the charge conjugation property of the process studied here protects us from
these contributions. This does not exempt us to perform such a next to leading order
computation, in the spirit of the study of Ref. [47,48] in the v+ channel, but this may help
NLO corrections to be under control without the necessity of a resummation procedure.

To conclude, the cross section of our process is a factor 10 more than the yP — PeTe™
process, for similar values of the hard scale, for which experimental proposals have been
approved at JLab. Thus, the study of our process appears feasible experimentally and
promises to bring new important constraints on GPD physics.

We would like to mention that a similar study could be performed in principle in
the Compass experiment at CERN where S,n ~ 200 GeV? and at LHC in ultraperiph-
eral collisions [49], as well as in future electron proton collider projects like EIC [50] and
LHeC [51].
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A. Contributions of the various diagrams

For completeness, we present here the formulae for the contributions of the various diagrams
of Fig. 5.
A.1 Chiral-even sector
A.1.1 Vector case
otk . wtk—q 1
> )2 —&q — o . LV PV o 5
pp+ k)2 +ie " (zp, + k —q)? +ie (—zZp, — (x — &)p)? + ie
2z—1

_ 8zsa [ (eqL - ppr)(ef ) - Ppr) — sE(eqL - €5))] (A1)
(zpp + K2 +i0)((zpp + k — )2 i) (— 2P, — (x — E)p)2 + ic) '

_ 2[atsTy — (2 — 2) T5]
aat?s?z2z (x — & + ie)

try [A1] = trp |Pyér (

9
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2Py — 4 o Zﬁp"‘i‘;_‘j Ay 1
(2pp = @)? +ie “(2pp +k—q)2 +ie " = (=zp, — (x — E)p)? +ie
8zsa [ (41 - pp1 ) (e}, - Pp1) + sEaleqr -5 )]

((zpp — @)% +ie)((zpp + k — q)? +ie)((—Zp, — (x — )p)? + ie)

2 [a?¢sTa + (2 — 2) T
a?ag?s?z2z (x — €+ ie)

tr}y [As] = trp |Dpé,

(A.2)

Bp—d . (@+Op—k s 1
Gy — a2 Tic | (@ +&p— kP tie 7 Gop, + (@ — Op) T ic
8sav [—2(eq1 - Ppr) (Efs Ppr) — sE(Equ - 1)
((zpp — )2 +ie)(((z + E)p — k)2 + i) ((Zp, + (x — E)p)? + ie)
_ —4 [a€sTy + 2T5]
a?aés?zz (x + € —de) (x — & +ie)’

try [As] = trp [ppéq

[—

—~
>
w

~—

2k IS L 3 1
(zpp — @)% + je | Pk (k+ (x —&p)? + je (zpp —q — (z + &)p)?+ie
= 85 [—Z (eqL - Pp1) (€1 " Pp1) — s€acy, (g1 - €} 1 )]
((zpp — @)* +i€)((k + (z — Ep)* + i€e)((2pp — g — (x + {)p)* + ie)
B 4[aalsTs + zTg]
2652z (x — € +ie) [(z + € +de) — 2 (2af + a(x + € +ie))]’

tri) [Aq] =trp [ppéq

(A.4)

—Zp, — k i 1

2Dp —q
— & .
—zp, — k)2 +ic *(zp,—q— (x+E)p)? +ie

(zpp — q)% + i€

W‘% [A5] = trp [ﬁpéq

YDy, (

8 [% (eqL " Pp1) (€f1 "Pp1) + 8§ (gqu - EZD] s
= (o= 0P+ 1020, — R +i0)((obp —a — (@ + W) +76) (4.5)
- 2 [—a26sTa + (1 —22) (1 — az) T

T a2625227 (x4 € +ie) — 2 (2a€ + a(z + € +ie))]’
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_ 45 (x — §aleqr - 651 (A.6)
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A.1.2 Axial case

k (zpp + k)2 +ie I (zp, + k — q)? + ie " (=zp, — (z — E)p)? + ie
8iE [(1— 20)(cg1  ppr) TPk (], - ppr) PPPe 0]
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A.2 Chiral-odd sector

t?“go [Ag]j

PP (apy, —q)? +ie | ((w+&p—k)2+ie "7 (2p,+ (v — E)p)? + e

16 [(p k) ery; ((eq-pp) (4-€5) — (q-Dp) (g4 - €})) — €Pr 9% ep”’”igm}
(((z+8p — k)? +ie) ((zpp — @) +i€)* ((Zpp + (x — )p)? + i€)?

=1tirp

(A.19)

_ L
- 2a%as3¢2z (v — € +de) (z + & — ie)

k+ (z—&p 1
Kt (z—&p)2tic " (zpy —q— (@ +E)p)? + ie
16 [(p k) ey, ((6q-pp) (q-€3) — (q-pp) (gq - €5)) — eProrda ep”’“zgw]

((k+ (z = Ep)? +ie)? ((2pp — @)* +i€)* (((z + Ep — 2pp + q)* + i€)?

A oA Zﬁp_q
2p, —q)2 41
Pp — q)° + i€

VMﬁWLjéz(

(A.20)

_ Taiy
C 202683z (x — £ +ie) [(x + £ +de) — 2 (2a€ + @ (x + € + ie))]

trgo [B5]j =
—Zp,—k 1

i+ (et .
—Zp, — k)* +ie F (Zpp + k + (x — §)p)? + ie

q+ (x4 &)p)? +ie

trp ﬁpéz /yu ( éqﬁ%_ i (

o Asequi ((pp-ep) () k) — sE(ef - ep)) — FeiPesh catarrg
= 2 (apy— k2 +i0) (o —d— (@ — P + i) (@ + (@ L Op)? + i) (A.21)

_ Tp.j
23z (v +E+ie) (x4 € +ie) — 2 (2a€ +a(z + € +ie))]

B. Integration over z and =z

B.1 Building block integrals for the numerical integration over z

Here, we list the building block integrals which are involved in the numerical evaluation of
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the scattering amplitudes. Consider a generic GPD f. We define
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1 1
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(B.8)

(B.9)

(B.10)
(B.11)

(B.12)

Each of these integrals are finite and are evaluated numerically, using our models for

the various involved GPDs. After computing this set of integrals, the evaluation of the

scattering amplitude is straightforward using the decomposition given in the two next

subsections. Below, we will not indicate the function f, since it is obvious from the context.

B.2 Chiral-odd case

For the chiral-odd case, diagrams A3 and A4 contribute to the structure Tﬁx | while diagrams

By and Bs contribute to the structure T]g | - Thus, writing
tripC[As]' + trEP 1Al = THO Thy
and

GO + 15O (Ba) = TEO T,
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we get

COG(z) = L 3(1 — 2)
Ty ¢(Z) T g3 [a2§(§ —x — ie)(a(—§ +x+ ie) + (1 — Z)(2§ 4 (1 _ Oz)(—f Tzt Ze)))
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and
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Tt rerioa(—ttrri0+ (- Z+ (- (Ctt+atia)] (B.16)

The integral with respect to z is trivially performed in the case of a DA expanded in the
basis of Gegenbauer polynomials. We restrict ourselves to the case of an asymptotic DA
¢(z) = 62z for which one gets

/01 T000e) bz = [_ G (B.17)
N 5 N 3ln (St
a?§(§ —z —ie)(28 + (1 —a)(={+a+ie))  af(26+ (1 —a)(=E+a+ie) |’
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I e e ST (519
3 3In (S5t

€+ +i€)(26 + (1 — a) (=€ + x +ie)) + Q26+ (1 —a)(—=& + x +ic))?

Let us note that the last term in the previous expressions (B.17) and (B.18) might seem
to have a double pole when x = —1%“5 — t€. However the logarithm cancels under such
conditions, so this pole is actually a simple pole.

Writing the integrals with respect to x of the product of (B.17) and (B.18) with the
GPD HZ.(x€) in terms of building block integrals, we have the dimensionless coefficients

¢ _ .3 Lt co 3 3 3
Nry=s A Ti%¢(z)dz Hr(x,§) de = ——-1, + —1q +

gl oglit smagle— 1), (B9)

and

1 1
Nig=s® /_1/0 TS () dz Hy(x,€) do = —%Il + %Id + %’62([e —1Ir). (B.20)

B.3 Chiral-even case

For the chiral-even case, we only present the result in terms of building block integrals
after integration over z and integration over x when multiplied by GPDs.
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B.3.1 Vector part

From the symmetry of ¢(z), the integration over z of the product of diagrams A; and As
with ¢(z) leads to vanishing Tp parts (their Tp components are antisymmetric) and to
identical T4 parts.

We decompose the trace involved in a diagram diag as
Vi, 1 — Vi Vi
trpldiag) = T4 [diag) Ta + Ty [diag) Th , (B.21)

and we denote the dimensionless coefficients

1 1
N4 [diag] Es/—l/o TY [diag] ¢(2) dz H(z, &) dx, (B.22)

11
Ni[diag] = s* /_1/0 TY [diag] ¢(2) dz H(z, &) dz . (B.23)

For further use, we define the coeflicient obtained when summing over the set of diagrams
Ak and Bk

N% =" Nidiag] (B.24)
diag
and
N{ =Y Ni[diag]. (B.25)
diag
We get for diagrams Ay
N . 12
alA] = N3[Aq] = d—gfu (B.26)
q 12
NA[A?»] = _ﬁ([e - Ig) ) (B27)
q 24a
N3 [A4] = o Iy —aly) , (B.28)
. 12
N3lAs] = —?Ih (B.29)
and
6
N%[As] = —m(fe — 1), (B.30)
12 24 48 24
N% [A4] = Oz—zfla - Oé_flb - EIC + a—éld, (B.31)
48 96 241 + «
N}[4s] = a_flb + EIC — 7(aa§ )Id. (B.32)
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For diagrams By, we obtain for the Ty part

Ni[By] = ~g Ue=11),
6

Ni[Ba] = a—g(le —1Iy),
6

Ni[Bs] = 54_5([6 —1,),

Nz[B4] = 24§(Ij + QCYIk — 204[0) s
Ni[Bs] = 24a(Iy — L),

and for the non-vanishing Tz part

6
NLB1] = @(Ie—ff%
36 24 48 24
N&LBsl = ——I1 +481, — —I, — —I. + —1,.
B[ 5) a£l+ k gb P +ad£d

B.3.2 Axial part

We decompose the trace involved in a diagram diag as
tré [diag] = Tfs [diag] Ta, + Té‘s [diag] T, ,

and we denote the dimensionless coefficients

Nis [diag] = s° /_1/0 Tfs [diag] ¢(2)dz HY(z,€) dx,

N%_[diag] 533/_1/0 Té‘s[diag] &(z)dz H(x,€) dx .

(B.33)
(B.34)

(B.35)

(B.36)
(B.37)

(B.38)

(B.39)

(B.40)

(B.41)

(B.42)

Similarly to the vector case, we define the coefficient obtained when summing over the set

of diagrams A, and B
]\7;115 = Z NZ5 [diag]
diag

and

]\7%5 = Z ]\7%5 [diag] .

diag
We get for diagrams Ay,
NY [A] = —%I@
Ny L) = 22
N3] =~y (e = ).
N [Ad] = —%‘2([& —alg),
N _[A5] = —% a+ %Ih — %Ii
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(B.46)
(B.47)
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and

For diagrams B} we obtain for the T4, part

and for the T'’s, part

. 12i(1 — 20)
Ni [A1] = ngg[m
~ 127
Np, [As] = aa2gz'e
- 12¢
Nés[Aﬂ = _W(IB - Ig),
- 48i  96i . 24i(1+ )
q —
NB5[A4] = _a_flb — EIC + T%Lh
~ 481 12z 241
N [A5] = _d_gld + aaeh a—é’zli'
~ 12¢
Ngts[Bl] = W(Ie - If),
- 6i
N [Ba] = _W(Ie —1Iy),
—q 6i
NA5 [B3] = W(Ie - Ig) )
~ 241 481 481
NalBil = = gli =5+ 5l
~ 483 967 241 241
NY[Bs] = ———I, — 200+ 4+ 2y,
45 B af T G et Gl qagt
~ 12:
N%g,[Bl] = dg—ég(Ie - If),
- 67
Nés[Bﬂ = _W(IB - If),
- 6i
NB5 [B3] = W(Ie - 19)7
NG [Bi] = N4, [Bd],
- 241
N [Bs] = _a_g(ld -1).

C. Some details on kinematics

In this section we give further useful expressions for kinematics.

C.1 Exact kinematics

Combining Egs. (2.11) and (2.12) one gets

2 _
Mw—t—2§s<1—s

26 M? 462 M3
(1- 52)> 1-¢
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(B.50)
(B.51)
(B.52)
(B.53)

(B.54)

(B.55)
(B.56)
(B.57)

(B.58)

(B.59)

(B.60)
(B.61)

(B.62)
(B.63)
(B.64)
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From Eq. (2.10), one gets

so that we finally obtain

r=_—22 = , (C.3)

and thus

£ = . (C.4)

C.2 Exact kinematics for A| =0

In the case A | = 0, we now provide the exact formulas in order to get the set of parameters
$,&, 0,0, 72, (—t)min as functions of M,,, S,n, —u
In the limit A; =0, Eq. (2.12) reads, using Eq. (C.2),

2 2 26 o
Mw_Hg(l - £M> (C.5)

with M? = M?/(S,y — M?) and sz = M,fp/(SA,N — M?). Thus, ¢ is solution of the
quadratic equation

(M3, —2—4AM?) 4+ 26— M?, =0 (C.6)

the solution to be kept being

—1+\/1+M2 (M2, — 2 — 4112)

M2 —2—4M? (C.7)
The value of (—t)min is obtained by setting A; = 0 in Eq. (2.11), i.e
462 M2
(_t)mln - 1_762 (CS)

Combined with Eqgs. (C.4) and (C.3) one easily see that (—¢)min is obtained from the
solution of
T?(1+ M?)+ T(2M? M3, + M7, — 1) + M* M, =0 (C.9)

with T = (—t)min/(Syn — M?), the solution to be kept being

1— M2,(1+202) — \/1+M2 (M2, — 2 — 4M2)
2(1 + M?2)

(—t)min = (S, — M?).  (C.10)

From Eq. (2.14) we have
2

PP = —mi—ka,,(mp—u’) (C.11)
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so that using Eq. (2.8) which now reads

we obtain

Eq. (2.9) reads

so that

—9 —2 2
D +m
2£—p_t+u,

Ly’ Sa

/
apu’ l—a, 5 w o m,

L A
1 2& M?
W=l ey
L, 2eM?
= (st )

(C.12)

(C.13)

(C.14)

(C.15)

Thus, computing ¢ through Eq. (C.7) and then s through Eq. (C.2), Eq. (C.15) allows to
compute the value of a. The value of a, is then obtained using Eq. (C.14). Finally, p? is

computed using Eq. (C.11).

C.3 Approximated kinematics in the Bjorken limit

In this limit, Mvp and S,y are parametrically large, and s is of the order of S, . Neglecting

5?, m%, t and M? in front of s, (except in the definition of 7 where we keep as usual M?
in the denominator of Eq. (C.3)), we thus have

7]
M2, ~ 2s ~ —~
(070%

9

ap~1—-—a=a,

The skewedness £ thus reads

2
g: T T%iM'yp
2—7 ' Syn — M2’
! e = 2 o~ 2
-t ~abM, w oM.
2
Mz,

§

T 25,y —2M2 - M2,

and the parameter s is given, using Eq. (C.2), by

2
M‘fﬁ

=S.n— M2
s VN 5
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D. Phase space integration

D.1 Phase space evolution

/ !/
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T
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Figure 17: Evolution of the phase space for M2, = 2.2 GeV? (up left), M2, =25 GeV? (up
center), M2, = 3 GeV? (up right), M2, =5 GeV? (down left), M2, =8 GeV? (down center),
M2, =9 GeV? (down right).

The phase space integration in the (—¢, —u’) plane should take care of several cuts. This
phase space evolves with increasing Mgp from a triangle to a trapezoid, as shown in Fig. 17.
These two cases and the corresponding parameters are displayed in Figs. 18 and 19.

/

—u

(=t )maxMax ~ 1.4F
—u'1.2

(—u)min 1.0f

0.8f

0.6f

0.4f

0.2f

0.0 ‘ ‘ ‘ ‘ ‘

0.0 0.1 0.2 0.3 0.4 0.5
(—t)inf (=) min(=u')  (=)max

Figure 18: Triangle-like phase space, illustrated for the case of Mgp = 2.5 GeV2.

Let us discuss these various cuts with some details. First, since we rely on factorization
at large angle, we enforce the two constraints —u’ > (—t)min, and —t' > (—t')min , and
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take (—1)min = (—t)min = 1 GeV?2. The first constraint is the red line in Figs. 18 and 19,
while the second, using the relation M2, +# 4+ u' =t +m?, is given by

—u/(—t) = =t —m2+ M2, — (—t )min , (D.1)

and shown as a blue line.

The variable (—t) varies from (—t)pin, determined by kinematics, up to a maximal
value (—t)max Which we fix to be (—t)max = 0.5 GeV?, these two boundaries being shown
in green in Fig. 19.

The value of (—t)min is given by Eq. (C.10). In the domain of pr for which the
phase-space is a triangle, as illustrated in Fig. 18, the minimal value of —t is actually above
(—=t)min- For a given value of M,fp, this minimal value of —t is given, using Eq. (D.1), by

(_t)inf = mz - M’?P + (_t/)min + (_u,)min s (D2)

with (_t)min < (_t)inf .

This constraint on —t leads to a minimal value of M,fp, denoted as M'\%p it » When
(—=t)intf = (—t)max , which thus reads

Mﬁ?pcrit = (_u/)min + (_t/)min + m?) - (_t)max . (D3)

With our chosen values of (—u/)min, (—t')min and (—t')max we have M,fpcrit ~ 2.10 GeV?,

below which the phase-space is empty. We note that this value, independent of Sy,

ensures that the s—channel Mandelstam variable M,fp > M2

Jpcrit is indeed large enough as

it should be for large angle scattering.
For the purpose of integration, we define, for —(u')pn < —u',

(=) min(—u) =m2 = M2, + (=t )min — ' (D.4)
We denote the maximal value of —u’ as (—u/)maxMax » attained when —t = (—t)pax , and
given by
(_u/)maxMax = (_t)max - m% + M»fp - (_t/)min 5 (D5)
see Fig. 18.
The phase-space becomes a trapezoid when (—t)inf = (—t)min, 4-€. according to
Eq. (D.2) when
M2, = —(~t)min + (— )min + (= )min + M3 (D.6)

Combined with Eq. (C.9), this leads to

M2 s = (SVN—MQ)mﬂ_mz(lJer)

vp trans

D.
1 — m2 ) ( 7)

where
9 (—u)min + (=t )min + m%
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Figure 19: Trapezoid-like phase space, illustrated for the case M,% , =4 GeV? and Syn =20 GeV2.

. . 2
With our choice of parameters, we get M3 )i ans

~ 2.58 GeV? in the case of Syn =20 GeV?2.

Above this value, the phase-space is a trapezoid, illustrated in Fig. 19. This trapezoid
reduces to an empty domain when (—¢)min = (—t)max - From the solution of Eq. (C.9), this
occurs for

(14 2M2)(—B)max + V(=D max (D max + 4M?)
202 ’

M2\ = (Syn — M?)—

vp Max (DQ)

with M? = M?/(Syn — M?) and (—)max = (—t)max/(Syn — M?). With our choice of
parameters, we get M,praX ~ 9.47 GeV? in the case of Syny = 20 GeV?. This value

decreases with decreasing values of S,y .

The minimal value of S,y is obtained from the constraint M. 2 and

i = M2
yperi ]
equals Synerit >~ 5.87 GeV?2.

p Max

Finally, let us briefly discuss the invariant mass MpzN,, which should be restricted to
be far above any possible resonance. Using Eq. (2.15), for a given value of Sy, a careful
study of the allowed phase space shows that M[?N, is minimal when —u’ = (—u/)maxmMax and
pr = Mﬁp Max and for &t and p; anti collinear, with ‘&t’ being the value corresponding to
—t = (—t)max - This minimal value increases with S,y. Its minimal value is thus obtained
when S,y = SynNerit, this value being Mpzj\,,MiI1 ~ 3.4 GeV? which is far above the resonance

region.
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D.2 Method for the phase space integration

Using the above described phase-space, the integrated cross section reads

do 2 2 2
ng = H(M'ypcrit < M'yp < M’yptrans) (DlO)
(_u/)maxMax (_t)max dO'
x d(—u / d(—t) F(t)? '
/<—u'>min e (~t)mmin () R AMZ,d(—u")d(=t) |,
+9(M3ptrans < M'%p < MfgpMax)
(=) maxMin (=) max do
X d(—u' / d(—t) F(t)? ‘
{/(Y—u’)min ( ) (_t)min ( ) ( ) dM'\%pd(_UI)d(_t) (_t)min
(_u/)maxl\/lax (_t)max do.
4 / d(—) / d(—t) F(1)? ' .
(_ul)maXMin (_t)min(_ul) dMgpd(_U/)d(_t) (_t)min
Using our explicit dipole ansatz for F'(t), see Eq. (5.23), we obtain
do 04 2 2 2
m = ? |:6(M'ypcrit < M’yp < M’yptrans) (Dll)

(_ul)maXMax 1 1 dU
></ d(—ul)[ 3~ 7 3] 2 /
(_u/)min (_(_t)max - C) (_(_t)mln(_u ) - C) dM’Ypd(_u )d(_t) (_t)min
+ (M2

2 2
yp trans < M’yp < M’prax)

1 1 (=) maxtin , do
" { PR ECh=oT) o 4 s '(_t>mm

(—u)maxMax , 1 1 do
+/<_uf>mm;f(‘“ | ccta=or - covma=or) DA~ d(—D) ‘HH ’

which is our building formula for the numerical evaluation of integrated cross sections.

E. Angular cut over the outgoing photon

In order to take into account limitations of detection of the produced photon, it is necessary
to know the photon scattering angle in the rest frame of the nucleon target. The incoming
nucleon momentum py in Eq. (2.6) and the one in its rest frame p‘fo = (M,0,0,0) are
related by the longitudinal boost along 2 axis characterized by the rapidity ¢ such that, in
the Bjorken limit,

LI M A+
coshC—E \/5(1+f)+ 7

The incoming photon flies almost towards the —z axis, in the light-cone and in the rest

(E.1)

frame, so that the scattering angle 6 of the produced photon in the nucleon rest frame with
respect to this direction satisfies

2Ms(1+&a || pr — 5 ||

tanf = — = .
—a2(1 + €22 + (7 — 5212

(E.2)

44



1 doeyen 1 docyen

Oeven  dB Oeven A
0.10¢ 0.157}
0.08
0.10
0.06 [
0.04 |
0.051
0.02|
0.00 - - . ! 0.00 .
0 10 20 30 40 0 5 10 15 20 25 30 35
0 0
1 docyen
Ocven A8

0.20

0.15

0.10

0.05

0.00 ) ' ) ' ' '

0 5 10 15 20 25 30
0

Figure 20: Angular distribution in the chiral-even case. Up, left: S,n = 10 GeV?, for M,fp =
3 GeV? (solid blue) and M2, = 4 GeV? (dotted red). Up, right: S,n = 15 GeV?, for M2, =
3 GeV? (solid blue), M2, = 4 GeV? (dotted red) and M?, =5 GeV? (dashed green). Down:
S,n =20 GeV?, for M2, =3 GeV? (solid blue), M2, =4 GeV? (dotted red) and M2, =5 GeV?
(dashed green).

Using the relation o = M,fp /(—u'), see Eq. (C.19), one gets from this expression tanf as a
function of —u/, which we formally write

tanf = f(—u'). (E.3)
From this relation, # being positive, one should take

for tanf >0, 6 = arctan(tan®), (E.4)
for tanf <0, 6 = 7+ arctan(tan), (E.5)

where tan 6§ is given by Eq. (E.2).
For simplicity, we now perform our analysis in the case &t = 0, and thus write

2Ms(1 4 &)ap;

E.6
—a2(1—|—§)232 +@2M2’ ( )

tanf = —

where p; =||p¢ || -
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Figure 21: Angular distribution in the chiral-odd case. Up, left: S,n = 10 GeV?, for M,gp =
3 GeV? (solid blue) and M2, =4 GeV? (dotted red). Up, right: S,n = 15 GeV?, for M2, =
3.5 GeV? (solid blue), M3, =5 GeV? (dotted red) and M?, =65 GeV? (dashed green). Down:
Syn =20 GeV?, for M2, = 4 GeV? (solid blue), M2, = 6 GeV” (dotted red) and M2, = 8 GeV*
(dashed green).

Using the formulas given in Sec. C.3, one can compute « as a function of 6. One gets

(1+&+7)7 tan29—|—a<1—|—\/1+tan29)
(1+ &+ 7)2tan? 60 + 2a
(1+&+7)7 tan29—|—a<1—\/1+tan29)

for tan® < 0 = E.8
or tant <U, « (1+&+7)%2tan6 + 2a ’ =)

for tanf >0, « =

; (E.7)

where
AM?
a=—"2 (E.9)
s
.26 ME, MG,
= = E.1
T 1+& s s (E.10)

thus providing —u’ as a function of § using —u' = aM,fp, see Eq. (C.19).
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The angular distribution of the produced photon can easily be obtained from the
differential cross-section by using the relation

o fl(=u)
d(—u') 1+ f2(—u) (E.11)

so that we get

ldo 1 do d(—v) 1 do 1+ f2(—=d[0))

cd)  cd—u) db  ocd(—u) f(—u[0)

(E.12)

The obtained angular distribution is shown in Fig. 20 for the chiral-even case, and in
Fig. 21 for the chiral-odd case. In the chiral-even case, the obtained angular distribution
is an increasing function of #, while in the chiral-odd case, it decreases with increasing 6.
In both cases, the distributions are dominated by moderate values of 6.
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6 81
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3 4t
2 b
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0 0
2.0

dOeyen
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Mz,
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6l
al
27 N
0 i e
2 3 4 5 6 7 8

9
y 2
M2, (GeV?)

Figure 22: The differential cross section ‘Z‘;\}—V;“. Solid red: no angular cut. Other curves show

the effect of an upper angular cut € for the ozlpt-going ~: 35° (dashed blue), 30° (dotted green),
25° (dashed-dotted brown), 20° (long-dashed magenta), 15° (short-dashed purple) and 10° (dotted
black). Up, left: S,x = 10 GeV?. Up, right: S, = 15 GeVZ. Down: S,y = 20 GeV>.

In practice, at JLab, in Hall B, the outgoing photon could be detected with an angle
between 5° and 35° from the incoming beam.
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Figure 23: The differential cross section Solid red: no angular cut. Other curves show

The effect of an upper angular cut can be seen in Fig. 22 for the chiral-even case,
and in Fig. 23 for the chiral-odd case. As seen from Figs. 20 and 21, it mainly affects the
low S,y domain. In particular, the effect of the JLab 35° upper cut remains negligible as
shown in Figs. 22 and 23, both for the chiral-even and chiral-odd cases.

One should note that using cuts on 6, it is possible to reduce dramatically the contri-
bution of the chiral-even contribution, in particular in the region of S,y around 20 GeV?,
while moderately reducing the chiral-odd contribution. Putting additional cuts on Mgp,
like Mgp > 6 GeV?, allows to increase the ratio odd versus even from ~ 1/25 to ~ 2/3,
keeping about 3% of the chiral-odd contribution, for typically S,n between 18 GeV? and
the maximal value 21.5 GeV2. This in principle would lead, dealing with observables sen-
sitive to the interference between the chiral-odd and the chiral-even contributions, to a

relative signal of the order of 80%.
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