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ABSTRACT: Exclusive photoproduction of a 7 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 «; 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.
KeEyworDSs: QCD Phenomenology

ARX1v EPRINT: 1609.03830

OPEN AcCESs, (© The Authors.

Atticle funded by SCOAP®. doi:10.1007/JHEP02(2017)054


mailto:renaud.boussarie@th.u-psud.fr
mailto:bernard.pire@polytechnique.edu
mailto:Lech.Szymanowski@ncbj.gov.pl
mailto:wallon@th.u-psud.fr
https://arxiv.org/abs/1609.03830
http://dx.doi.org/10.1007/JHEP02(2017)054

Contents
1 Introduction
2 Kinematics

3 Non-perturbative ingredients: DAs and GPDs
3.1 Distribution amplitudes for the p meson
3.2 Generalized parton distributions
3.3 Numerical modeling

4 The scattering amplitude
4.1 Analytical part
4.2 Square of M| and M

5 Unpolarized differential cross section and rate estimates
5.1  From amplitudes to cross sections
5.2 Numerical evaluation of the scattering amplitudes and of cross sections
5.3 Fully differential cross sections
5.4 Single differential cross sections
5.5 Integrated cross sections and variation with respect to Sy
5.6 Results for the chiral-odd case

6 Counting rates
7 Conclusion

A Contributions of the various diagrams
A.1 Chiral-even sector
A.1.1 Vector case
A.1.2 Axial case
A.2 Chiral-odd sector

B Integration over z and x
B.1 Building block integrals for the numerical integration over z
B.2 Chiral-odd case
B.3 Chiral-even case
B.3.1 Vector part
B.3.2 Axial part

C Some details on kinematics
C.1 Exact kinematics
C.2 Exact kinematics for A} =0
C.3 Approximated kinematics in the Bjorken limit

© o ot W\

11
11
15

16
16

18
21
21
23

25

27

28
28
28
30
32

33
33
33
35
35
36

37
37
38
39



D Phase space integration 39

D.1 Phase space evolution 39
D.2 Method for the phase space integration 42
E Angular cut over the outgoing photon 43

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 refs. [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 refs. [9],* [10,
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

Note: cross-sections presented here should be corrected due to the omission of numerical prefactors.
2Some 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+m — 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 —~v+p+ N at large Mgp.

amplitude v + (¢ + §) — v + (¢ + ¢) with the meson state replaced by a collinear quark-
antiquark pair. This is described in figure la. 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 figure la the lower left meson
distribution amplitude by a N — N’ GPD, and thus get figure 1b. Indeed the same
collinear 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 (x + £, & — 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]:

YON = A*N' — it~ N, (1.2)

where the lepton pair has a large squared invariant mass Q?, 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’ = (p, — ¢)?, 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 + pnv)? is not large enough.



Our paper is organized as follows. In section 2, we clarify the kinematics we are
interested in and set our conventions. Section 3 is devoted to the presentation of our
model for DAs and GPDs. Then, in section 4, we describe the scattering amplitude of the
process under study in the framework of QCD factorization. Section 5 presents our results
for the unpolarized differential cross section in the kinematics of quasi-real photon beams
at JLab where S,n ~ 6-22 GeVZ. Finally, in section 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) = v(k,ex) + p°(pprep) + N'(p2, N') (2.1)

in the kinematical regime of large invariant mass M., of the final photon and meson pair and
small momentum transfer t = (py —p;)? 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+
2

PH , AP = pg —p‘f, (2.2)

and decompose momenta on a Sudakov basis as
o' =an’ +bp! 4+, (2.3)

with p and n the light-cone vectors

pu:\f(l,o,o,l) nt = ‘/5(170,0,—1) p-n=§7 (24)

and
v = (0,v",0Y,0), v = 07, (2.5)

The particle momenta read

Py = (14+&) p'+ i n* p“z(l—é)p’”—i—wn’H—A“ gt =n* (2.6)
! s(l+¢) 7 77 s(1-¢€) 7 ’
5, — Ay /2)2 AH
k":an“Jri(pt /2) P+ - =,
s 2
b+ Ay /2)2 + m? A
pg:(%nu+(t /2) Ept—pl — ==, (2.7)
Qaps 2



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

—

— 1 2 = 1A N2 2
-5 +50:)°+m
2¢ = (Pt 2 t) I (e 3 t) p (2.8)
s 5y
and , .
26 M Aj
l—-a—a,= + . 2.9
= ii-) T a-9) 2
The total squared center-of-mass energy of the y-N system is
SN = (q+p1)* = (1+&)s+ M?. (2.10)
On the nucleon side, the squared transferred momentum is
1+€ -y 482M2
t=(py—p1)? =— A? — . 2.11
(p2 pl) 1— 5 t 1— 52 ( )
The other useful Mandelstam invariants read
26 M? Sol+¢
r_ 2 a2 2
S = (k+pp) = M’Yp_258<1_8(1_£2))_Atl_£’ (212)
5y — 8y)2)?
—#:-{k—@Q:(maf/), (2.13)
5+ A /2)2 + (1 — o) m2
gy g PR e o
®p
and
(Pt + A¢/2)? + m? M? 4+ A? 1-\2
M?,, = 1-— L — ) —(p—=A . 2.1
oN s( §+ sa, Ozp+s(1_§) Pt — 55 (2.15)

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

2 o P
M2 ~ — 2.16
2~ 2L (2.16)
arl-a=a, (2.17)
T M?
v
—t'~aM,, —u' ~a M, (2.19)

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

The typical cuts that one should apply are —t/, —u’ > A? and MPQN/ = (pp+pn)? > M3
where A > Agcp and MR is a typical baryonic resonance mass. This amounts to cuts in
o and & at fixed M,gp, which can be translated in terms of u at fixed M,gp and t. These
conditions boil down to a safe kinematical domain (—u')pin < —t' < (= )max Which we

will discuss in more details in section 5.



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

Due to electromagnetic gauge invariance, the scattering amplitude for the production
of a pp 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
Pt (2.20)

while the initial photon polarization is simply written as
_ K
eh=eh . (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 pi
n~6p:a—p afps(p'gp)‘i‘(pj_'fpl) . (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 pOL is defined,
at the leading twist 2, by the matrix element [26]

1
(Ola (0} u(@)|0° By £pr)) = épﬁfpo /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
= v ¢ v v —1 .
OO @) e 2p)) = (et = b S [ dz e 010), (32)
0
where ¢/, is the p-meson transverse polarization and with fpl = 160 MeV. The factor —=

- V2
takes into account the quark structure of the p”—meson: |p°) = %ﬂum — |dd)). We shall

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

<Z>||(z) = 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 \la (=5) v (5) I(er ) (3.4)

1 ) ;
= [ o D, X) | w60+ 0t B0 B0 ulen. ).
-1 m

and

(b2 X1 (=5 ) 7% (5) Ip(er, V) (3.5)

1 i _ ~ 1 ~
= [ do AT, X) | A, 0) 4 AT B0 i, ).
1 m

The transversity GPD of a quark ¢ is defined by:

w2 X) @ (=2 ) it (4) p(or, V) (3.6)

1 . .
= / dx e_%m(pfﬂ’;)yiﬂ(pg, ) [z o HL(x, &,t) + .. ] u(p1, A),
-1
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(z, €t = 0) —/dﬁda S(B+ Ea—a) FI(B,at = 0), (3.7)
Q

where F9 is a generic quark DD and Q = {|5] + |o| < 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 section 4.2, with a good approximation we will only use the three GPDs
H, H and Hy. We adhere on Radyushkin-type parameterization and write the unpolarized
DD f9 and the transversity DD f% in the form

f4B,a,t =0) =TI(3,a) ¢(8)O(B) — (=5, a) ¢(=5) O(=F), (3.8)
and [9]
f1(B,a,t = 0) =11(B, ) 5¢(B) O(B) — (=B, @) 6G(—B) O(=B), (3.9)
while the polarized DD fq reads

FUB st = 0) = TI(B, o) Ag(B) O(B) + II(=B, ) Ag(—B) O(=P) , (3.10)

where II(3,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, g are the quark and antiquark transversity PDFs.



We now give specific formulas for the three GPDs which we use in the present study.
The GPD HY reads
1—z
e 3(1-a+&y)* -y
H1 t=0)=06 dy — —
(@.6t=00=0>¢) [ dy =G ey @)
3(1—a+&y)* -y
_ du 2 _
+O(§ >z > —¢) [/m VI Azt &) q(z — &y)

1=z . 2 .2
it =0) = 0> [y T e - gy)
z o 2 .2

+O(§ > 2 > —¢) [/1 dy i(l (izgf)gy)gy 5q(z — &y)

e 3(14z—cy)?—qy?
B P IEOLT LY S

Y1 Ota_gy?

1z ety
~o(-¢>a) [ ay i<1$ix§y’§y)3y Si—z+€y),  (312)
1€

while the GPD HY reads
1—x
T 3(1—x+&y)? —y?
( VY Al - g)

H(z,6t=0) =O@>¢) [ ~dy 0zt &P
£ 3(1—x+&y)? —y?
+O(§ >z > —¢) [/H dy o A—z+ &) Aq(z — &y)
HE 30 +a-ey)’ -y,
TiE —y)? =2
ro(-¢>a) [ ay P A e, 13)

Since our process selects the exchange of charge conjugation C' = —1 in the t—channel, we
now consider the corresponding valence GPDs
(3.14)

HI) (2,€,¢) = H(z,&,t) + HI(—x, £, 1)

and
HE (2, 6,1) = HL(2,6,1) + HL(—x,&,1) (3.15)



which have the symmetry properties H% ) (z,¢,t) = HY)(—xz, &, t) and Hq (;U & t) =
H%( (—x,&,t), as well as the valence GPD

HYO) (2, ¢,t) = HY(x,€,t) — HY(—x,€,t), (3.16)

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

Introducing the symmetric valence distributions

Gvar(z) = 0(x)[q(x) — q(z)] + 0(=2)[q(—z) — q(—x)] (3.17)
and
0qvar(x) = 0(x)[0q(x) — 6q(x)] + O(—x)[0g(—x) — 6q(—=)], (3.18)
and the antisymmetric valence distribution

Agual(z) = 0(2)[Aq(z) — Aq(z)] — 0(—2)[Ag(—2) — Ag(—x)], (3.19)

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

( x>§/1§ e 2qva1(x—§y)

7Hq (@6t=0) = (1—z+&y)?

¢ 3(1—x+&y)? —y?
S} - d va. -
+OE>z> 5)/11&1 Vi d—srep ¢ (@ 5@/))
+(x = —x)|, (3.20)
-) L = 3(1—a+ &)ty -
SHT (@&1=0) = 3 (@(m > €) /_11:_; b gyt — &)

3 3(1—x+&y)? —y?
+ @(§>$> _‘5) /—H—x dy Z (1—.’B+§y) 5anl( _gy)>

(x> —:c)] , (3.21)
and
iz 2 2
L frat- —0)=1l(e gy 30T Y N
(0,6, =0) = 5 ( @20 [ Ty Al =
¢ 3(1-z+&y)’-y’
+ O >z> () /‘ﬁ‘f dy A—z+ &) Agyai(z 53/))




Figure 2. Models for the GPDs H*(=) and H¥) for £ = .1, a value corresponding to SyN =
20 GeV? and Mﬁp = 3.5 GeV?. The various curves differ with respect to the ansétze for the PDFs
¢: GRV-98 (solid black), MSTW2008lo (long-dashed blue), MSTW2008nnlo (short-dashed red),
ABMT11nnlo (dotted-dashed green), CT10nnlo (dotted brown). Note that the two GPDs H(~)

based

3.3

on these two last ansdtze are hardly distinguishable.

Numerical modeling

For the various PDFs, we neglect any QCD evolution (in practice, we take a fixed factor-

ization scale u% = 10 GeV?) and we use the following models:

For zq(x), 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],
ABM11nnlo [32], CT10nnlo [33].

In figure 2, we show the resulting GPDs H* (=) and H¥") for ¢ = .1 corresponding
in our process to the typical value S,y = 20 GeV? and pr = 3.5 GeV2.

For xAq(x) , 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 figure 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?.

For zdq(z) 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 zdg(x) are obtained as a limiting case [35]. The parameterization
of ref. [35] for TMDs is based on the GRV-98 PDF zAgq(z) and GRSV-2000 PDF



Figure 3. Models for the GPDs H* (=) and HY-) for ¢ = .1, a value corresponding to Syn =
20 GeV? and M,fp = 3.5 GeV?2. In dotted blue, the “standard” scenario and in red the “valence”
scenario.

Hy () HIO) (2, 6)

_ S

-1.0

Figure 4. Models for the GPDs H;(f) and quw(f) for £ = .1, a value corresponding to Syny =
20 GeV? and Mgp = 3.5 GeV2. In blue dotted the “standard” scenario and in red the “valence”
scenario.

xAq(z). These transversity PDFs are parametrized as
dq(x) = SN (@)[a(z) + A)] (3.23)

with
sla+ B)(e+B)

N (x) = N 2*(1 — ) Y

(3.24)
Since this parameterization itself relies on the knowledge of zq(z) and xAq(x), we
will evaluate the uncertainty on these PDFs 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 NqT ,a, B, using the x2 distribution of these parameters
as used in ref. [35].3> We further discuss our procedure in section 5.6.

3We thank S. Melis for providing us the complete set of parameters with the corresponding x? distribu-
tion.

,10,



In figure 4, 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?.

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,fp, ie.

ultimately by & given by

VP
= 3.25
ST F A 2) . V£ (3.25)
We vary Mgp 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 Mvzp for the case S,y = 20 GeV 2 see appendix D.
For each Mgp, the GPDs are computed as tables of 1000 values for x from —1 to 1.
Figures 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 Ljidd:
2 I 1 u d
My 1 (6 M, ) = Z5 ML = ML) (4.1)

u d - a g Jqa ga a . e
where M||,¢ and MH# are expressed in terms of form factors H?, £, H?, £? and 7—[le, HTL].,

& i & ;» analogous to Compton form factors in DVCS, in the factorized form and read

1 10" A ~ n-A -3
q _— -~ N T @ oq ~~0779 5 cq
./\/l|| = n-pu(pQ’A )[n’H (&,t) + Y EUE, ) + nyHAE t) + o) & (E,t)]u(pl,)\)
(4.2)
in the chiral-even case, and
1 i P-nAh—A.-nPl -
ML= atn ) 16 + TS e
in the chiral-odd case.
For convenience, we now define
1 1
Mq(t,Msp,pT) ::/ dx/ dqu(t,Msp,pT,:c,z). (4.4)
-1 0

The scattering sub-process is described at lower twist by 20 Feynman diagrams, but
using the ¢ <> ¢ (anti)symmetry properties allows one to only compute 10 of them, shown
in figure 5, then deduce the remaining contributions by substituting (z, z) < (—z,1 — 2).

— 11 —
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Figure 5. Half of the Feynman diagrams contributing to the hard amplitude. In the chiral-odd
case, A3, A4 and By, Bs are the only contributing diagrams (the red diagrams cancel in this case).

B By B; B,

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 7, 3CE(Bl), TKCE(Bl), for a quark with flavor ¢ and for diagram
B in Feynman gauge. The vector amplitude reads

1 m fo ¢|I(Z) (—iqu)Q (_ig)g i’ (=)

k+ 2P, At @tOp o 1
k+zpp)?+ie’ (q¢+ (z+&)p)? +ie a “(pr—i—(x—g)p)z—{—ie

X trp [ﬁpéz(
« %ﬁ(pg, % {ﬁHq(m, €1+ %a"ma B9(, €, t)} w(pr, A) (4.5)

= CTCE B[] 0)(2)  alp X) [ HIw 600+ 50" B B, 60)| i ),

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

4
CE _ 2 12
C1 =3 foQemasm Qq . (4.6)
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The trace reads:

k+zpp . d+t@+p . . 1
k+ 2p)2 +ic | (q+ (@+Op)2+ic P (Ep, + (x — E)p)2 + ic
8s [_5504 (€qr - €51) + 2 (eqL " pp1) (g5 'ppl)]
((k + 2pp)? +ie)((q + (z + §)p)? +i€)((zp, + (x — §)p)? + i€) ’
4 [—azﬁsTA + zTB]
adls?zz (x — & +i€) (x + & + ie)

trg [Bi] = trp ﬁpéz(

(4.7)

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

Ty = (5ql ’ 87;1_)7
Tp = (g1 -pL)(PL - €FL)- (4.8)
Similarly one can write in the axial sector:

T () = § T 1) (-ieQu) (ig) (-0

1
Zpp + (. — §)p)? +ie

k+ 2P, Gt (@tOp
k+zp,)2+ie' (q¢+ (x+&)p)? +ie

X tY’D [ﬁpéz(

éqms’w(
2 , 5.5 n-A 5~

< aa ) 270 A0, = T 9060wl ) (1.9)

= C1°F 1 [B1] ¢))(2) %a(pg,X) [V%ﬁq(fﬂ,f,t) - %75 Eq(x,ﬁ,t)] u(p1, ),

with

k+zpp . A+ @+Op . . 5 1
2./ 5 T EqDY Vu 7z —
k+2pp)?+ie’ (q+ (x+&)p)? +ie (zpp + (. — &)p)*+ie

81 [Oé (€qL -ppL) PNPpLEL | _ (a + QZOzp) (5]";J_ 'ppL) ePnPpL 8qli|

“aay, ((k+2py)% +i€)((q + (z + E)p)? + i) ((Zp, + (z — E)p)? + ic)

 —Aif(a+20az) Tay — aT;)
T aaZeszz (v — £+ ie) (w+ € +ie)’ (4.10)

tr,‘% [Bi] = trp !ﬁpéz(

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

* npe
Tas = (poL-epy) e PeatPhy

Tpy = (p1 - gq1) €"PRLPL. (4.11)
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The chiral-odd (CO) scattering amplitude involving quark of flavor ¢ (¢ = u, d) corre-
sponding to diagram Bj in Feynman gauge has the form:

110(5y) = -+ O g 016) (ieQu) (19 (-0

o (et 2By ir@tde . 1
; % A% P M
S [ s e e s

<2 (o, N) [0 H(, cluten )
CqCOtrCO [Bl] o1 (2 ) (pg,)\/) [ianjH%(x,f,t)] u(p1, A) (4.12)
where

2
160 = —9 fFJ,‘ Qogn Qs T2 Qg (4.13)
is a common coefficient for all diagrams involving chiral-odd DA and GPD, and

oo[By); = (4.14)

pep k(k+zpp)2+ie (q+ (z+&)p)%+ie DL " (zpp+(x—E)p)2+ie |’

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

8s [(q .p)qu_j (pp et 5;; k—sEe} - 5;) _ keipoe; Eqsqpugwj]
((k + 2pp)? +1i€) ((zpp + (x — E)p)2 +ie)((q + (z + E)p)? + ie)
T

T 2aésP2z (x4 € +ie) (z — €+ i) (4.15)

tri°(B]; =

Here T’z ; is one of the two tensor structures which will appear in chiral-odd diagrams,

Thy = (p-k)ei [(eq o) (-€5) — (- pp) (5q - €5)] — ePrr i PV Feigh
_8 _
?8 {agi [-20€ (p-€)) (pL-eqr) + (pL -eq1) (pL €51 ) + s (gq -5 )]

—aey [o (@ —=2)€s (e - €y) — (01 - gq1) (P2 - €51)] (4.16)
+pi [—20425171 (p ' 6*) (€L - 1) + (PL : EZJ_) (6qL - €p1) — @ (EZL : EZJ_) (p1 - 5ql)]
+5ql [2025 (p-e ) (P -er) — (po- 5;L) (p1-€ry) +oa (o —2)&s (g5 - 5ZL)}} )

the other one being

B = (q-p)ehy [(po- k) () - k) — sE(cf. - €))] — €FkPeeo ed=aPVg (4.17)
8s N .
= 2 aapL (1L -eqr) (L -ert) —aa—1)&s(gq1 - p1)]

+agy) [@ (20 —1)&s (eqr 51 ) +26 (p-€)) (pL - €q) + (PL - €q1) (PL-€51)]
+€ql 20 (p - € ) (pr-epr) — (po- 5,&) (pL-epy) — aals (ef - E;L)]

+p' [20€ (p-€)) (qr-chy) —a(pL-ehy) (Eqr - ehs) — @ (gqr €51 ) (PL-ch1)] } -
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Here, we expressed these two tensor structures in terms of the transverse polarization
vectors and of (p - €,), using eqgs. (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

Y ehey = —g" + %, (4.18)

pol P
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-e,) 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, Ag, Az, Ay, As, Bo, Bs, By, Bs in the chiral-even sector and Az, A4 and Bs 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 section 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:

MIMI™ =37 MO N) M (A, X) (4.19)
N

= 8(1 =€) (A& M (6. 8) + HIUE AT (6.0))
42 (96, )87 (6,1) + £1(E. HET*(€.1))
8% (HI(EDET (1) + MY (& 06, 1) + HUE DET (6,0) + A (€. DEUE D))

and
MEMT =57 ML) ML (A, X) (4.20)
ASA
. . 2 . . S .
=38 |:_(1 —§2>H%Z(§7 t)Hg‘] *(57 t) - 1 552 [f 5%2(‘5; t) —5%Z(§a t)] [f 5%3*(57 t) _5’%]*<§7 t)]

re{HEE el (€0 - E N1 + HET (DS EF (6.0 — EF (€0 | gy

,15,



For moderately small values of &, these become:

MIMT™ =8 (’Hq(f,t) HT* (1) + HI(E, 1) ’Hq'*(g,t)) , (4.21)

MM = —8H (1) HE ™ (§,1) g.is - (4.22)
Hence we will restrict ourselves to HY, 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

HUE t) = HY(E )T, + HE(E )T, (5.2)
HE (& 1) = HE (6, 0)Th, +HY (§0)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
HY = %C‘JCEN;]‘, (5.4)
HE = S%C’qCEN%, (5.5)
Y, = S%C"CEN;{S), (5.6)
Ay, = SCICPNE, (5.7)
and
MHia = S%choN%A, (5.8)
Hip = échON%B. (5.9)

For the specific case of our process, it is convenient to define the total form factors as

follows:
HE L) = HYE L) — HEYE L), (5.10)
~(§7t) = 7:[“(§7t) - ﬁd(gat)v (511)
(1) = HE (6 1) — HT (1), (5.12)

“In 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(E ) = Ha(§&t) Ta+Hp(E ) T, (5.13)
H(Et) = Hay (&) Ty + Hp, (6,8) T, (5.14)
H’%(& t) = HTA (6’ t) TAL + %TB (§7 t) Téi (515)

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 7y):

HE P =Y HE My Ag) HE Ak Ag) (5.16)
AeAg

- 2‘HA(§7 t)’2 + pjl_|,HB(§7 t)‘Q + p%_ [HA(§7 t),H*B (67 t) + HZ(&J t)HB (ga t)] )

HE D = D HE M Ag) 7 (61 Ay Ag) (5.17)
AeAg
2,4 _ 5
= 2 (a6 P + A (6.0
Hr(E 0P = —grij Y HIR(Et, Moy Mgy AV HE (€1, Moy Mgy Ap) (5.18)

A AgAp
= 512¢%s" (o [Hp, (&0 + [Hr, (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

L o 2 ce©oDn))? 1
52%8(1 - %) (¢ ) 5

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

case

CE2 _ 4 2 CE\2 1 ph? 1l

(M = 5(1=¢ ) (C*F) 2‘N}{—4NA + =L Nj — ;N5 (5.19)

2 * 4 2 4 2
p 1 1 Pl ew 1o pt o, 1~

+?L <[Ng - 4Ng] [Ng — 4Ng] + c.c.> + @ NY — ZN;{ + @ N — ZNg ,
while for the chiral-odd case, we get

O, 2048 2 1 2 1 2

M = 32 £1-¢)(ce9) {04 N g — ZNJd“A +|Ni g — ZNId“B } . (5.20)

The differential cross section as a function of ¢, M?, , —u' then reads

VP
d M|?

dtd ’(ZIMQ ~ 3292 ’M|2 om)3 (5.21)
WA b= (~t)min o M5, (2m)
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Figure 6. 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 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 w 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.

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 numerical
evaluation of the coefficients (B.41), (B.42), (B.22), (B.23), (B.24), (B.25). These coeffi-
cients 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 M72p
varying in the range 2.10 GeV? < M72p < 9.47 GeV? (this latter value comes from the van-
ishing 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 MWQp values, we chose 100 values of —u/, linearly varying from
(=t )min = 1 GeVZ up to (=) mazirae as defined by eq. (D.5).

For each of these couples of values of (M,fp, —u’,) we compute each of the numerical
coefficients N, N4, Nz, Ng and Nﬁ, Nj, ~}§, Nfgl for the chiral-even case, as well as the
coefficients N 4, N%A, Nt g5, N{,%B for the chiral-odd case, using the sets of GPDs indexed
by MWQP and computed as explained in section 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.

We first analyze the various contributions to the differential cross section in the specific
kinematics: pr = 4GeV?, SN = 20 GeV?2, —t = (—t)min as a function of —u’. The
dependency with respect to S,y will be discussed in section 5.5.
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Figure 7. Differential cross section for a photon and a longitudinally polarized p meson production,
for the proton (left) and the neutron (right), at M3, = 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.

doeven

s (nb - GeV ™) _ doeven . —6
d]bfﬂfpd(fu’)d(ft) dMN?[,d(fu’)d(ft) (nb-GeV™?)

2.5

1.5 2.0 2.5 1.5 2.0 2.5
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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 M2, = 4 GeV?. The various
curves differ with respect to the ansétze for the PDF's ¢, 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).
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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.

In figure 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
flavor structure of the p° = Ljidd. The d—quark contribution is of course more important

for the neutron target case.

In figure 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(x, £, 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 figure 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 Ag. 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.

Figure 9 shows the dependence on Mgp. The production of the vp pair with a large
value of Mgp is severely suppressed as anticipated. However, the —u’ range allowed by our
kinematical requirements is narrower for smaller values of M,gp. The two curves for each
value of Mgp correspond to the two parameterizations of H (z,&,t), the lines corresponding
to the unbroken sea scenario lying above the other one.
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Figure 10. Differential cross section do/ dMWQp 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 GeV?2. (from 8: left, brown to 20: right, blue), covering the JLab energy range.
We use here the “valence” scenario.

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
M,%p dependence of the differential cross section integrated over v’ and t,

do- (*t)max (7U/)max , 9 do-

- = )min —t=(—t)min

Since this is mostly an order of magnitude estimate, we use a simple universal dipole
factorized t—dependence of GPDs,

CQ

Fy(t) = (o

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

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

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

For S,n = 20 GeV?, the integration over MVQP of our above results within our allowed
kinematical region, here 2.10 GeV? < M72p < 947 GeV? (see appendix D), allows
to obtain the cross sections agfl?iton ~ 0.54 pb and 2o ~ (.76 nb for the proton, and
oheutron ~ (.42 pb and gpSutrom ~ (0.084 nb 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
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of S, N, 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’,YN. 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’ /Mgp, it is thus possible to use exactly the set of
already computed amplitudes if one select the same set of (&)

Second, one should note that to a given value of
M,

.24
2(Syn — M?) — M2, (5:24)

=

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

In practice, we use our set of results obtained for S,y = 20 GeV?, indexed by Mvzp
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 Mgp (which vary from 2.2 up to 10 GeV?, with a 0.1 GeV? step), through

the relation

SN — M?

v TG Ny — M2 (5.25)

which is deduced from eq. (5.24), and for each of these pr a set of values of —a', using
the relation e

T
M3,

~/
—u =

(—u). (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,y to a lower S,y provides a

set of (Mgp, —1') which exhaust the required domain.

Consider first the range in M,fp. From eq. (D.3), which defines the minimal value of

Mgp, independent of S, x, this value is mapped to a smaller value than required, when

passing from S,y to S«/N- From eq. (D.9), it is possible to show that M,f is mapped to

Max
a value Mﬁp Max Slightly larger than the new required value pr Max (tkﬁs comes from the
little dependency of M with respect to S,n). Thus, the mapping covers the whole required
domain in ]\Z%p (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')myin is
fixed, this value is mapped to a smaller value than required, when passing from S,y to

Syn. Concerning the maximal value (—u/)maxMax, from eq. (D.5) it is a linear function of
Mgp of the form

(=) maxMax = —A + M2, , (5.27)
with A > 0. The mapping of Mgp leads to the maximal required value
(— Vnaxiax = — A+ M3, (5.28)
But the mapping in —u' will transform (—u/)pmaxMax tO
M? M2
(=11 ) maxMax = M—:QZ(—A +M2,) = —AM—:QZ + M2, (5.29)
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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.

which shows that the maximal value (—@')maxMax Of (—@') obtained from the mapping is
w2,
M,
We have thus shown that one can obtain the dependency of amplitudes and thus of cross

larger than the needed (—u’)’ since —A < —A

maxMax’

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 5”7 N, the
integration over the (—t, —u’) phase-space and then over pr is performed similarly to
S.n = 20 GeV? case. One finally gets the integrated cross section shown in figure 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 condi-
tions 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.

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

ef:v/21.7/2

Peal@) = S (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-

A quadratic extrapolation is performed for the small domain above S,x = 20 GeV?2.
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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 Mgp =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.

rections. We then create a histogram of these configurations, with a distribution weighted
by the above described renormalized x? distribution. This weighted histogram allows us
to finally compute the —20 and 420 values of the cross-section. We perform this analysis
at —u’ = 1 GeV? and for three typical values of Mgp (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.

Figure 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 Mgp is severely suppressed. Similarly, the —u’ range allowed by our kinematical
requirements is narrower for smaller values of Mvgp' Comparing the chiral-even case, see
figures 6, 7, 9 and the chiral-odd case, see figure 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 figure 12 (left) as error bands the maximal and minimal values of the cross-
section (the maximal values are obtained with the “standard” trial at +20 and the minimal

3

values with the “valence” trial at —20).

Similarly to the chiral-even case, we perform the integration in the (—t, —u’) phase-
space. The obtained differential cross section dooqq/ dM,fp is shown in figure 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 figure 14, we show the differential cross section do,qq /dMgp for various values of
SN covering the JLab-12 energy range. These cross sections show a maximum around a
similar range of Mgp ~ 3 GeV?, for most energy values.

Finally, the dependency of the integrated cross section with respect to S,y is shown
in figure 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?. The various curves differ with respect to the
ansétze for the PDFs dq 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 +20.
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Figure 14. Differential cross section do/ dM,fp 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 GeVZ.
(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]

Qi (1=2)
1 1— (1-2)2+1)In max,
_ x) ( ) “ L (6)

x
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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
Q2 ... is the typical maximal value of the virtuality of the echanged photon, which we take
to be 0.1 GeV?2. Using the expression for z as a function of the incoming electron energy E,

Son — M?

SE (6.2)

z[Syn] =

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

relation
S’yN max 1
OeN = /Uny(x> f(x> de = / 5EM U’yN(x[S'yN]) f(x[S’yN]) dS'yN . (6'3)
S’yN crit €
The shape of the integrand
1
F(Syn) = 55 37 o @S] f(21S58]) (6.4)

of eq. (6.3) is shown in figure 16.

Up to now we discussed photoproduction of vp 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 ¢, since in this case ¢> = (pp—l—A)2 ~ —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
JLab Hall B and showing that this does not affect our predictions. We also show that a
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Figure 16. Shape of the integrand of o.n, 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”.

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~ s~ we obtain for 100 days of run: 7.5 10% py and 6.8 10° p, .

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 figures 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.

We restricted our analysis to unpolarized cross sections; this may be complemented by
a computation of various polarization observables.
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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 refs. [47, 48] in the 7 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 400 more than the vP — 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, ~ 200 GeV? and at LHC in ultraperipheral colli-
sions [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 figure 5.

A.1 Chiral-even sector
A.1.1 Vector case
otk zpytk—g hpe 1
" (=zp, — (x — E)p)? + ie
8zsa [2271 (5qL 'ppL)(ﬁh 'ppi) - Sé(ali ) 5;;J_)]

= G T RE i) (o Tk — 0 T i0)(Fpp— (& — P 4 i) (A1)

_ 2[agsTa — (2 — 2) Tp|
C aal?s22z (x — & +de)

tr¥ (Al =trp | p,ét
rp Al =trp [p”g’“(zp,,Jrk)2Jrz'eg‘l(,zga,)Jrlc—<1)2+z‘e7

)

A A Zﬁp_qA A% Zﬁp+];:_(j H 1
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B Integration over z and x

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

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

1

1
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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 le | while diagrams
By and Bs contribute to the structure T]g, |- Thus, writing

tr&0[As]’ + tr$P[Ay) =TSO T | (B.13)
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and

triC[Bi] + tr0Bs)' = TEO Ty, (B-14)
we get
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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
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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%3‘5 — 1€. However the logarithm cancels under such
conditions, so this pole is actually a simple pole.

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

Lot 3 3 3
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and
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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.

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 Ty parts.

We decompose the trace involved in a diagram diag as

tr¥[diag] = T4 [diag] T4 4+ T [diag] T, (B.21)
and we denote the dimensionless coefficients

1 .1
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-1Jo
1 1

N}[diag] = 32/ / TY [diag] ¢(z) dz H(z,€) dz . (B.23)

-1J0

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

N =" Nildiag] (B.24)

diag

and

N =) Nj[diag]. (B.25)

diag

We get for diagrams Ay,
2
Nj[A] = Nj[As] = o‘T{Ie’ (B.26)
2

NilAs] = _ﬁ(le —1y), (B.27)

4o
N = 22 (1~ aly) (B.28)

2
Ni[As] = —th (B.29)

and
1
NJ%[AS] = _OZT._[&Q(IB — 1), (B.30)
2 4 8 4
q = — —_— R -
NplA4] = azele = el = Glet gl (B.31)
8 16 41+ «)
q —_ — J— — —

NplAs] = PV e (B.32)
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For diagrams B} we obtain for the T4 part
2a

Ni[Bi] = —575([6 —Iy),
1

Ni4[Bs] = 675(16 —1Iy),
1

Ng[B?)] = 676([6 - Ig)7

N4[B4] = 4€(I; + 2ady, — 2a,),
N3[Bs] = 4a(la — 1),

and for the non-vanishing Tz part

1
NE[B1] = W(Ie —1y),

6 4 8 4
NL[Bsl = —— I, + 81 — -1, — —1 —1,.
+[Bs] a£l+ k 5b a0+a@§d

B.3.2 Axial part

We decompose the trace involved in a diagram diag as
trij[diag) = T4 [diag] T, + TF, [diag] T, ,

and we denote the dimensionless coefficients

N [diag] = ° /_1/0 T4 [diag] ¢(2) dz HY(z,€) dx

N [diag] = s> /_1/0 T4 [diag] ¢(z) dz HI(z,€) dz .

(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 Ay and By,
N4 => N [diag]
diag
and
N%5 = Z Ngs [diag] .

diag
We get for diagrams Ay,
~ 21
N, [Ad] = ~aargrles
- 2i(2 — )
Naglhal = Znag Lo
- 2
Ny, [As] = —W(Ie —1Iy),
- 4i
NA5 [A4] = _0[725([& - O[Id) )
~ 81 21 49
NMaldsl = ~5agh* cag™ ~
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(B.44)

(B.45)
(B.46)
(B.47)
(B.48)

(B.49)



and

NE (AL = er,
N, [As] = er,
Mg, l4e] = ~ 5l — Ty,
NAMd:—zh—f%:MGLMM,
N{ [As] = —22][1%— Of;élh ;5211-.
For diagrams Bj, we obtain for the T4, part
N B = (1)),
N3 [B2] =~ = 1),
N3 [Ba] = 5= 1,),
Ny B = o Yy B
N9 (B5) = —Zlb - %I ;)Z.Id 4_Z€Ida
and for the Tz, part
N3 [B] = e —1Tp),
N [Ba) =~z (= 1),
N3, [Bs] = ez (1= 1),

N%5[B4] = Nz5[B4]7

i

N§ [Bs] = p: I;—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

26 M? > 462 M2

2 — _
-6 (1- ) + g
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= 2¢s.

(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)

(C.1)



From eq. (2.10), one gets

S N — M
”1 rrad (C.2)
so that we finally obtain ,
Mz —t 2
TESN:W M2_1—f§ (C.3)
and thus
§= 5 (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, D2, (—t)min as functions of M., Syn, —u
In the limit A} =0, eq. (2.12) reads, using eq. (C.2),

y 28 26
M2 = 1— )
" 1+£< 1-¢ > )
with M? = M?/(S,y — M?) and Mgp = 3,)/(57N — M?). Thus, ¢ is solution of the
quadratic equation
E(M, —2—AM?) + 26— M2, =0 (C.6)

the solution to be kept being

—1+\/1+ (M2, — 2 — 4NI?)

]\42 —2—4M2 (C.7)
The value of (—t)miy is obtained by setting A; = 0 in eq. (2.11), i.e
462 M2
—)min = T - .
(e = T3 (©8)

Combined with egs. (C.4) and (C.3) one easily see that (—¢)min is obtained from the solution
of
2 T2\ 1 o2 2 72 T2 4
T2(1+ M?) + T(2M? M2, + M2, — 1) + M? M, =0 (C.9)

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

2 2 Y
1= M2,(1+ 202) = 1+ M2, (M3, — 2 — 401?)
2(1+ M?2)

(—t)min = (Syny — M?).  (C.10)

From eq. (2.14) we have
= —mz + ap(mz — ) (C.11)
so that using eq. (2.8) which now reads
o PEm

26 ="L 4t P (C.12)

S SQp
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we obtain

/ 1_ /
pe_ G0t 1oy W my (C13)
a s as s s
eq. (2.9) reads
2¢ M?
=1l—-a— —>——. 14
ap e S0 -8 (C.14)
so that )
_L (oMt
a_2£s< " 5(1—52)( ) (€19)

Thus, computing & through eq. (C.7) and then s through eq. (C.2), eq. (C.15) allows to
compute the value of . 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, M,Yp and S, v are parametrically large, and s is of the order of S, . Neglecting
&%, mf,, 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

2 7]
M, ~ 26s = o (C.16)
a,rl-a=a, (C.17)
T M?
by g sra vl (C.18)
0
—t'~aM?,, —u' ~a M2, (C.19)

The skewedness ¢ thus reads

M2
¢ = P (C.20)
25, — 2M2 — M2,
and the parameter s is given, using eq. (C.2), by
M2
s:SVN—MQ—%. (C.21)

D Phase space integration

D.1 Phase space evolution

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

Let us discuss these various cuts with some details. First, since we rely on factorization
at large angle, we enforce the two constraints —u' > (—u/)min, and —t' > (—t')min , and
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Figure 17. Evolution of the phase space for M,, = 2.2 GeV? (up left), Mgp = 2.5 GeV? (up
center), M,, = 3 GeV? (up right), M,, = 5 GeV* (down left), M., = 8 GeV? (down center),
M,, =9 GeV? (down right).

(_U/)maxMax L S

(_u,)min 1.0~ !

o o o o o
coO N B O ©®

.0 0.1 0.2 0.3 0.4 0.5 —t

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

take (=t )min = (=t )min = 1 GeV?. The first constraint is the red line in figures 18 and 19,
while the second, using the relation MVZP +t'+u =t+ mz, is given by

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

and shown as a blue line.

The variable (—t) varies from (—t)pyin, 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 figure 19.
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The value of (—t)min is given by eq. (C.10). In the domain of M“%p for which the phase-
space is a triangle, as illustrated in figure 18, the minimal value of —t is actually above

(—t)min- For a given value of M2, this minimal value of —t is given, using eq. (D.1), by

P
(_t>inf - m?) - M»%p + (_t/)min + (_u/)min 5 (D2)

with <_t)min < (_t)inf .

This constraint on —t leads to a minimal value of Mv2p’ denoted as M,fp orit » When
(—=t)int = (—1t)max , which thus reads
M2y erie = (=t Jmin + (= Jmin + M = (—H)mase - (D-3)

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

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

ensures that the s—channel Mandelstam variable Mgp > Mv2 it 1S indeed large enough as
it should be for large angle scattering.

For the purpose of integration, we define, for —(u')min < —u',

(=) min(—u) = mf, - Mvzp + (=) min — o’ (D.4)
We denote the maximal value of —u’ as (—u)maxMax , attained when —t = (—t)pax , and
given by
—U )maxMax = | —U)max — M — (= )min, .
(—u) (—t) oM, — () (D.5)
see figure 18.
The phase-space becomes a trapezoid when (—t)inf = (—t)min, i.€. according to
eq. (D.2) when
M2, = —(—t)min + (=t )min + (=1 )min + m . (D.6)

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

o1 —m?(1+ M?)
M trans = (S = MP) P g (D.7)
where . . )
m2 = (_u )min + (_t )min + m, ' (DS)
Syn — M?
With our choice of parameters, we get MA%p trans = 2.58 GeV? in the case of S,y = 20 GeV?.

Above this value, the phase-space is a trapezoid, illustrated in figure 19. This trapezoid
reduces to an empty domain when (—#)min = (—%)max - From the solution of eq. (C.9), this

occurs l()
JL4",0M8,X — (S N 7‘[2) ( )( max 2\/( o ax(( max ) , (I ).9)

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

decreases with decreasing values of S,y .
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(_u/>maxMax

( *ul)maxMin

(*u,)min

: | —t
(_t)min (_t)max

Figure 19. Trapezoid-like phase space, illustrated for the case Mﬁp =4GeV? and Syn =20 GeV?.

= M?

p Max and

The minimal value of S,y is obtained from the constraint M§
equals Sy nerit ~ 5.87 GeV?2.

Finally, let us briefly discuss the invariant mass MpzN,, which should be restricted to

pcrit

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 MEN’ is minimal when —u’ = (—u/)maxmMax and

2 _ ar2
M5, = M2 \axs

—t = (—t)max - This minimal value increases with S, x. Its minimal value is thus obtained

and for A, and f; anti collinear, with |A;| being the value corresponding to
when Sy n = S, Nerit, this value being J\Jpzj\,,Min ~ 3.4 GeV? which is far above the resonance
region.

D.2 Method for the phase space integration

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

2 2 2
dM’%p - H(M’chrit < M’yp < M'yptrans) (D.lO)
(_u/)maxl\/lax (_t)max do.
« / d(—u) / d(—t) F(1)? ‘
(_u/)min (_t)mi“(_u/) dM'gpd(_u,>d(_t) (_t)min

+9(M3ptrans < M’%p < M’%pMax)

/(—u’)maxMin d( /) /(—t)max d( ) F( )2 dU ‘
X —u —t t
(_u,)min (_t)min dM’%pd(_u,)d(_t) (_t)min

/(’U, )maxMax d( ,) /(t)max d( ) F( )2 do ‘
—+ —u —t t .
(7u/)max1\/ﬁn (7t)min(7u/) dM,%pd(—U,)d(—t) (_t)min

Using our explicit dipole ansatz for F'(t), see eq. (5.23), we obtain
4
doC [0(

dM2 3 Mﬂf crit < M?/p < M’?/ptrans) (D.11)
vp

p

(=) maxMax , 1 1 do
<ol oo oA =er) D2,d(—)d(—1) ’(t)m

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

+6(M’$ptrans < M'?p < M'?pMaX)

. [ 1 - 1 ] /(—u/)maxMin d(_u’) do ‘
((_t)max - C)3 ((_t)mln - C)S (_u/)min dM’gpd(_u,)d(_t) (_t)min

(—u/)maxMax , 1 1 do
+/ (=) | 75— N=C) | a2 d(—ayd(—1 ’
(—v)maxMin ((7 )maX* ) ((7t)m1n(7u )7 ) P (*U ) (7 ) (=) min

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 pﬁLTf = (M,0,0,0) are
related by the longitudinal boost along 2 axis characterized by the rapidity ¢ such that, in
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Figure 21. Angular distribution in the chiral-odd case. Up, left: S,y = 10 GeV?, for Mgp =
3 GeV? (solid blue) and M2, =4 GeV? (dotted red). Up, right: S,n = 15 GeV?, for M2, =
3.5 GeV? (solid blue), M?, = 5 GeV? (dotted red) and M?, = 6.5 GeV? (dashed green). Down:
Syn =20 GeV?, for M?, = 4 GeV? (solid blue), M2, = 6 GeV?> (dotted red) and M?, = 8 GeV?
(dashed green).

the Bjorken limit,

1 M 1

cosh ¢ = L s+
2 | Vs(1+¢) M

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+&) || 7 — 5 |

tanf = — = .
—a(l+€)2s% + (5, — 5t)2 M2

(E.2)

Using the relation o = Mgp/(—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)
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Figure 22. The differential cross section % Solid red: no angular cut. Other curves show

the effect of an upper angular cut 6 for the ozlpt—going v: 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,y =10 GeVZ. Up, right: S,x = 15 GeV?. Down: S,y = 20 GeV?.

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 ﬁt = 0, and thus write

2MS(1 + 5) Dt

E.6
—a(1+ €282 + pEM?’ (E.6)

tanf = —

where p; =|| p¢ || -
Using the formulas given in section C.3, one can compute « as a function of 6. One
gets

(1—1—{—1—%)%tan29+a<1+\/1+tan29>
for tand = E.
or tanf >0, « 1+ 17 tan? 0+ 2a ) (E.7)

(1—|—§+7~')%tan20—|—a<1—\/1+tan29>
for tan6 < 0 = E.8
L (1+&+7)2tan?0 + 2a ' (E:8)
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25° (dashed-dotted brown), 20° (long-dashed magenta), 15° (short-dashed purple) and 10° (dotted

black). Up, left: S,y =10 GeVZ. Up, right: S,x = 15 GeV?. Down: S,y = 20 GeV?.

Figure 23. The differential cross section Solid red: no angular cut. Other curves show

where
AM?
a=—2"2 (E.9)
s
.26 M, M
— = E.10
TTAx ¢ s TTs ( )

thus providing —u as a function of § using —u' = aM,fp, see eq. (C.19).
The angular distribution of the produced photon can easily be obtained from the

differential cross-section by using the relation

g f'(=)

i)~ Tt () (E1D)

so that we get
ldo 1 do d(—u) 1 do 1+ f2(—u[0])
od)  od(—u) do  od(—u) f/(—u'[0))

The obtained angular distribution is shown in figure 20 for the chiral-even case, and in

(E.12)

figure 21 for the chiral-odd case. In the chiral-even case, the obtained angular distribution
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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.

In practice, at JLab, in Hall B, the outgoing photon could be detected with an angle
between 5° and 35° from the incoming beam.

The effect of an upper angular cut can be seen in figure 22 for the chiral-even case,
and in figure 23 for the chiral-odd case. As seen from figures 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 figures 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 M2, () > 6 GeV?, allows to increase the ratio odd versus even from ~ 1/900 to ~
1/40, keeping about 3% of the chiral-odd contribution, for typically S,n between 18 GeV?
and the maximal value 21.5 GeV?2. This in principle would lead, dealing with observables
sensitive to the interference between the chiral-odd and the chiral-even contributions, to a
relative signal of the order of 15%.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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