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1. Introduction

The factorization of exclusive amplitudes in a short distance dominated part which may be calculated in a perturbative way in the one
hand, and universal confinement related hadronic matrix elements in the other hand, is a welcome feature of quantum chromodynamics
(QCD) for specific processes in specific kinematics. The textbook example of such a factorization is nearly forward deeply virtual Compton
scattering where generalized parton distributions (GPDs) are the relevant hadronic matrix elements. The extension of this description
to other processes such as backward virtual Compton scattering and backward meson electroproduction, has been advocated [1-3] -
although not proven. In the latter process, new hadronic matrix elements of three quark operators on the light cone, the nucleon-to-meson
transition distribution amplitudes (TDAs), appear which shed a new light on the nucleon structure, and enable to quantify nucleon’s
mesonic cloud. The validity of such a factorization requires at least the existence of a large scale Q, which has been taken as the
spacelike, respectively timelike, virtuality of the photon quantifying the electromagnetic probe in the case of electroproduction, respectively
lepton pair emission in antinucleon-nucleon annihilation. This large scale ensures the validity of the perturbative expansion of the hard
subprocess with the QCD coupling constant o (w) taken at a scale i = 0(Q). The factorization scale is also to be taken of order Q.

In many instances (jet production, heavy meson production or decays...) it has been shown that the occurrence of a heavy elementary
particle, for instance a quark with mass mq, is sufficient to ensure the reliability of a perturbative expansion with pt =mgq. The pioneering
studies of the charmonium decay width and of specific charmonium decay channels [4-6] have proven the value of this approach. We will
follow this line of reasoning in the present Letter.

The spectroscopy of charmonium states is at the heart of the physics program of the PANDA experiment at the GSI-FAIR facility [7,8].
Some of these unknown (or badly known) states will decay in a lower mass charmonium such as the J/v and a few ordinary mesons.
When scrutinizing the final states produced, it will be of the utmost importance to separate these associated charmonium-light meson
states from a background where the light meson(s) just evaporate from the beam or the target nucleon. These latter cases are the target
of our study. But we stress that their production process is much more interesting than a mere background to subtract: it is indeed
a new way to access the inner structure of the nucleon through the study of baryon to meson transition distribution amplitudes. For
definiteness, we will present the study in the case of a single 7 meson produced in conjunction with the J/v. A slight extension of the
same formalism applies in the cases where another meson, e.g. p, 1, w, fo, ¢ or a pair of mesons, e.g. 77, KK, is produced.
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Fig. 1. Collinear factorization of the annihilation process N(p,;,)N(pN) = J/¥(py)7 (px)- Left panel: backward kinematics (u ~ 0). Right panel: forward kinematics (t ~ 0).
N(N) DA stands for the distribution amplitude of antinucleon (nucleon); 7 N(7w N) TDA stands for the transition distribution amplitude from a nucleon (antinucleon) to a
pion.

An alternative description of NN annihilation in a charmonium accompanied by a meson proposed in the literature is the use of
effective hadron exchange models; see e.g. [9] and [10,11]. This method provides an essentially non-perturbative description of the process.
Our aim is to single out with the help of factorization techniques the perturbative part of the process and to relate the remaining
non-perturbative part to universal fundamental quantities with interpretation within QCD as the light-cone matrix elements of correlators
of the fundamental fields.

2. Kinematics

The study of charmonium exclusive hadronic decays has been for a long time one of the fields of application of perturbative QCD
methods. It has been argued [12,5] that the dominating mechanism is the cc pair annihilation into the minimal possible number of gluons
which then produce quark-antiquark pairs forming the outgoing hadrons.

In the present Letter we extend the same perturbative QCD framework for the description of a cross channel reaction in which nucleon-
antinucleon annihilate producing heavy quarkonium together with a light meson (mw, 1, @, p) almost collinear either with incoming
nucleon or antinucleon. For simplicity below we address the case of 7 meson and consider the reaction

N(pn) + N(pg) = J/¥(py) + 7 (pr). €

Here the NN center-of-mass energy squared s = (py + p,;,)2 = W? and the charmonium mass squared Mi introduce the natural hard
scale. In the complete analogy with our analysis [13,14] we assume that this reaction admits a factorized description within two distinct
kinematical regimes (see Fig. 1):

e The near-forward kinematics t = (pr — p,;,)2 ~ 0; it corresponds to the pion moving almost in the direction of the initial antinucleon
in NN center-of-mass system (CMS);

e The near-backward kinematics u = (pr — pN)% ~ 0 corresponding to the pion moving almost in the direction of the initial nucleon in
NN CMS.

The suggested reaction mechanism forms the distinct forward and backward peaks of the differential cross section of the reaction (1)
do /dt as the function of cos@} (6 is the pion scattering angle in the NN CMS). The process (1) allows us to test the universality of 7 N
TDAs that appear also in the description of y*N — 7N and NN — £+ ¢~ 7 reactions [15,14].

Due to the C-invariance of strong interaction there exists a perfect symmetry between the forward and backward kinematics regimes
of the reaction (1). These two regimes can be considered in exactly the same way (see the discussion in Appendix C of Ref. [14]). Precisely,
the amplitude of the reaction (1) within the t-channel factorization regime can be obtained from that within the u-channel factorization
regime with the obvious change of the kinematical variables:

DN — Dy DN — DN,
A'=(pzr —pn) — A'=(pz —pR).
u—t. (2)

However, the backward and the forward regimes are treated somewhat unequally within the PANDA experimental set-up operating
antiproton beam. Indeed, once switching to the laboratory system (which corresponds to the nucleon at rest) one may check that the
forward peak of the cross section as the function of cos 9},"8 is narrowed, while the backward peak is broadened by the effect of the
Lorentz boost from the NN CMS to the laboratory frame.

In this Letter we have chosen to present explicitly the details of calculation of the reaction amplitude within the backward kinematics
regime. As usual, the z axis is chosen along the colliding nucleon-antinucleon with the positive direction defined by that of the antinucleon
beam. We introduce the light-cone vectors p, n satisfying 2p - n = 1. The Sudakov decomposition of the relevant momenta is presented in
the Appendix A of [14].
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Fig. 2. Feynman diagrams describing /¢ 7 production subprocess at the Born order.

For the calculation of the hard part of the amplitude we apply the collinear approximation. We neglect both the nucleon and pion
masses and assume At = (p; — pn)T = 0, where the transverse direction is defined with respect to the z direction.
The Sudakov decomposition employed for the calculation of the hard part then reads:

S
pNn = (1 +8&)p, Py = a+e
S

Py 22€p+mn, A=A"=py —py > —26p. (3)

Here & is the u-channel skewness variable

n,

2
_(pﬂ_pN)‘nN Ml[/
(Pn‘i‘PN)'n_ZWz—Mzw.

Following [12], in our calculation we set

E=

My ~2m¢ >~ M, (5)
taking the average value M =3 GeV.

Let us emphasize that we keep the exact kinematics (see Appendix A of Ref. [14]) for the nucleon spinors and for J/¢ polarization
vector. The physical kinematical domain for the reaction (1) in the backward regime is determined by the requirement A% < 0, where

2 1§67, m} m2
AT_1+S<A _zé[ws_l—s})’ ©

where my (my ) stands for the nucleon (pion) mass. The limiting value A% =0 corresponds to

2 g 2
A=A = 28(my (& ;2)_+1mn E+1) -

In the calculations presented below we neglect the pion mass my.
3. Hard amplitude calculation for N+ N — J/¢ + 7

The calculation of N+ N — ]/ + 7 scattering amplitude follows the same main steps as the classical calculation of the J/¥ — p+p
amplitude [12,5,16]. Assuming the factorization of small and large distance dynamics the hard part of the amplitude is computed within
perturbative QCD. Large distance dynamics is encoded within the matrix elements of QCD light-cone operators between the appropriate
hadronic states. The leading order amplitude of (1) is then given by the sum of the three diagrams presented on Fig. 2.

Below we present our conventions for the relevant light-cone matrix elements encoding the soft dynamics. For definiteness we consider
the case of the leading twist uud pmw® TDA. The case of nw~ TDA is completely analogous. Throughout this Letter we make use of the



102 B. Pire et al. / Physics Letters B 724 (2013) 99-107

parametrization of [17]! since it simplifies considerably for At = 0 case. The parametrization involves 8 invariant functions each being the
function of three longitudinal momentum fractions x;, skewness variable &, momentum transfer squared A2 as well as of the factorization
scale u:

3

dri | <3

4(p-n)3/[]_[ z—nj]el Liet %M P70 (p ) ¢ cy0,u5 UL (Ram)d5E (A3m)|NP (pw, sn))
=1

=500 + X +X3— zs>z§—N[V§"”°>(x1,z,3, & A7) (BC)pe (UT),

—I—A(pno)(m 23,6, 4 )(ﬁysc) (VSLW) +T1(pﬂ0)(xl,2,37$7AZ)(O'puC)pr(VMU+)X
+mN1V(pn )(Xl 23,6, 4 )(pc),or(ATU+) +m_]A(p”O)(X1 23,§,A2)(ﬁy5c) (VSATU+)
+mg TP (31 2.3, €, A?)(©0parOpe (UT), +my TP (%123, € A2) (09 C) e (eh4Tut),

+mN2T(p '(%12,3.&, A%)(0pa; O pe (ArUT )x] (8)

Here f; =93 MeV is the pion weak decay constant and fy determines the value of the nucleon wave function at the origin. Through-

out this Letter we adopt Dirac’s “hat” notation ¥ = v, y", o/’ = %[yﬂ, yV], oV* = v,0**; C is the charge conjugation matrix and

0 0 0

Ut = piU(py, sn) is the large component of the nucleon spinor. For Ar = 0 just three invariant amplitudes V"™, AP" and T™"
survive in the parametrization (8).

For the leading twist antinucleon DAs we employ the standard parametrization [5] (see also Appendix B of Ref. [14]). The non-

relativistic light-cone wave function of J/¢ heavy quarkonium is given by [5]

_ 1 ~
Ppr (2, py) = Ofcc @cp (=) ]/ V) fy [2mcE + 0p,0E”] 9)

where m. is the c-quark mass and £ stands for the charmonium polarization vector. With the use of the non-relativistic wave function (9)
we tacitly assume that each charm quark carries half of the momentum of the J/i. The normalization constant fy is extracted from the
charmonium leptonic decay width I"'(J /¢ — eTe™):

2
I LI

r ete” 47 2 & . ec=-~—. 10
(.]/w - ) (47T ote m. ) v M, c=3 (10)
Using the values quoted in [19] we get
[fyl| =413+ 8 MeV. (11)
The leading order amplitude of (1) reads
1 - N o
MV =c— [pr, SOE WYsU (pw. SN (&, A7) — V(i sE W ArysU (o, s (&, Aﬂ, (12)

where V and U stand for the nucleon Dirac spinors. The calculation of 3 diagrams presented on Fig. 2 yields the following result for
Z(§, A%:

1+£
I(g, 4%) = /dyaﬁ(Zx] 2s>/d3y5<2yk—1>
14k k=1

= 3x1y3 +x3y0) VIV (23,8, 42) — ATV (%123, €, AD)(VP(y123) — AP (¥12,3))
Y1y2y3(x1 +i0)(x2 +i0)(x3 +i0)(x1 (2y1 — 1) — 2§ y1 +i0)(x3(2y3 — 1) — 28 y3 +i0)

Eaya+ x0TV (%1236 42 + 2 4 T“’ )(X1,2,3, £, AM))TP(¥12.3)
yl}/2y3(X1 +1i0)(x2 +i0)(x3 +i0)(x1 (2y1 — 1) — 25)’1 +i0)(x2(2y2 — 1) — 28y, +i0) } (13)
where
146 1+£ 1+£ 1+£ 1 1 1 1
/ d3x = / dxq / dx; / dxs, /dgyz/dy1/dy2/dy3. (14)
—1+& —1+£& —1+¢& —1+¢& 0 0 0 0

For Z'(&, A%) we get

T The relation between this parametrization and the one employed in Refs. [18,15,14] is given in the Appendix A of [15].
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1+& 3 1 3
T'(5, 4% = /d3X8<ij—2§>/d3y8<Zyk—l)
j 0 k=1

—1+¢ J=1

103

y { E3x1y3 +x3yD VSNV (x1 23, €, 42) — ATV (x4 2,3, £, A2) (VP (y1,2,3) — AP(1.2,3))
Y1Y2y3(x1 +10)(x2 +i0)(x3 +i0)(x1 (2y1 — 1) — 26 y1 +i0)(x3(2y3 — 1) — 2§ y3 +i0)

E3x1y2 + 03TV (x123,8, A7) + TV (%123, 6, A2)TP(y123)

Y1y2y3(x1 +i0)(x2 +i0)(x3 +i0)(x1 (2y1 — 1) — 25 y1 +i0)(X2(2y2 — 1) — 2£y, +-10)

The overall factor C in (12) is expressed as:

2 2
1 5 1 1 10
“amarnfe 1 g (3L _ (mayy? Inv 10
fr 2 — "33 [Eng fx 81
—~ Dirac trace = ‘“—————
J/¥ wii. color factor

normalization

}. (15)

(16)

where o stands for the strong coupling. One may check that the poles in x; are indeed located either on the cross over trajectories x; = 0,
which separate the DGLAP-like and ERBL-like support regions of 7 N TDAs,? or within the DGLAP-like support region (for the y-dependent

poles in x;) as it certainly should be.

The structure of result (12), (13), (15) resembles much the well-known expression for J/¢ — pp decay amplitude [16]:

fowlf
= (4mas)? —UEV My,
(4ras) 5 81 & 0
where
Mo_/d3x8<2x1—1>/d3y6<2yk—1>
k=1

N { Y1x3(VP(x12,3) — AP (x1,23) (VP (¥1,2,3) — AP(¥1,2,3))
y1y2y3x1X2x3(1 — 2x1 — DRy1 — 1))(1 — 2x3 = 1)(2y3 — 1))
2y1%2TP (%1,2,3)TP(¥1,2,3) }
y1y2y3 xX1%2x3(1 — 2x1 — 1H2y1 — 1)1 — 2x2 — 1)(2y2 — 1))

The J/¢¥ — pp decay amplitude (17) results in the following expression for the decay width [16]:

80f7 fy 2

1
r'(J/y — pp) = (mas)® 0

2437 M>

4. Estimates of the cross section

The squared amplitude (12) averaged over spins of initial particles reads

|MA‘)\‘/ — ZMSNSN SNSN) )

SNSN

(17)

(18)

(20)

(21)

At the leading twist only the transverse polarization of J/v is relevant. To sum over the transverse polarization we employ the relation:

> e MET (M) =—g" + %(p“n” +p'n?),

- (p-n
and get
2(1+5)< Az ) 2>
IM 2 =12 lcP——==(|z(¢, A% = =L|7'(t. A )

The leading twist differential cross section of N4+ N — ]/ + 7 then reads [21]

do 1 T2
—5 = T
dA? 167 A2(s,m%, m3)

)

where A(x,y,z) =+/x2 + y? + 22 — 2xy — 2xz — 2yz.

2 For the definition of the ERBL-like and DGLAP-like support regions of TDAs see [20].

(22)

(23)

(24)
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Table 1
Nucleon light-cone wave function normalization constant fy at po =1 GevZ and J /¥ — pp decay width for various nucleon DA models.
Experimental value is taken from [19].

DA model |fn| GeV? I'(J/¥ — pp) (KeV) as for which
for otg = s = 0.3 IE(J / — pp)
is reproduced
coz (5.0£0.5)-1073 0.42 0.26
KS (5.0£0.5)-1073 0.84 0.24
“Heterotic” model (5.04+0.5)-1073 1.20 0.22
BK 6.64-1073 0.05 0.38
BLW NLO (5.0£0.5)-1073 0.02 0.44
Asymptotic (5.0£0.5)-1073 0.015 0.46
Experiment - 0.19-0.21 -

In order to get a rough estimate of the cross section we use the simple nucleon exchange model for 7t N TDAs suggested in [15]. We do
not expect that the inclusion of the spectral part for 7N TDAs [20] would be essential to draw a conclusion on the feasibility of the
relevant experiment and may be postponed until the precise experimental data will be available.

For the w N TDAs within the parametrization (8) the nucleon pole model of Ref. [15] reads

0 my 1 1-— X1 X2 X3
(V1. Ay, T3P (%, &, A2)|N(940) = OprBL(X1, X2, X3) X (&xNN) [x g{Vp, AP, Tp}(— — —)

A2 —mE (26) 1+6 26" 26 2
myfr 1 X1 X2 X3
V. Ag, Ta, T3} P (x;, &, A2 = OrpL (X1, X2, X3) X NI _{yP AP TP, TP (—,—,—),
{Va, Az, T2, T3} (xi. & )‘N(940) ERBL (X1, X2, X3) (gnNN)Az g (2.;?){ } 2% 26 2%
(7% 2 _
T (xi 6. A )|N(940) =0, (25)
and
_ 0
V12, Az, Tr23a) ™ (% € A7)y oa0) = V2UV1.2, A Tr23.4) P (31,8, A)] g a0 (26)
Here VP, AP and TP stand for the nucleon DAs; g,nn ~ 13 is the pion-nucleon phenomenological coupling and
3
OereL(x1, X2, x3) = [ | (0 < x¢ < 28) (27)
k=1
ensures the pure ERBL-like support of TDAs. For the simple nucleon pole model (25)
Jr gennmy(1 — &)
Z(g, A? = Mo;
( )|N(940) (AZ —m%\,)(l _I_%-)
fr &xnnmn
I/(5142)|N(940)= o Mo, (28)

(A2 —m3%)

where My is given by Eq. (19).

As the phenomenological input for our cross section calculation we may use different solutions for the leading twist nucleon DA.
Similarly to the case of charmonium decay width our result may depend strongly on the form of input nucleon DA. In order to be able to
characterize this dependence we present in Table 1 the predictions of J/y decay width (20) into pp within the pQCD description with
the use of the nucleon DAs in question as the numerical input for oy = s = 0.3. Several points are to be mentioned.

e The decay width (20) shows strong dependence on o: ~ af. There is no unique opinion in the literature on the value of the strong
coupling for the gluon virtuality in question.

e Nucleon DAs that are largely concentrated in the end-point regions such as Chernyak-Ogloblin-Zhitnitsky (COZ) [16] or King and
Sachrajda (KS) [22] for ooy = 0.3 seem to overestimate the experimental width by the factor 2-4. They require smaller values of
aos ~ 0.25 to reproduce the experimental value. These solutions have been strongly criticized in the literature (see e.g. discussion in
Chapter 4 of Ref. [23]).

e The “heterotic” DA model [24] requires even smaller values of s ~ 0.2 to reproduce the experimental width.

e On the other hand, the phenomenological solutions for the nucleon DA which are close to the asymptotic form (Bolz-Kroll (BK) [25],
Braun-Lenz-Wittmann (BLW NLO) model of [26]) for as = 0.3 underestimate the experimental value of the decay width by a factor
5+ 10. Usually, o5 ~ 0.4 is required to reproduce the experimental value of I"(J /¢ — pp).

Based on the above arguments we have instead chosen to present our results for the NN — J/v 7 cross section with the value of o
fixed by the requirement that the given phenomenological solution reproduces the experimental [/ — NN decay width (see Table 1).
As it can be seen from (28), (19) in this case the simple nucleon pole model (25) for # N TDAs gives the same predictions for the
pp — J/¥ ° cross section for any input nucleon DAs. This allows to roughly estimate the cross sections without entering the lively
discussion about which model is more appropriate to describe the nucleon DA. This is not intended to minimize the interest of extracting
information on nucleon DA from the data, which will certainly be an interesting output of a detailed analysis of the different reactions
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Fig. 4. Differential cross section d"% for pp — J/¥ 70 as a function of A% for W2 =15 GeV? (left panel) and W2 =20 GeV? (right panel).

involving DAs and TDAs. On Fig. 3 we show our results for the differential cross section d‘% for pp — J/¥ m° as a function of W2 for

A2 =0. On Fig. 4 we show the differential cross section d“% for pp — J/¢ 7¥ as a function of A% for several values of W2.

The pion scattering angle in the NN CMS for the u-channel factorization regime then can be expressed as:

2 _ A2
. —(1 -5+ =B
cosb; = — , (29)
my —A7

\/(—(1 — 8§+ P p)’ — A2

W 4,/ W2 — 4m? W — /W2 —4m?)(1+&)
V N ﬂ:( V N) | 30)

o= ,
4(1+¢) am3,

One may check that for A% =0 indeed cos6; = —1, which means backward scattering. Expressing our cross sections as functions of

cos 6 (29) we reproduce the order of magnitude (~ 100-300 pb/GeV? for A% =0) of the corresponding cross sections presented in [11].

This fact is certainly not surprising since it can be seen as an artefact of a simple nucleon pole model of 7 N TDAs.

where
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pp - Iy n%; W?=15 GeV%

180°

Fig. 5. Angular distribution for the do/dA? cross section for near-forward (cos 0% > 0) and near-backward (cos6; < 0) scattering regimes for —1 GeV2 < A2 K Agm. Dashed
lines show the effect of the cutoff A2 > —1 GeV? for the values of the pion CMS scattering angle 0x.

We also reproduce the characteristic shape of angular distributions of the cross sections presented in [11]. On Fig. 5 we show the
center of mass angular distribution for the do /dA? cross section for both forward and backward factorization regimes presented on the
polar plot with the polar angle being the pion CMS scattering angle 6;;. We present the ratio

o, (W2, A%)
o, (W2, A2 =0)

(31)

as the function of 8 showing the result for W2 =15 GeV? and for —1 GeV? < A% < A2 ., where AZ.. > 0 is the limiting value (7) of
the momentum transfer squared. The left half of the graph corresponds to the near-backward factorization regime and right half of the
graph corresponds to the near-forward factorization (see Fig. 1). With the dashed lines we show the effect of the cutoff A2 = —1 GeV? for
the values of the CMS scattering angle.

Since these rates are certainly within the experimental reach of the PANDA experiment, the study of reaction (1) will provide a
valuable universality test for the TDA approach since the same TDAs also arise in the description of NN — y*7 [14] and backward pion
electroproduction off nucleon y*N — N [15].

It is worth mentioning that it might be advantageous also to study the process

p(py) +n(pn) — J/¥(py) +7~ (Pr). (32)

In our simple nucleon pole model for 7N TDAs the corresponding cross sections are enhanced by the factor 2 due to the isotopic factor

V2 in (26).
5. Conclusions

In this Letter we address the reaction p + N — J/¥ + m which will be studied in the PANDA experiment at GSI-FAIR to look for
exotic charmonium states production [27]. We argue that outside the region specific for the resonance production, this reaction may be
analyzed within the pQCD framework. It will not only help to quantitatively disentangle resonance production from the universal hadronic
background but also will provide valuable information on hadronic structure encoded in nucleon-to-pion TDAs.

Nucleon-to-pion TDAs are essentially non-diagonal matrix elements of QCD light-cone operators which probe the non-minimal Fock
state contents of hadrons. Therefore TDAs supply complementary information with respect to diagonal partonic distributions (PDFs, GPDs).
On the other hand, the suggested possibility of description of the process in terms of fundamental degrees of freedom of QCD largely
increases its theoretical importance. It is also worth mentioning the possible generalization of our approach both to the case of other
heavy quarkonium states as well as to various accompanying light meson species (1, p, w, etc.). The TDA framework has also been
recently [28] used in a double handbag description of proton-antiproton annihilation into a heavy meson pair.

Within the kinematical range accessible at PANDA we provide the predictions using a simple nucleon pole model for 7N TDAs. The
obtained values of cross sections give hope of experimental accessibility of the reaction. Our predictions are consistent with the recent
estimates of [11] obtained within a fully non-perturbative effective hadronic theory. However, the latter approach lacks the direct relation
to the dynamics of fundamental degrees of freedom of QCD. Precise experimental data, and the study of polarization observables not
discussed here, will allow to discriminate between the QCD and hadronic approaches.

It is also worth mentioning that the mass of the charm quark may not be large enough for our leading order (in o) and leading twist
analysis to be sufficient to describe the data. More work is certainly needed to go beyond the Born approximation for the hard amplitude,
in particular because the timelike nature of the hard probe is often accompanied by large O («;) corrections [29].
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