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We discuss the pp annihilation into a pair of charmed D mesons not far from the threshold
of the reaction. An interesting interference pattern in the differential cross section is predicted to
arise from the existence of both ¢t-channel charmed-baryon exchange and s-channel ¥" charmonium
resonance amplitudes. We argue that the experimental study of this process would provide new and
valuable information about the unknown pp¥" and A.ND couplings. These are important to know
to solve the long-standing puzzle of the heavy flavor content of baryons and to test the semilocal

duality.
PACS number(s): 13.85.Ni, 14.20.Lq, 14.40.Lb

There exist many meson states which couple to the
NN system. These states then appear as the poles in
the amplitudes of the NN interaction and this, in princi-
ple, can lead to observable effects. However, the common
situation in the light quark sector is that the widths of the
resonances are large; they therefore overlap and interfere.
The necessity to account, in addition, for an interference
with the (generally unknown) t-channel exchange ampli-
tudes further complicates the situation, making a clean
and detailed analysis an extremely difficult task.

In this sense a rather uncommon situation is encoun-
tered in the pp annihilation into a pair of D mesons close
to the threshold. The s-channel resonance here is the
¥ (3770) charmonium state with a relatively small width
of I' ~23.6 MeV. The nearest charmonia are too far and
narrow to cause any appreciable interference effects, so
the pole corresponding to ¥” can, to a good accuracy,
be considered as isolated. In addition, there exist of
course nonresonant t-channel amplitudes, corresponding
to the exchange of the states with the quantum num-
bers of charmed baryon(s). The relation between the
strengths of the resonant and nonresonant amplitudes
depends on two couplings, NN¥” and N.ND. Almost
nothing is known at present about the values of the cor-
responding coupling constants, apart from a few rather
controversial predictions [1-5]. A possible admixture of
the light-quark—antiquark pairs in the wave function of
the ¥” can further complicate the situation, giving rise
to a nonperturbative contribution to the pp — ¥” am-
plitude. Another interesting issue concerning the N.ND
coupling is that the knowledge of its value is desirable to
solve the problem of the intrinsic heavy flavor content of
the baryons [6,7]. The arguments listed above indicate
that the study of the pp — DD reaction is interesting,
but at the same time leave seemingly little chance to
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make a reliable prediction for the relative importance of
s- and t-channel exchange amplitudes.

There exists, however, an attractive theoretical scheme
which, when applied to our situation, gives a definite
answer—the (semilocal) duality [8-11]. Namely, the
semilocal duality implies that the averages (over a finite-
energy segment) of cross sections corresponding to the
sum of all possible amplitudes in s and ¢ channels, re-
spectively, should be approximately the same.

We therefore can expect the appearance of an inter-
esting interference pattern in the vicinity of the " reso-
nance, arising from the competing s- and ¢t-channel am-
plitudes of comparable size. To see in more detail how
this pattern can appear, we shall try to calculate directly
the cross section of the pp — DD process.

The s-channel resonant amplitude is given by

A" - pp)A(T" — DD)

T = — , 1
S—M}2{+iMRFR ( )

where Mp and I'p are the resonance mass and width
and A(9P” — X) stands for the resonance decay ampli-
tude. For what concerns the t-channel amplitude, we
shall model it by the A. charmed-hyperon exchange. We
choose the effective Lagrangian of A./ND interaction as

Ui = ig(&).\,s‘ll)@ ) (2)

where g = ga_np is the corresponding coupling constant,
® is the field of the D meson, and ¥ is the Dirac spinor
of the baryon. The interaction (2) induces the ¢-channel
exchange amplitude of the form

O - 9 A 3
—t_sz(q+ )u? ()

where M and m are the charmed hyperon and nucleon
masses, respectively, A = M — m, and q is the c.m. sys-
tem (c.m.s.) momentum of the D meson (in what fol-
lows we shall keep the notation and metric conventions
of Bjorken and Drell [12]).

The initial- and final-state interactions must also be
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taken into account. If Sp5 and Spp are the S-matrix
elements describing the interaction in the initial and final
channels, respectively, then the total transition S-matrix
element can be represented as [13]

Sif = V/SepSis/Spp (4)

where S ¢ is the transition matrix element induced by
the amplitudes (1) and (3).

A fair description of the pp interaction in the energy
range of interest for us is given by the so-called Frahn-
Venter (spin-dependent) model [14]. It has been success-
fully applied to describe the pp scattering [15] and initial-
state interaction in the pp — AA reaction [16]. We thus
feel free to introduce the initial-state interaction in ex-
actly the same way as it was done in [16]. The main
effect of the initial-state interaction is to damp the cross
section by a factor of ~ 1072-1073, depending on the
partial waves involved.

The properties of the DD interaction are essentially
unknown; it nevertheless seems natural that it is much
weaker than the strongly absorptive pp interaction. In
what follows we shall put Spp = 1, thus neglecting the
final-state scattering.

We now have to consider the amplitudes of ¥/ de-
cay entering into the resonant amplitude (1). A natu-
ral (though not necessarily true—see [17]) assumption is
that the Okubo-Zweig-lizuka- (OZI-) allowed DD mode
dominates the ¥" decay; this fixes the A(¥” — DD)
amplitude by the relation I'(¥” — DD) ~ I'g.

The partial width I'(¥” — pp) is presently unknown;
we thus have to make use of available theoretical pre-
dictions [1-5]. They are quite contradictory: while
Refs. [2,3] predict the value of I'(¥” — pp) to be in the
range of 3-8 eV, and [1] the value of ~ 40 eV, Ref. [5]
claims a value as high as 500 £+ 150 e¢V. Keeping in mind
the controversial character of these theoretical predic-
tions, we shall use a rather conservative value of ~ 7
eV, arising from the appropriate scaling of the J/ and
VU’ partial decay widths to the pp channel [2,3]. The cor-
responding resonant part of the pp — DD cross section
at the peak (without taking into account any of the in-
terference effects) can therefore be estimated as

1 =
o,reS(pﬁ__) DD) ~ 127 P(‘I} _>pp)

~ ~0.5nb .
MZ —4m? Tp "

(5)

The last ingredient that has to be fixed is the value of
the AcpD coupling constant. To the best of our knowl-
edge, it has not been evaluated previously. Our first
SU(4)-motivated guess for it is

2 2
IApD |, IAPK 139496, (6)
4m 4
where the last value is taken from Martin’s analysis [18]
of kaon-nucleon scattering data using the forward dis-
persion relation techniques. The values extracted by
other authors from the analyses of kaon-nucleon scat-
tering [19], kaon photoproduction [20], hyperon-nucleon

BORIS KERBIKOV AND DMITRI KHARZEEV 51

potential [21], and the pp — AA reaction [22] are consis-
tent with this result.

The evaluation of the amplitude (3) is more conve-
niently performed in the helicity basis. The two helicity
amplitudes corresponding to the values of the total helic-
ity A = A, — Ap equal to A = 0 and A = 1, respectively,
are

> 2
t g p
T = (AE+‘”°SG) ’ (7a)
. 2
ig -E
T = (Fq Smg) ’ (7o)

where p and £ = 4/p? + m2 are the momentum and
energy of the (anti) proton in the c.m.s., and 6 is the
angle between the directions of the incoming antiproton
and outcoming D~ or D° meson.

The machinery of the evaluation of the amplitudes (7)
is standard [23,24], and includes the decomposition of
the helicity amplitudes into components with definite to-
tal momentum. It is further convenient to expand the
denominator

r 1 1
(t—M2) ~  2pgz-—cosf’

where

1 {1 s
- — |z M2 _ 2 _ M2 e
2= GO0t hp) 4
(Mp is the D-meson mass, and s is the c.m.s. energy
squared), using the Heine formula

oo

(z—cos0)™" = Y (2m + 1) P (cos 0)Qum(2) ,

m=0

with P,, being the Legendre polynomials and Q,, the
Legendre functions of the second kind.

We now have to correct for the initial-state interaction.
The S-matrix elements of the pp scattering that enter
formula (4) are parametrized [15,16] in the {LSJ} basis,
where L and S refer to the orbital momentum and total
spin in the pp system. To implement the initial-state
interaction one has therefore to make the transformation
of the partial-wave helicity amplitudes into {LSJ} ones,
which can be done easily:

2 (VIT!, +VTFITL), (8a)

Tieyr = 27 +1

2
Tg=J+1 =y m(—\/] + 1Ti+ + \/jTi_) . (8b)

The parity conservation allows only the transitions (J =
L+1,8 =1) — (I = J), where [ is the orbital momentum
in the DD system.

Adding the s-channel resonant amplitude (1) to the ¢-
channel one, we find ourselves in a position to calculate
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FIG. 1. The differential cross section of the pp — DD re-
action at /s = 3.79 GeV. The dashed line corresponds to
the contribution of the t-channel exchange diagrams only; the
solid line is the result of full calculation with the contribution
from the ¥" resonance taken into account.

the cross section.! The use of the SU(4)-motivated value
(6) for the A.pD coupling constant leads to a t-channel
contribution which is three orders of magnitude larger
than that of the s-channel ¥” resonance, thus leading to
a result that is in strong contradiction with the semilocal
duality. We do expect, however, that due to the large
difference in the masses of charmed and strange quarks
the SU(4) is severely broken, and the value (6) is largely
overestimated.

To perform an estimate of the cross section, we can,
however, proceed in a different way, choosing the magni-
tude of the A.pD coupling so that the energy-averaged
contributions of the s- and t-channel amplitudes become
equal, according to the semilocal duality [8,9]. The re-

!Summing the s- and ¢-channel amplitudes seems to contra-
dict the idea of duality and could lead to double counting in
computing the total reaction cross section. Nevertheless, it
is clear that an interference between these amplitudes should
manifest itself in the differential cross section in the vicinity
of a resonance.

sulting value is about

ﬁifl ~ 0.5 (9)

4ar T 0
which is some 30 times less than the SU(4)-motivated
value (6). A very interesting interference pattern then
appears in the differential cross section.

As a typical example of our results we show in Fig. 1
the differential cross section of the pp — DD reaction
at /5=3.79 GeV, i.e., 20 MeV above the ¥"(3.77) mass.
One can clearly see how the cos distribution of the D
mesons arising from the decay of the ¥’ resonance is dis-
torted by the asymmetric ¢-channel exchange amplitude.
The magnitude of the cross section that we find is of the
same order as found by [25,26] in a different framework.

The appearance of the interference pattern is ex-
tremely sensitive to the relative strength of the pp¥”
and A.ND couplings; its very existence requires these
couplings to be of the same order of magnitude, in agree-
ment with the semilocal duality.

To summarize, we have calculated the differential cross
section of the pp — DD reaction close to its thresh-
old. We have found an interesting structure in the an-
gular distributions of D mesons, arising from the inter-
ference between the resonant s-channel and nonresonant
t-channel amplitudes. The very appearance of this in-
terference pattern requires, however, the strength of the
two amplitudes to be approximately the same, as is re-
quired by semilocal duality. Moreover, we find that the
shape of the angular distributions and the value of the
total cross section altogether allow one to determine the
pp¥" and A.ND couplings unknown at present. The lat-
ter are important to know since they are possibly driven
by nonperturbative effects sensitive to the heavy flavor
contents of baryons and/or to the light-quark—antiquark
component of the ¥".

An additional interest in the production of charmed
mesons in NN annihilation not far from the threshold
arises from the possible existence [27] of exotic diquark-
antidiquark resonances with hidden charm, which would
manifest themselves as additional s-channel resonances.
We therefore consider the experimental measurement of
the pp — DD reaction as very desirable.
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