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Associative open charm photoproduction
Y+ N =Y.+ D.(D,), Y. = A} or %,

EGLE ToMASI-GUSTAFSSON

DAPNIA/SPhN, CEA/Saclay, 91191 Gif-sur-Yvette Cedez, France

We a.na.lyze polarization effects in associative photoproduction of pseudoscalar (D. )
and vector (D, ) charmed mesons in exclusive processes Y+ N > Y.+ D, Yo = AL, 5.
We calculate the differential cross section and all polarization observables in framework
of an effective Lagrangian approach. In case of collinear kinematics it is possible to give
model mdependent predictions for polarization observables in case of D, production, and
the analysis for D, is largely simplified.

PACS: 13.60.-r, 13.88.4¢, 14.40.Lb, 14.20.Lq
Key words: Charm photoproduction, polarization

1 Motivation

Photoproduction of charmed particles on nucleons has been studied since more
than twenty years, mostly through inclusive reactions, in the photon energy range
E, =20+ 70 GeV, i.e. far from the threshold region. The production mechanism
usually assumed is the photon-gluon fusion mechanism (PGF), v+ G — ¢+ ¢ [1],
and, ‘in this frame, D. and ﬁ: production are related to the gluon content of the
nucleon: polarized reactions are a tool to measure the spin content of the nucleon
which is carried by the gluons.

However, the calculation of the properties of the produced charmed mesons and
baryons produced from PGF is not straightforward, as it nvolves assumptions on
the hadronization process and the knowledge of fragmentation functions. Whereas
it is possible to reproduce the inclusive cross section, the particle/antiparticle ratio,
observed in the experiments, in particular near threshold, cannot be reproduced by
PGF.

In principle, other mechanisms (of non-perturbative nature) should also be taken
into account, such as, for example, the diffractive production of D D, or A.D.
. pairs, through Pomeron exchange. Different hadronic exchanges can also occur [2].
We discuss here the simplest two body reactions v + N — Y, + D, (,_D-:), among
which the reaction v + p — A¥ + Do has the lowest threshold (B, = 8.9 GeV).

The differential cross section and the polarization observables for these processes
can be calculated in terms of hadronic exchanges in s, ¢ and u channels. The
effective Lagrangian approach gives a very convenient frame for this study, since
all the observables can be calculated with the help of few parameters, which have
a definite physical meaning.
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2 Model independent considerations

Let us consider the reaction: v+p — A} +ﬁn, the spins involved are 1+1/2 -
1/2 + 0. In collinear kinematics, due to the conservation of the spin projection,
the collision of v and p with parallel spins can not take place for collinear regime.
Therefore, the asymmetry in the collision of circularly polarized photons with a
polarized target, takes its maximum value. This result holds for any process of
pseudoscalar and scalar meson photoproduction on a nucleon target (if the final

_baryon has spin 1/2) and it is independent on the P-parity of produced meson. It
is a mode] independent result, based uniquely on the assumption of the spins of
the particle, the conservation of helicity in collinear kinematics, and applies also to
threshold.

We will use the standard parametrization (3] of the spin structure for the am-
plitude of pseudoscalar meson photoproduction on the nucleon:

MON = Y.Do) =x} [i6-eh + 755 -k x éf i8-8 - Kfa+i7 - 58 T 1,

) | ®
where £ and &’ are the unit vectors along the three-momentum of v and D.; f;,
1=1,4, are the scalar amplitudes, which are functions of two independent kinemat-
ical variables, the square of the total energy s and cos®, where 4 is the D,~meson
production angle in the reaction center of mass (CMS) with respect to the direc-
tion of the incident photon, x; and x» are the two-component spinors of the initial
nucleon and the produced Y,-baryon.

Note that the pseudoscalar nature of the D .-meson is not experimentally con-
firmed up to now. One can show, in a model independent way, that for the reaction
v+p - AF+ 50, the triple polarization correlation coefficient is sensitive to the
relative parity P(NA.D) [4].

In collinear kinematics, the spin structure (1) depends on P{NA.D):

7O =&, FH =5 e x kfH) 2)
where fc{f,) is the collinear amplitude for P(NA.D) = +1. Due to the presence of a
single allowed amplitude in collinear kinematics, all polarization observables have
definite numerical values, which are independent on the model chosen for f‘fi).

The dependence of the A. polarization on the polarization of the colliding par-
ticleés, can be written as:

—(E-&)(P, - B) +2@E P)E B), if P(NAD)=—1,

@ OB - B) - 2F- B)E- B - 2@ B)(@E- By, if P(NAD) = +1, (3)

where P, and B, are the polarization vectors for the initial and final baryons.
One can see from (3), that only the linear photon polarization affects the triple

polarization correlations in ¥+ 7 — K;*‘+ ﬁ, due to the P-invariance of the elec-

tromagnetic interaction of charmed particles. Let us define the coordinate system
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for the considered collinear kinematics with the z—axis along k and the z— axis
along the vector € of the photon linear polarization. From(3) one can find a connec-
tion between the components of the vectors P, and P, for the different P(NA.D),
assuming, for simplicity, that initially one has 100% linearly polarized photons:

PZz = +P12, ng = —Ply, _sz = “Plz, if P(NACD) = -1,
Py, = “‘Plzy ng = +P1y: Py, = -—sz, if P(NACD) = +1, (4:)

One can see that both transversal components of the A.-polarization are sensitive
to P(NA.D), through the relative sign between Ps; and P;:

Py, = —~P(NA.D)Py;, P, = P(NA.D)P,, (5)

whereas P, = —P;, for any value of P(NA.D).

Therefore, the relations (5) allow one to determine, in a model-independent way,
the D—meson P-parity. This is a model independent result, which holds for any
nucleon photoproduction of a spin 1/2 baryon and a spin zero meson. It requires the
assumption on P-parity conservation in y+p-> A} + DO and helicity conservation
in the collinear regime.

The measurement of the triple polarization correlations in ¥+5 —» [‘{c"“ +D% can
be in principle realized by the Compass collaboration [5]. The A -polarization can be
measured through the numerous weak decays of the A¥ -hyperon, for example A} —
A+e* +uv, [6], which is characterized by a large decay asymmetry. Such experiment
does not need very large statistics, only well identified events, because only the
relative sign of the transversal components of the polarization of the target proton
and the produced A} -hyperon is important for the determination of the P(NA.D)-
parity. The energy of the photon beam has not to be necessarily monochromatic.

3 Charmed pseudoscalar meson production

The differential cross section and all polarization observables can be calculated
from Eq. (1). The full derivation can be found in [7].

Here we focuss on the observables which are accessible with circular polarized
photon beams. Due to the P-odd nature of the photon helicity, single spin observ-
ables vanish.

The amplitudes can be calculated in framework of an Effective Lagrangian Ap-
proach (ELA).

Circular polarization manifests itself only in double spin (or more) polarization
phenomena, as, for example, the correlation polarization coefficients of photon beam
and proton target, ¥+p —» AT +—I§2, or the polarization of the final A.-hyperon in
F+p— f\‘j +5‘2. Note that in both cases, the components of the target polarization
and the A} polarization lie in the reaction plane, due to the P-invariance. Note
also, that all these polarization observables are T-even, i.e. they may not vanish
even if the amplitudes of the considered process are real functions of kinematical
variables. The charm particle photo and electroproduction at high energy is usually
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interpreted in terms of photon-gluon fusion, y+G — c¢+¢ (Fig. 1a). Near threshold,
another possible mechanism, based on the subprocess ¢+ ¢ — G = ¢ +¢ (Fig. 1b)
should also be taken into account, as it was done for w/N~collisions [8]. In case of
exclusive reactions, v+ N = Y, + D, (D.), Y. = A, ., the mechanism in Fig. 1b
is equivalent to the exchange of a ¢g-system, in ¢-channel (Fig. 1c). The importance
of the annihilation mechanism has been investigated in [9] to explain the forward
charge asymmetry in «yp-collisions. The mesonic equivalent of such exchange is the
exchange of pseudoscalar D, and (or) vector D, mesons, in the t-chaunel of the
considered reaction. In order to insure the gauge invariance, baryonic exchanges in
s- and u-channels have to be added, too.

To take into account the virtuality of the exchanged hadrons, form factors (FF's)
are introduced in the pole diagrams. These terms decrease essentially the differential
cross section, at large values of |t| or |u|, and therefore the total cross section, espe-
cially in the pear threshold region. The role of FF's is essential for such approach,
as it has been proved in the analysis of vector meson or strange particle production
in N N- and AN-collisions [10], but polarization phenomena are, in principle, less
sensitive to FFs. Moreover, in the limiting case of s + 1 +¢(D.) contributions (with-
out D}) or only vector Dj}-exchange, one can see that polarization observables are
independent on any phenomenological FFs, for any kinematics. Other ingredients
of the model are the strong coupling constants, which involve one nucleonic vertex,
Iny.D. INV.D and the anomalous magnetic moments Ky,, Yo = A, or X,. Six

coupling constants (three for y+N = A+ D, and three for y+ N — £,+D,) enter
in the calculation of the different observables and therefore in their E. and cosd
dependences, for all the possible exclusive reactions of associative charm particle
photoproduction, v+ N ~ Y, + D,. Note that the same coupling constants enter in
the description of charmed particle production in N~ collisions: 1+ N — Y, + D,
N N-collisions: N+ N — N + Y, + D, and in the interaction of charmed particles
with nucleons in heavy ion collisions, D.+N — Y.+ P(V), Y.+ N =+ N+N+D,...

The lack of experimental data about these processes does not allow to fix these
coupling constants. Therefore we rely on SU(4) symmetry, and connect the nec-
essary coupling constants with the corresponding constants for strange particle
production: gna(s)k, INAE)K+, KENA(E)K+, Which have been determined in the
analysis of experimental data on associative strange particles photo- and electro-
production [12]. We fix the cut-off parameters on the charm photoproduction data.
Any fitting procedure induces a strong correlation between the cut-off parameters,
therefore the solution is not unique. We also consider two other possiblities, ei-
ther assuming that SU(4)-symmetry is strongly violated for the strong coupling
constants, or taking the SU(6) values of the corresponding coupling constants for
the vertex N — A + K™. The model can predict the energy behavior of the total
cross section for v* + N — Y, + D, (for proton and neutron targets), for all three
versions. Therefore we normalize the total cross section for v +p — AT + 272, to
the measured cross section of open charm photoproduction at ., = 20 GeV [13],
where it was found that about 70 % of the total cross section can be attributed
toy+p— Al + l_)g This condition constrains very strongly the parameters for

¢
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all versions of the model, as this reaction has the largest cross section. Once the
parameters have bE%n fixed, one can predict all polarization observables not only
for v +p — A}t + D,, but also for any exclusive reaction v+ N — Y+ + D,.

e
vy

3 <
N(p$> (C) Yc{A:!Zc>
Fig. 1 Feynman diagrams for associa-
tive charm production in -yN-collisions:
(a) the subprocess of photon-gluon fusion
v+ G —» ¢+7E; (b) the subprocess of g+ g-
annihilation, ¢+ g = ¢+ ¢ (c) t—channel
exchange by D, and D, for v + N —
Y. + D.(D,).

Czech. J. Phys. 55 (2005)

The energy dependence of the total
cross section for the six exclusive pro-
cesses v+ N — Y. + D., is very differ-
ent, in all photon energy range, see Fig.
2. For E, > 40 GeV, the predicted en-
ergy dependence of the total cross sec-
tion becomes flat, up to E, = 250 GeV.
One can conclude that, in this energy
range, the simplest exclusive photopro-
duction reactions v + N — Y;* + D,
contribute less than 10 % to the total
cross section of open charm photopro-
duction. This estimation does not con-
tradict the existing experimental data
and is in agreement with the measured
A/A. asymmetry (in sign and value).

The largest cross section on the neutron
target belongs to the process v +n —
20+ D°, the D~ production being es-
sentially suppressed. The D~ produc-
tion is also small in the -yp interaction,
v+p— Eft + D™, in agreement with
the experiment [16]. Large isotopic ef-
fects are an expected property of ELA
approach, because the relative values
of s, u, and t-channel contributions are
different for the different channels. Esti-
mations of associative charm photopro-
duction cross sections, which have been
done from experiments {13, 16, 18], are
reported as open symbols in Fig. 2.
Polarization effects are generally large
(in absolute value), characterized by a
strong cosd-dependence, which results
from a coherent effect of all the consid-
ered pole contributions. Large isotopic
effects are especially visible in the cos d-
distributions for all these observables

7).
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In the considered model, the asymmetry X g is positive in the whole angular
region, in contradiction with the predictions of PGF [19] and in agreement with
the SLAC data [13].

Fig. 2 E,-dependence of the to-
tal cross section for photopro-
I A~ = duction of charmed particles..
.
I

..._,_...._*.__.

The curves correspond to differ-
ent reactions: v+ p — Al + D°
(solid line), y+p — ZFt + D~
(dashed line), v +p — £} + D°
(dotted line), v +n — A} +
D~ (dot-dashed line), v +n —
£+ + D™ (thick solid line), v +
n — %2 + D° (thick dashed
line). The data correspond to
the total charm photoproduc-
tion cross section from [14] (re-
verse triangle), [16] (square),
[17] (asterisk), [18] (star), [15]
o e R (triangles), [13] (circle). Open

10 1 02 symbols are from [13] (open cir-
E, (Gev) cle), from [16] (open square),
and from [18] (open star).

4 Charmed vector meson production in collinear kinematics

E’-production is the main channel for v + ¥V — charm +X [20, 13, 18, 17, 18],
so that the ratio between the vector (V) and the total D" contribution to the total
cross section is in agreement with the spin quark rule V/(P + V) ~ 0.75, where
P is the pseudoscalar contribution. The relative role of the charged and neutral
D-meson photoproduction depends, on one side, on the relative cross sections for
the D** and D*° photoproduction, and, from another side, on the branching ratio
for the decays D* — D + = (for different charge combinations).

For the exclusive processes y+ N —» Y.+ D  in collinear kinematics, the helicity
conservation and the P-invariance of electromagnetic interaction allow to reduce the
number of amplitudes to three, which are functions of a single kinematical variable,
the photon energy E,. In the general case, such processes are characterized by a set
of twelve independent amplitudes, which are complex functions of two kinematical
variables. Therefore the theoretical analysis is largely simplified in collinear kine-
matics and the matrix element for any process v+ N — Y. + D" can be written
as:

M(YN 5 Y. D) = [g- Usfy+i5 - KEx k- U* fo +id - &x KU* -li‘fa] x1, (6)
where € and U are the three-vectors of the photon and of the D -meson polar-
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izations, with the condition € - k = 0, and fiy 1=1,3, are the collinear amplitudes,
functions of E,. Eq. (6) holds for any reaction mechanism. Using this parametriza-
tion, one can find for the differential cross section [21]:

d 2
R PR )

where A is a normalization factor, E, (m,) is the energy (mass) of the produced
vector meson:
s+m2 — M? o 2
E, = —--—2—%‘/. —, s=W?=m?+ 2mE,, (8)

where m (M) is the nucleon (Y,-hyperon) mass, E, is the photon energy in the
laboratory (Lab) system.

The D'—mesons, produced in collinear kinematics, are generally polarized, (with
tensor polarization) even in collisions of unpolarized particles:

_ A2 + | f2]?
! 2

2
Dy D= AR RE + b fP ©)
v
with the normalization condition: 2p11 + pgo = 1. The non-diagonal elements for pg;
are equal to zero, in collinear regime. All other single-spin polarization observables,
vanish for the considered reactions, for any photon energy and for any reaction
mechanism, due to the axial symmetry of collinear kinematics. An interesting set

of double-spin polarization observables can be measured, for the reactions v+ N —
Y.+ D "

— the asyrmmetry A, in the collision of circularly polarized photon beam

with a polarized nucleon target, in the Iz—direction, which we choose as the
z-direction:

A, D= —2Re f1fs ~ | f5* (10)

E}
m2’
— In the collision of circularly polarized photons with unpolarized target, the
Y,-hyperon can be longitudinally polarized, and the polarization P, is:
E2
P.D = ~2Re fif; + | fs*-%. (1)
v
—~ ‘The non zero components of the depolarization tensor, Dy (a,b = 2,y, 2),
describing the dependence of the b-component of the Y -polarization on the
a-component of the target polarization, can be written as: ’

2
D,. D= [fliz + *fz’z - lfs[z%; D3eD = Dny = Ifl!z - !f2¥2' (12)
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One can see that these observables are not independent, and the following relations
hold, at any photon energy and for any reaction mechanism: D, = —1+44p;;, A, —
P, z = -2+ 4;711.

For the numerical estimations it is necessary to know the following magnetic
moments of charmed baryons and D* — D + «y electromagnetic transitions: £(Y;),
k(D*~D*"7), s(D*°D%).

The quark model gives prescriptions which relate the magnetic moments of the
charmed hyperons to the magnetic moments of the charmed quarks, u,, ¢ = u, d, or
¢. The quark model can also be used for the prediction of the transition magnetic
moments (again in terms of quark magnetic moments). The signs, in particular,
are very important in the analysis of the isotopic effects for these reactions, which
are large in the present model, near threshold, due to the strong interference of the
different contributions. .

Finally, to fix the strong coupling constants we use the existing information on
the corresponding coupling constants for strange particles, which can be determined
from the analysis of the data on photo and electroproduction of A and E-hyperons
on protons.

One can see, that in the
considered model, the A.-

< production has the largest
O =™ reduced cross section. The
—05¢ ' fact that all four reac-
e tions Y+ N = S, + D"

N : : : ' are one order of magni-
a T —— tude smaller, is due to
0.5¢ the difference between the

values of the coupling

0 e
& constants for the N —
L : r ! A.D" and N — x.D'-
c% i vertices. This is also the
. reason of the difference
0.2¢ e of the polarization ob-
0 - servables for A, and X.-
~02L ' L ‘ ! photoproduction (Fig. 3).
50 100 150 200 Note that none of( thi pcz-

£, [Gev] larization observables de-
Fig. 3 Predictions for different polarization observables: pends on the form factor
asymmetry A. (top), polarization P, (center) and pn and on the coupling con-
(bottom), for the six considered reactions as a function  Stant gny.p-. The den-
of By y+p— A} + D" (solid line), y+p —+ L + D™ sity matrix element is al-
(dashed line), y+p — £+ + D"~ (dotted line), y+n —»  most independent on en-’
A} + D*~ (dash-dotted line), v +n — £F + D"~ (thick ergy (Fig. 3, bottom), and
solid line), v +n — £¢ + D*0 (thick dashed line). pun = 0.5 for y + N —
A.+D , whereas p1; <0.2

fory+ N = S, +D .
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The maximal value of py; produces a sin® -distribution of the emitted D-meson,
through the decay D* — D+ (8 is the angle between the k-direction and the direc-
tion of the D-meson three momentum in the D -rest system). Such #-dependence
results in a depletion of D-meson production at small angles, which should be
observed, for example, in the COMPASS experiment.

The large negative values of the asymmetry A,, for ¥+ N AF +u13', are near
the limiting value 4, = —1; more exactly, |4,| > 0.8, for E., < 100 GeV.

5 Summary

We considered the exclusive photoproduction of charmed vector mesons, v +
N - Y, 4+ D(D"), and calculate the differential cross section and the polarization
observables in framework of an effective Lagrangian approach.

The strong coupling constants for the vertices N - Y.+ Dand N - Y, + D"
can be related through SU(4) symmetry with the corresponding coupling constants
for strange particles, i.e. for the vertices N - Y +K and N - Y+K*, Y =Aor &-
hyperon, which are known from the analysis of experimental data concerning photo-
and electroproduction of strange particles. The electromagnetic characteristics of
charmed particles, such as the magnetic moments of the charmed Y,-hyperons and
the transition magnetic moments for the decays D* — D~y have been estimated in
framework of the quark model. Phenomenological form factors have been introduced
to take into account the virtuality of the exchanged particles.

The reaction y+ N — Y, + 5(‘1‘5") has been analyzed in collinear kinematics,
where the differential cross section is large and the spin structure of the matrix ele-
ment is essentially simplified. We analyzed the single and double-spin polarization
phenomena, in a general form, in terms of three independent collinear amplitudes.

The smooth behavior of the total cross section as a function of the energy, for
¥ +p — Y, + D, results from the spin one nature of the D" exchange. The model
gives robust predictions for the polarization effects. In particular we find large and
negative values of the asymmetry A, (for the collision of a circularly polarized
photon beam with a longitudinally polarized nucleon target) for A} D" -production
on proton and neutron targets (which is a factor ten larger in comparison of L-
production).

Contributing for about 10 % to the total cross section of open charm photopro-
duction on nucleons (for 40 < E,, < 250 GeV), the éxclusive process y+p — Aj+ﬁ3
may represent an important background in the interpretation of possible polariza-
tion effects in the v + N — X +charm processes. This refers especially to the A,
asymmetry in ¥ + N — X +charm, which can reach large and positive values for
associative charm production.
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