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JÕc absorption by p and r mesons in a meson exchange model with anomalous parity interaction
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We reanalyze the dissociation process of theJ/c by p and r mesons intoD1D̄, D* 1D̄, D1D̄* , and

D* 1D̄* within a meson exchange model. In addition to the dissociation mechanisms considered in the
literature, we consider anomalous parity interactions, whose couplings are constrained by heavy quark spin
symmetry and phenomenology. This opens new dissociation channels and adds new diagrams in the previously
considered processes. Compared to the previous results, we find that these new additions have only a minor
effect on ther1J/c total inelastic cross section, but reduce the one forp1J/c by about 50% near the
threshold.
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I. INTRODUCTION

Suppression ofJ/c production is considered to be one
the promising signals for detecting the formation of t
quark-gluon plasma~QGP! in relativistic heavy ion colli-
sions~RHIC! @1,2#. Indeed, recent reports by the NA50 Co
laboration@3,4# show an anomalous suppression ofJ/c pro-
duction in Pb1Pb collisions at CERN. Model calculation
which assume the formation of a deconfined state of qua
and gluons@5,6# at the initial stages of the collision, seem
be successful in explaining the anomalous suppress
However, before coming to a definite conclusion on the
istence of the QGP state in such collisions, it is essentia
investigate whether the observedJ/c suppression can be ex
plained by a more conventional approach that does not
sume the existence of the QGP state. In such models,
suppression comes from the absorption ofJ/c by the comov-
ing hadrons@7–10#. Since such comover models strong
depend on the cross sections ofJ/c absorption by hadrons, i
is essential to have better knowledge of the magnitude
energy dependence of the cross sections. This is not an
task, but is indispensable for true identification of QGP
RHIC.

The absorption ofJ/c by light hadrons has been invest
gated using various methods@11–18#. The estimated value
for the cross sections show a strong dependence on the
ronic models and assumptions on the absorption mechan
employed in the calculation. The first set of models uses
quark degrees of freedom. Using perturbative QCD in
heavy charm quark mass limit@19#, Kharzeevet al. @11,12#
found very small absorption cross sections at the orde
mb. In Ref.@13#, Martins, Blaschke, and Quack investigat
the charmonium dissociation processesp1J/c→D*
1D̄,D1D̄* , andD* 1D̄* using the quark exchange mod
and found a strong enhancement near the threshold wit
exponential falloff at higher energies. The peak was found
As.4 GeV with a value of about 7 mb. This calculation w
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recently improved by Wong, Swanson, and Barnes@14# by
using a more successful quark interchange model and ha
wave functions. The cross section forp1J/c was found to
be relatively small with a maximum of about 1 mb, while th
pion-inducedc8 dissociation process had a much larg
cross section with lower threshold for the initial kinetic e
ergy.

Another approach toJ/c absorption is to use effective
meson Lagrangian@15–18#. In this approach, the author
consideredt-channel meson exchanges to estimate theJ/c
absorption cross sections. In Ref.@15#, Matinyan and Mu¨ller
calculatedD-meson exchange diagrams and found sm
cross sections around 0.3 mb forp1J/c and r1J/c. The
obtained cross sections were found to increase with ene
This calculation was improved by Haglin@16#, who included
D* -meson exchanges and four-point couplings in theJ/c
absorption mechanisms. Similar calculations were rece
performed by Lin and Ko@17#. The new results show a rathe
large cross section forp1J/c→D* 1D̄ and D1D̄* , i.e.,
about 20 mb atAs54 GeV, which at higher energies satu
rates to about 30 mb.1 However, for a realistic structure o
the mesons, form factors have to be taken into account.
clusion of form factors generally reduces the cross sectio
With suitable form factors and cutoff parameters, whic
however, cannot be justifieda priori, Lin and Ko @17# con-
cluded that the saturated absorption cross sections fop
1J/c andr1J/c are around 7 mb and 3 mb, respective

All of the meson exchange model calculations discus
above essentially use the same effective meson Lagrang
namely, the minimal SU~4! Yang-Mills Lagrangian. Two im-
mediate questions can arise. The first is the use of SU~4!
symmetry in constructing the effective Lagrangian. Ob
ously, the charm quark is much heavier than the other th
light quarks and the SU~4! symmetry is nowhere near bein
true in QCD. Nevertheless, the starting point of using
SU~4! Lagrangian is to categorize the possible interact
vertices among the meson multiplets and estimate as man
their respective couplings by phenomenology as possi

1The typographical errors in Ref.@16# and different conventions
between Refs.@16,17# were cleared recently by Ref.@18#.
©2001 The American Physical Society01-1
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Doing so, not all of the couplings can be fixed. However
turned out that for couplings that can be checked, one fi
that the SU~4! symmetry relations for coupling constants a
not totally meaningless@17,18#. Such checks provide the or
der of uncertainty for the calculated absorption cross sect
within the effective Lagrangian method and make the cal
lation meaningful. The second question is whether all p
sible interactions are considered. It is this question that
want to address in this paper. The previous studies did
fully take into account all possible sets of interacti
Lagrangians involvingD and D* . In fact, the anomalous
parity interactions which are connected to the gauged W
Zumino action are all missing. Furthermore, the anomal
term such asD* D* p is essential and required by heav
quark spin symmetry and its coupling is strongly constrain
to theD* Dp coupling@20,21#. As we shall see, inclusion o
D* D* p coupling opens new absorption channels a
mechanisms which were not considered in the literatu
Therefore, to fully estimate theJ/c absorption cross sectio
within the hadronic model, it is necessary and importan
see the effect of the anomalous interactions to such
cesses, which we will investigate in this work.

This paper is organized as follows. In Sec. II, we intr
duce our effective Lagrangian. The interaction Lagrang
needed forJ/c absorption processes byp andr mesons are
obtained and the cross sections are evaluated. Then, in
III, we determine the coupling constants and give the
merical results for the cross sections. Section IV contain
summary and discussion. Some details on deriving our ef
tive Lagrangian are given in the Appendix.

II. EFFECTIVE LAGRANGIAN FOR JÕc ABSORPTION

In the heavy quark mass limit (mQ→`), the effective
Lagrangian for light (q̄q) and heavy (q̄Q or Q̄q) mesons
can be constructed to preserve chiral and heavy quark s
metries@20–24#. When the heavy quark flavor is the charm
finite mass corrections are expected to be important
should be introduced in the effective Lagrangian in a syste
atic way. The couplings of the finite mass corrections can
fixed by ‘‘velocity reparametrization invariance’’@25# or by
phenomenology. This ‘‘top-down’’ approach seems to be
most plausible way to construct the effective Lagrangi
However, it is not yet clear how to implement heavy qua
symmetry to the interactions of quarkonia with light hadro
as the quarkonium states (Q̄Q) such as theJ/c contain two
heavy constituents.

Another approach which was used in previous investi
tions @15–18# is the ‘‘bottom-up’’ approach. In this ap
proach, one starts with the SU~4! symmetric chiral Lagrang-
ian. The heavy charm quark mass is then assumed to
taken into account through appropriate symmetry break
terms @26#. However, since the SU~4! symmetry is badly
broken, finding all the appropriate symmetry breaking ter
is very hard and beyond the scope of this work. In this pap
therefore, we use the ‘‘bottom-up’’ approach phenome
logically to categorize all possible interaction vertices amo
the meson multiplets. The couplings are then determined
experimental data and by implementing heavy quark s
03490
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symmetry. Doing so, most of the three-point couplings c
be determined. For the four-point couplings and some thr
point couplings, where such a determination is not possi
we will partly rely on the SU~4! relations as well as othe
model predictions.

As in Refs.@16–18#, we start with the SU~4! Lagrangian
for the pseudoscalar mesons and introduce the vector
axial-vector mesons by the massive Yang-Mills approa
@27#. The axial-vector fields can be gauged away as in R
@28#. The procedure to obtain the effective Lagrangian
well explained, e.g., in Refs.@17,18# and is summarized in
the Appendix. The effective Lagrangian forp, r, D, andD*
then reads

LD* Dp5 igD* Dp~Dm* ]mpD̄2D]mpD̄m* !, ~1a!

LcDD5 igcDDcm~]mDD̄2D]mD̄ !, ~1b!

LcD* D* 52 igcD* D* $cm~]mD* nD̄n* 2D* n]mD̄n* !

1~]mcnD* n2cn]mD* n!D̄* m1D* m~cn]mD̄n*

2]mcnD̄* n!%, ~1c!

LcD* Dp5gcD* Dpcm~DpD̄m* 1Dm* pD̄ !, ~1d!

LDDr5 igDDr~Drm]mD̄2]mDrmD̄ !, ~1e!

LD* D* r5 igD* D* r$]mDn* rmD̄* n2Dn* rm]mD̄* n

1~D* n]mrn2]mDn* rn!D̄* m1D* m~rn]mD̄n*

2]mrnD̄* n!%, ~1f!

LcDDr52gcDDrcmDrmD̄, ~1g!

LcD* D* r5gcD* D* rcm~2D* nrmD̄n* 2D* nrnD̄* m

2D* mrnD̄n* !, ~1h!

where p5t•p, r5t•r, and we define the charm meso
isodoublets as

D̄T5~D̄0,D2!, D5~D0,D1!,

D̄* T5~D̄* 0,D* 2!, D* 5~D* 0,D* 1!. ~2!

In addition to the normal terms given above which we
used by Refs.@16–18#, there are anomalous parity term
The anomalous parity interactions with vector fields can
described in terms of the gauged Wess-Zumino action@29#
and are summarized in the Appendix. By the same met
used to obtain the normal terms, we get

LD* D* p52gD* D* p«mnab]mDn* p]aD̄b* , ~3a!

LcD* D52gcD* D«mnab]mcn~]aDb* D̄1D]aD̄b* !,
~3b!
1-2
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LcDDp52 igcDDp«mnabcm]nD]ap]bD̄, ~3c!

LcD* D* p52 igcD* D* p«mnabcmDn* ]apD̄b*

2 ihcD* D* p«mnab]mcnDa* pD̄b* , ~3d!

LD* Dr52gD* Dr«mnab~D]mrn]aD̄b* 1]mDn* ]arbD̄ !,
~3e!

LcD* Dr5 igcD* Dr«mnabcm~]nDraD̄b* 1Dn* ra]bD̄ !

2 ihcD* Dr«mnabcm~Drn]aD̄b* 2]nDa* rbD̄ !,

~3f!

with «0123511. In the heavy mass limit, as a result of th
heavy quark spin symmetry, the pseudoscalars and vec
become degenerate and have to be treated on the same
ing. As a consequence, the anomalousD* D* p interaction
term is required and can be related to theD* Dp interaction
term by the heavy quark spin symmetry@20,21#.

Let us first evaluate the absorption processes of theJ/c
by p andr mesons within the effective Lagrangian obtain
above. The values of the coupling constants will be d
cussed later. In this study, we assume that theJ/c is a pure
c̄c state and consider the Okubo-Zweig-Iizuka-~OZI-! pre-
serving processes only at the tree level. The diagrams we
calculating are shown in Figs. 1 and 2. Compared to
previous studies@16,17#, we find that the anomalous parit
interactions open new absorption channels, namely,p

1J/c→D1D̄ @diagram~1!#, p1J/c→D* 1D̄* @diagram
~3!#, and r1J/c→D* 1D̄ @diagram~5!#. These processe

FIG. 1. Feynman diagrams forJ/c absorption processes b

pion: ~1! J/c1p→D1D̄, ~2! J/c1p→D* 1D̄, and~3! J/c1p

→D* 1D̄* . The processJ/c1p→D1D̄* has the same cross se
tion as~2!.
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are not allowed by the normal terms and were not conside
before in the effective Lagrangian approach. In the qu
exchange model@13,14#, however, the processesp1J/c
→D* 1D̄* and r1J/c→D* 1D̄ were calculated. There
p1J/c→D1D̄ was not considered since the absorpti
amplitude vanishes unless one considers the spin-orbit f
@14,30#. A recent study using the Dyson-Schwinger forma
ism shows that the cross section forp1J/c→D1D̄ is
small @30#. The anomalous terms also allow new absorpt
mechanisms to the previously considered absorption ch
nels. These are diagrams~2b!, ~4c!, ~4d!, ~6a!, and ~6b! of
Figs. 1 and 2. As we shall see, the role of those diagram
not negligible especially forJ/c absorption by thep ’s.

We first calculate the absorption amplitude ofp1J/c.
We define the four-momenta of theJ/c andp by p1 andp2,
respectively. We also denote the four-momenta of the fi
particles byp3 andp4, which then definess5(p11p2)2 and
t5(p12p3)2. The polarization vector of the vector meso
with momentumpi is represented by« i . HereMD andMD*
represent theD- and D* -meson masses, respectively. Th
the differential cross section for this process is

ds

dt
5

1

96psp1
2 (

spin
uMu2, ~4!

wherep1 is the three-momentum ofp1 in the center of mass
frame. Note that we have multiplied factor 2 to get Eq.~4!.
This comes from summing over the possible isospin qu
tum numbers of the final state@17#. In computing diagram
~1! in Fig. 1, the four-momenta of theD and D̄ are repre-

FIG. 2. Feynman diagrams forJ/c absorption processes byr:

~4! J/c1r→D1D̄, ~5! J/c1r→D* 1D̄, and ~6! J/c1r→D*
1D̄* . The processJ/c1r→D1D̄* has the same cross section
~5!.
1-3
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sented byp3 andp4, respectively. The absorption amplitud
for this diagram can be written as

M5(
i

M m
(1i )«1

m , ~5!

where

M m
(1a)52

gD* DpgcD* D

~p22p3!22MD*
2 «mblr

3H gab2
~p22p3!a~p22p3!b

MD*
2 J p2ap1

lp4
r ,

M m
(1b)52

gD* DpgcD* D

~p12p3!22MD*
2 «mblr

3H gab2
~p12p3!a~p12p3!b

MD*
2 J p2ap1

lp3
r ,

M m
(1c)5gcDDp«mblrp2

bp3
lp4

r . ~6!

In diagram~2! of Fig. 1, the four-momenta of theD* and
D̄ are denoted byp3 andp4, respectively, and we have

M5«3*
n(

i
M mn

(2i )«1
m , ~7!

where

M mn
(2a)5

2gD* DpgcDD

~p22p3!22MD
2

p2np4m ,

M mn
(2b)52

gD* D* pgcD* D

~p22p3!22MD*
2 «mgdb«nlra

3H gab2
~p22p3!a~p22p3!b

MD*
2 J p1

gp2
rp3

lp4
d ,

M mn
(2c)52

1

2

gD* DpgcD* D*

~p12p3!22MD*
2

3H gab2
~p12p3!a~p12p3!b

MD*
2 J 3~p2a1p4a!

3@2p3mgnb2~p11p3!bgmn12p1ngmb#,

M mn
(2d)52gcD* Dpgmn . ~8!

For diagram~3! of Fig. 1, we write the four-momenta o
the D* and D̄* by p3 andp4, respectively, and we have

M5«4*
l«3*

n(
i

M mnl
(3i ) «1

m , ~9!
03490
where

M mnl
(3a)5

gD* DpgcD* D

~p22p3!22MD
2

«mlgd p1
gp2np4

d ,

M mnl
(3b)52

gD* DpgcD* D

~p12p3!22MD
2

«mngd p1
gp2lp3

d ,

M mnl
(3c)52

gD* D* pgcD* D*

~p22p3!22MD*
2 H gab2

~p22p3!a~p22p3!b

MD*
2 J

3«ngdap3
gp2

d@2p4mgbl2~p11p4!bgml

12p1lgmb#,

M mnl
(3d)52

gD* D* pgcD* D*

~p12p3!22MD*
2 H gab2

~p12p3!a~p12p3!b

MD*
2 J

3«lgdap2
gp4

d@2p3mgbn2~p11p3!bgmn

12p1ngmb#,

M mnl
(3e)52gcD* D* p«mnlrp2

r2hcD* D* p«mnlrp1
r . ~10!

We now calculate theJ/c absorption by ther meson as
shown in Fig. 2. We first define the four-momenta of theJ/c
andr asp1 andp2, respectively. Then the differential cros
section reads

ds

dt
5

1

288psp1
2 (

spin
uMu2. ~11!

For diagram~4! of Fig. 2, we definep3 and p4 as the four-
momenta ofD and D̄, respectively. Then,

M5(
i

M mn
(4i )«1

m«2
n , ~12!

where

M mn
(4a)5

4gDDrgcDD

~p22p3!22MD
2

p3np4m , ~13!

M mn
(4b)5

4gDDrgcDD

~p12p3!22MD
2

p4np3m ,

M mn
(4c)52

gD* D* rgcD* D

~p22p3!22MD*
2

3H gab2
~p22p3!a~p22p3!b

MD*
2 J

3«ngda «mlrb p1
lp2

gp3
dp4

r ,
1-4
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M mn
(4d)5

gD* DrgcD* D

~p12p3!22MD*
2

3H gab2
~p12p3!a~p22p3!b

MD*
2 J

3«ngda «mlrb p1
lp2

dp3
rp4

g ,

M mn
(4e)5gcDDr gmn .

For diagram~5! of Fig. 2, p3 andp4 are defined to be the
four-momenta of theD* and D̄, respectively. We have

M5«3*
l(

i
M mnl

(5i ) «1
m«2

n , ~14!

where

M mnl
(5a)52

2gD* DrgcDD

~p22p3!22MD
2

«nlgd p2
dp3

gp4m ,

M mnl
(5b)5

2gDDrgcD* D

~p12p3!22MD
2

«lmgdp1
gp3

dp4n ,

M mnl
(5c)52

gD* D* rgcD* D

~p22p3!22MD*
2 H gab2

~p22p3!a~p22p3!b

MD*
2 J

3«mgdbp1
gp4

d@2p3ngla2~p21p3!agnl

12p2lgna#,

M mnl
(5d)52

gD* DrgcD* D*

~p12p3!22MD*
2 H gab2

~p12p3!a~p12p3!b

MD*
2 J

3«ngdap2
dp4

g@2p3mgbl2~p11p3!bgml

12p1lgmb#,

M mnl
(5e)52gcD* Dr«mnldp4

d1hcD* Dr«mnldp3
d . ~15!

Finally, for diagram~6! of Fig. 2, we denote the four
momenta of theD* andD̄* by p3 andp4, respectively; then
we have

M5«4*
r«3*

l(
i

M mnlr
(6i ) «1

m«2
n ~16!

and

M mnlr
(6a) 52

gD* DrgcD* D

~p22p3!22MD
2

«nlgd«mrabp1
ap2

dp3
gp4

b ,

M mnlr
(6b) 5

gD* DrgcD* D

~p12p3!22MD
2

«nrgd«mlabp1
ap2

gp3
bp4

d ,
03490
M mnlr
(6c) 52

gD* D* rgcD* D*

~p22p3!22MD*
2

3H gab2
~p22p3!a~p22p3!b

MD*
2 J

3@2p3ngal2~p21p3!agnl12p2lgna#

3@2p4mgbr2~p11p4!bgmr12p1rgmb#,

M mnlr
(6d) 52

gD* D* rgcD* D*

~p12p3!22MD*
2

3H gab2
~p12p3!a~p12p3!b

MD*
2 J

3@2p4ngar2~p21p4!agnr12p2rgna#

3@2p3mgbl2~p11p3!bgml12p1lgmb#,

M mnlr
(6e) 52gcD* D* r~2gmnglr2gmrgnl2gmlgnr!.

~17!

In writing the above amplitudes, we have usedpi•« i50.
Note that the cross section forp(r)1J/c→D1D̄* is the
same as that ofp(r)1J/c→D* 1D̄.

III. COUPLING CONSTANTS AND CROSS SECTIONS

A. Coupling constants

To estimate the cross sections, let us first determine
coupling constants of our effective Lagrangians~1! and ~3!.
We follow the methods of Refs.@16,17# to determine the
couplings for the normal interactions. Here we briefly e
plain the method, referring to Refs.@16,17# for details. The
coupling constant ofD* Dp can be determined from the ex
perimental data ofD* →Dp decay. Our effective Lagrang
ian gives

GD* →Dp5
gD* Dp

2

24p

uppu3

MD*
2 . ~18!

However, at present, only its upper bound (.0.131 MeV! is
known experimentally@31,32#, which translates intogD* Dp

<14.7. Therefore, we can only rely on model predictio
such as those based on the QCD sum rule approach@33# or
relativistic quark potential model@34#. Here we will take the
value obtained in Ref.@33# and use2

gD* Dp58.8. ~19!

For cDD, DDr, and cD* D* , D* D* r couplings, we
will follow Refs. @15,17# and make use of the vector-meso

2Note that our convention is different from that of Ref.@33# by a
factor of A2.
1-5
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dominance model~VDM !. By applying the VDM to the cou-
plings of gD1D2 andgD0D̄0, one obtains@17#

gcDD5
2

3
gJ/c57.71, gDDr5

1

2
gr52.52, ~20!

wheregV is determined from

GV→e1e25
4paem

2

3

MV

gV
2

, ~21!

with the vector-meson massMV andaem5e2/4p. The same
method can be applied to the couplings ofgD* 1D* 2 and
gD* 0D̄* 0. This gives

gcD* D* 5gcDD , gD* D* r5gDDr . ~22!

It is shown in Ref.@17# that the SU~4! symmetry values are
not far from the above estimates exceptgcDD .

There is no experimental or phenomenological inform
tions on the four-point vertices. Hence, we will rely on t
SU~4! symmetry relations. Following Ref.@17#, therefore,
we assume that the appropriate symmetry breaking effec
the four-point coupling constants are encoded via their r
tions to the three-point vertices within SU~4! symmetry.
Hence, using the phenomenological estimate of the th
point vertices fixed above, we have

gcD* Dp5
1

2
gcDDgD* Dp'33.92,

gcDDr52gcDDgDDr'38.86,

gcD* D* r5gcD* D* gD* D* r'19.43. ~23!

We determine the couplings of the anomalous interacti
in a similar way. As discussed before, theD* D* p coupling
is constrained by the heavy quark spin symmetry. Compa
with the effective Lagrangian of Ref.@24#, we get, to leading
order in 1/M̄ (D),

gD* D* p5
M̄ ~D !

2
gD* Dp'9.08 GeV21, ~24!

whereM̄ (D) is the average mass ofD andD* .
For cD* D andD* Dr couplings, we can apply the VDM

to the radiative decays ofD* into D, i.e.,D* →Dg. Then by
using the same technique explained before, we obtain

gcD* D5
2

3
gJ/cgV

65
2

3
gJ/cgV

0 ,

gD* Dr5
1

6
gr~gV

612gV
0 !, ~25!

wheregV
6,0 are defined through

^D1~k!uJm
emuD* 1~p,«!&5egV

6«mnab«nkapb, ~26!
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^D̄0~k!uJm
emuD̄* 0~p,«!&5egV

0«mnab«nkapb.

Then from the experimental values for theD* radiative de-
cays, we can determine the above coupling constants. H
ever, at present, only an experimental upper bound is kno
for the D* decays. Therefore, we will use model predictio
based on relativistic potential model given in Ref.@34#,
which gives

gV5
eQ

LQ
1

eq

Lq
, ~27!

whereeQ is the heavy quark charge andeq the light quark
charge withLQ51.57 andLq50.48 in GeV unit. This gives

gV
6'1.12 GeV21, gV

0'0.96 GeV21, ~28!

which then leads to

gcD* D57.40;8.64 GeV21, gD* Dr52.82 GeV21.
~29!

For the four-point couplings, we depend on the SU~4!
relations again, which gives

gcD* D* p5hcD* D* p5
1

2
gcD* DgD* Dp'38.19 GeV21,

gcD* Dr5hcD* Dr5gcD* DgD* D* r'21.77 GeV21.
~30!

However, for thecDDp coupling, it is not easy to write it in
terms of the other three-point coupling constants as can
seen from the difference in dimensions. Thus we directly
the SU~4! relation and assume that the symmetry break
effects changeFp to FD @35#:

gcDDp5
gD* DpNc

6p2FD
3

'16.0 GeV23. ~31!

Here we have usedFD'2.3Fp @32#. This completes the de
termination of our coupling constants. The values of the c
pling constants are listed in Table I together with their fixi
procedure.

B. Cross sections without form factors

We first give the cross sections for theJ/c absorption
processes without any form factors. Since our meson
change model is not expected to work at high energies,
focus on the energy region near threshold in this paper
Fig. 3 we show the cross sections for theJ/c absorption
processes obtained from Figs. 1 and 2. Although thep

1J/c→D1D̄ process has the lowest threshold energy,
cross section~dotted line in the upper panel of Fig. 3! is
suppressed compared to the other channels over the w
energy region. Nevertheless, this process was not consid
previously in the meson exchange models. When the ene
is less than theD* 1D̄ threshold, this process alone is a
lowed, but the magnitude is very small and less than 0.1
1-6
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TABLE I. Determination of the coupling constants.

Coupling constant Method Value

gD* Dp D* →Dp and QCD sum rule 8.84@33#

gcDD gDD coupling and VDM 7.71@15#

gDDr gDD coupling and VDM 2.52@15#

gcD* D* gD* D* coupling and VDM 7.71@15,17#
gD* D* r gD* D* coupling and VDM 2.52@15,17#
gcD* Dp SU~4! symmetry relation 33.92@17#

gcDDr SU~4! symmetry relation 38.86@17#

gcD* D* r SU~4! symmetry relation 19.43@17#

gD* D* p heavy quark spin symmetry 9.08 GeV21

gcD* D D* →Dg, VDM, and quark model 8.64 GeV21

gD* Dr D* →Dg, VDM, and quark model 2.82 GeV21

gcDDp SU~4! symmetry relation 16.00 GeV23

gcD* D* p SU~4! symmetry relation 38.19 GeV21

hcD* D* p SU~4! symmetry relation 38.19 GeV21

gcD* Dr SU~4! symmetry relation 21.77 GeV21

hcD* Dr SU~4! symmetry relation 21.77 GeV21
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This observation is consistent with Ref.@30#, although its
energy dependence is different.

The p1J/c→D1D̄* has the same cross section as
p1J/c→D* 1D̄, and their sum is given by the dashed lin
in the upper panel of Fig. 3. These processes dominate
the energies from their threshold up to theD* 1D̄* thresh-
old. At higher energies, thep1J/c→D* 1D̄* process

FIG. 3. Cross sections forp1J/c and r1J/c. In the upper
panel, the dotted, dashed, and dot-dashed lines correspond to
grams~1!, ~2!, and~3!, respectively. In the lower panel, the dotte
dashed, and dot-dashed lines correspond to diagrams~4!, ~5!, and
~6!, respectively. The solid lines are the sum of all processes.
03490
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dominates the absorption. Since theD* 1D̄* threshold is

larger than 4 GeV, thep1J/c→D* 1D̄,D1D̄* is the
dominant process forAs<4 GeV.

The cross section forp1J/c→D* 1D̄* process~the
dot-dashed line in the upper panel of Fig. 3! is the dominant
one at large energies, which is in contrast to the quark
change model calculations@13,14#. In addition to the effects
from the form factors, this may indicate that the meson
change approach for this reaction has nontrivial contributi
from the exchanges of meson resonance with heavier m
such as theD1 exchange, because of its higher thresho
This process is allowed by the anomalous terms and was
considered in the previous meson exchange model studi

In the lower panel of Fig. 3 we show the cross sections
the r1J/c processes. It is shown that at very low energ
the exothermicr1J/c→D1D̄ is the dominant process~the
dotted line in the lower panel of Fig. 3!. But it is rapidly
taken over by ther1J/c→D* 1D̄,D1D̄* process~the
dashed line in the lower panel of Fig. 3!, which also domi-
nates at higher energies. This reaction is an anomalous p
process and was not studied before in the meson exch
model. Ther1J/c→D* 1D̄* cross section~the dot-dashed
line in the lower panel of Fig. 3! has a peak near thresho
but has comparable size with that ofr1J/c→D* 1D̄,D
1D̄* .

The dashed lines in Fig. 4 show the results obtained w
the normal terms only and are consistent with the results
Refs.@16–18#. The solid lines are the predictions of the fu
calculation including the anomalous terms. It is evident t
the anomalous terms give nontrivial effects to the cross s
tions especially for thep1J/c reaction. For comparison, w
also calculate the normal processes considered in prev
studies but with the additional diagrams with anomalous v
tices. The results are given by the dot-dashed lines in Fig
The difference between the dashed lines and dot-dashed

ia-
1-7
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is due to the anomalous processes, i.e., forp1J/c→D*

1D̄,D1D̄* in the upper panel and forr1J/c→D

1D̄,D* 1D̄* in the lower panel. At low energy, i.e.,As
<4 GeV, which corresponds toEkin5As2MJ/c2Mp<0.8
GeV, whereMJ/c and Mp are theJ/c and pion masses
respectively, the anomalous interactions reduce the total
sorption cross section forp1J/c by about 50%. Our nu-
merical results show that thep1J/c absorption cross sec
tion is less than 10 mb in this energy region. However,
contribution of the anomalous terms to ther1J/c cross
sections is not so important except at the high energy reg
which is thought to have many corrections from higher m
son resonances exchanges.

In Figs. 5 and 6, we show the contributions from ea
diagram for each channel. Forp1J/c→D1D̄ and p

1J/c→D* 1D̄* , it can be seen that the contact diagra
~1c! and~3e! are important. However, considering the unc
tainty related to the four-point vertices, the results for t
process are more qualitative. The more important and
uncertain process is thep1J/c→D* 1D̄. The interesting
observation here is that the role of the anomalous term@~2b!
of Fig. 1# is quite nontrivial at low energies and even dom
nates at higher energies. The strong interference with
normal terms leads to the substantial difference in the c
section as shown in the upper panel of Fig. 4. But in contr
as can be seen from Fig. 6, the role of the anomalous te
in the r1J/c absorption is not so crucial exceptr1J/c
→D* 1D̄,D1D̄* which is allowed only by including the

FIG. 4. Cross sections forp1J/c andr1J/c. The solid lines
are our model predictions and the dashed lines are those obta
without the anomalous terms. The dot-dashed lines correspon

p1J/c→D* 1D̄,D1D̄* in the upper panel andr1J/c→D

1D̄,D* 1D̄* in the lower panel in the full calculation.
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anomalous vertices. Its effect becomes important at hig
energies and is small atAs<4 GeV.

C. Cross sections with form factors

As pointed out by Ref.@14#, the assumption oft-channel
exchange of a heavy meson is hard to justify without inclu
ing form factors. This is so because the range of heavy
son exchange is much smaller than the physical sizes of
initial hadrons. There are some approaches to include f
factors in theJ/c absorption processes and different for
factors and cutoff parameters are employed@17,18,36#,
which, of course, cannot be justifieda priori. Microscopic
models such as quark potential models may give us a g
for the form factors. Here, we employ the simple form of t
form factors employed in Ref.@17#, which are

F35
L2

L21r 2
, F45

L2

L21 r̄ 2

L2

L21 r̄ 2
, ~32!

wherer 25(p12p3)2 or (p22p3)2 and r̄ 5@(p12p3)21(p2
2p3)2#/2. Here F3 is the form factor for the three-poin
vertices andF4 for the four-point vertices. The cutoff param
eters should be chosen experimentally and may take diffe

ed
to

FIG. 5. Contributions from each diagram to the cross secti
for p1J/c.

FIG. 6. Contributions from each diagram to the cross secti
for r1J/c.
1-8
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values for different vertices. However, because of the pauc
of experimental information, we use the same value for
cutoff parameters as in the literature and investigate the
pendence of the cross sections on the cutoff parameters.

In Fig. 7 we show a similar figure as in Fig. 4 but with th
form factors of Eq.~32! with L52 GeV ~left panel! and 1
GeV ~right panel!. It can be seen that the role of the form
factors is more important at higher energy region and su
presses the overall cross sections. But the tendency show
Fig. 4 is still valid; i.e., the anomalous terms reduce the cro
sections forp1J/c at low energies through interferenc
with the normal terms. Finally, Fig. 7 then shows that th
cross sections for thep1J/c absorption process is abou
2–6 mb depending on the cutoff parameter atAs<4 GeV.
The r1J/c cross section is very small atAs<4 GeV and
has a maximum value of 3–9 mb for intermediate energ
up to 5 GeV.

IV. SUMMARY AND DISCUSSIONS

Knowing the magnitude and energy dependence of
J/c absorption cross sections by hadrons is crucial to e
mating the effect ofJ/c suppression in RHIC due to had
ronic processes. We have reexamined theJ/c absorption by
p andr mesons in a meson exchange model. The absorp
processes are dominated by theD and theD* exchanges. By
including anomalous parity interactions we found that add
tional channels and absorption mechanisms are allow
Their contribution was found to be quite nontrivial especial
for the p1J/c cross section. The calculated cross secti
for p1J/c at low energies was found to be only about on
half of the previous calculations@16–18#. With conventional,
but arbitrarily chosen, form factors and cutoff paramete
the p1J/c cross section was estimated to be 2–6 mb f
As<4 GeV. In contrast, the effect of anomalous terms w

FIG. 7. Cross sections forp1J/c andr1J/c with L52 GeV
~left panel! and 1 GeV~right panel!. The notation is the same as in
Fig. 4.
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found to be weak in ther1J/c cross section at low ener
gies.

In addition to the uncertainties related to the determi
tion of the coupling constants and form factors, our mo
calculation may be improved further. One such improvem
would be the inclusion of the axial-vectorD1(2420) meson
exchanges, as mentioned in Ref.@16#. Also, at low energy,
final state interactions are expected to improve the calc
tion. It would be also interesting to investigate other possi
absorption channels as in Ref.@18#. For example, one may
consider OZI-evading vertices such as theJ/c-r-p cou-
pling, which can allow new absorption channels with mu
smaller thresholds than the processes considered in
work, although such processes are expected to be suppre
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APPENDIX

In this Appendix we briefly explain the way to obtain th
effective Lagrangians~1! and ~3!. As in the literature@15–
18# we start with the SU~4! symmetric chiral Yang-Mills
Lagrangian@27#

LxY M5
Fp

2

8
Tr ~DmUDmU†!1

Fp
2

8
Tr @M ~U1U†22!#

2
1

2
Tr ~Fmn

L FLmn1Fmn
R FRmn!

1m0
2~Am

L ALm1Am
RARm!, ~A1!

where U5exp(i2f/Fp) with the pion decay constantFp

('132 MeV! andf5pala/A2. The covariant derivative is
defined as

DmU5]mU2 igAm
L U1 igUAm

R , ~A2!

with left- and right-handed spin-1 fieldsAm
L,R , which are re-

lated to the vector and axial-vector mesonsVm

(5Vm
a la/A2) andAm (5Am

a la/A2) by

ALm5
1

2
~Vm1Am!, ARm5

1

2
~Vm2Am!. ~A3!

The field strength tensors are

Fmn
L,R5]mAn

L,R2]nAm
L,R2 ig@Am

L,R ,An
L,R#. ~A4!

In obtaining the Lagrangian~A1! we do not take any non
minimal terms into account for simplicity.

It is straightforward to obtain the interaction Lagrangi
for f andV, which leads to
1-9
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L n
VP52

ig

2
Tr $Vm~f]mf2]mff!%1

ig

4
Tr ~]mVn2]nVm!

3@Vm,Vn#2
g2

8
Tr @Vm ,f#@Vm,f#1

g2

16
Tr @Vm ,Vn#2,

~A5!

where we have ignoredA-f mixing effects as they are o
on

n

03490
order of 1/MV
2 . The above Lagrangian was obtained by kee

ing the axial-vector field. As in Ref.@28#, one may gauge-ou
the axial-vector field. It is found that including proper no
minimal terms gives the same form for the effective L
grangian as Eq.~A5! with different coupling constant@18#;
i.e., by substituting 2g for the coupling constant of Ref.@18#
one can get the effective Lagrangian in the form of Eq.~A5!.

The anomalous parity terms come from nine gaug
Wess-Zumino terms, which read
g

gives

e
the
Lan55Ci Tr @ALL31ARR3#25C Tr @~dALAL1ALdAL!L1~dARAR1ARdAR!R#15C Tr @dALdUARU†2dARdU†ALU#

15C Tr @ARU†ALUR22ALUARU†L2#1
5C

2
Tr @~ALL !22~ARR!2#15Ci Tr @AL

3L1AR
3R#

15Ci Tr @~dARAR1ARdAR!U†ALU2~dALAL1ALdAL!UARU†#15Ci Tr @ALUARU†ALL1ARU†ALUARR#

15C Tr FAR
3U†ALU2AL

3UARU1
1

2
~UARU†AL!2G , ~A6!

whereC52 iNc/240p2 with the number of colorNc andL5dUU†, R5U†dU. We have used one-form notation in writin
the above Lagrangian.

For simplicity we again ignore theA-f mixing and use the Bardeen-subtracted form for the anomalous terms. This

L an
VP52

g2Nc

16p2Fp

Tr ~dVdVf!2
igNc

6p2Fp
3

Tr $V~df!3%1
ig3Nc

32p2Fp

Tr ~V3df!1
ig3Nc

32p2Fp

Tr ~VdVVf!. ~A7!

Writing the pseudoscalar and vector fields explicitly and assuming purec̄c for the J/c wave function, we can obtain th
effective Lagrangians~1! and ~3! as well as the SU~4! symmetry relations used in Sec. III. Note that by eliminating
axial-vector fields, the coupling constant ofVfff interaction becomes@28#

gVfff5
MV

2

p2gVffFp
5

. ~A8!

Assuming that the proper symmetry breaking terms makeMV→MD* , gVff→gD* Dp , andFp→FD in the above relation, we
get gcDDp'18.0 GeV23, which is close to the value listed in Table I.
.
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