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Model for J/ ¢ absorption in hadronic matter
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The cross sections fai/ ¢ absorption by and p mesons are studied in a meson-exchange model that
includes not only pseudoscalar-pseudoscalar-vector-meson couplings but also three-vector-meson and four-
point couplings. We find that they are much larger than in a previous study where only pseudoscalar-
pseudoscalar-vector-meson couplings were considered. Including form factors at interaction vertitks, the
absorption cross sectiows,, anda,, are found to have values on the order of 7 mb and 3 mb, respectively.
Their thermal averages in hadronic matter at temperdtar&50 MeV are, respectively, about 1 mb and 2 mb.

PACS numbses): 25.75-q, 14.40.Gx, 13.75.Lb

I. INTRODUCTION Various approaches have been used in evaluating the
charmonium absorption cross sections by hadrons. In one
A dense partonic system, often called the quark-gluorgpproach, the quark-exchange model has been used. An ear-
plasma(QGP), is expected to be formed in heavy ion colli- lier study based on this model by Martins, Blaschke, and
sions at the Relativistic Heavy lon CollidéRHIC), which ~ Quack[13] has shown that thé/y absorption cross section
will soon start to operate at the Brookhaven National Labo -, by pions has a peak value of about 7 mbEgt,=+/s
ratory. Of all experimental observables that are sensitive to-M»—M,=0.8 GeV, but a recent study by Wong, Swan-
the presence of the QGP, charmonium is among the mo§©n. and Barnefl4] gives a peak value of only ., ~1 mb
promising ones. In particular, the dissociation of charmoni-at the samet,;, region. In the perturbative QCD approach,
ums in QGP due to color screening would lead to a reductiofknarzeev and Safa5] have studied the dissociation of char-
of their production in relativistic heavy ion collisions. The Monium bound states by energetic gluons inside hadrons.
suppression of charmonium production in these coIIisionsThey have predicted that the dissociation cross section in-

. : tonously witg,;,, and has a value of only
has thus been proposed as a possible signature for the fgr.eases mono N kin :
mation of QGP[1]. Extensive experimental and theoretical about 0.1 rﬂb arounEkg IO'BbGE\G In thehth:jrd a_ppro?fch,_
efforts have been devoted to study this phenomdi2er6]. meson-exchange models based on hadronic efiective

N ilabl ) tal dat % Lagrangians have been used. Using pseudoscalar-
OWEVET, avallable experimental da a dy suppression in pseudoscalar-vector-meson coupling® P(V couplings,
colliding systems ranging fronpA to S+U are consistent

; ) ; Matinyan and Miler [16] have foundo,,=0.3 mb atE,
with the_ scenario that cha_lrmomums are gbsorbed by target g g 'GeV. In a more recent study, Hagliti7] has included
and projectile nucleons with a cross section of about 7 mby sy the three-vector-meson coupling&V couplings and
[5]. Only in recent data from the PtPb collision atPis,  four-point couplings(or contact termys and obtained much
=158 GeVk in the NA50 experiment at CERM] is there a  |arger values o8/ absorption cross sections. Large discrep-
large additional)/y suppression in higley events, which  ancies in the magnitude of ,, (as well ass,,) thus exist
requires the introduction of other absorption mechanismsamong the predictions from these three approaches, and fur-
While there are suggestions that this anomalous suppressiaer theoretical studies are needed. In the present study, we
may be due to the formation of QER,8], other more con- use a meson-exchange model as in RET] but treat differ-
ventional mechanisms based &y absorption by comoving ently theVVV and four-point couplings in the effective La-
hadrons have also been proposed as a possible explanatigrangian and also take into account the effect of form factors
[9,10]. Since the latter depends on the valued/af absorp-  at interaction vertices.
tion cross sections by hadrons, which are not known empiri- Our paper is organized as follows. In Sec. Il, we introduce
cally, it is important to have better knowledge of the inter-the effective hadronic Lagrangian that we use to obtain the
actions between charmonium states and hadrons in order televant interactions amorly ¢ and hadrons. The cross sec-
understand the nature of the observed anomalous charmtiens for J/ absorption byr andp mesons are then evalu-
nium suppression. ated. The amplitudes for the coherent sum of individual dia-
Knowledge ofl/ absorption cross sections by hadrons isgrams are checked to ensure that the hadronic currentis
also useful in estimating the contribution &fy production  conserved in the limit of zero vector meson masses. We then
from charm mesons in the hadronic matter formed in relativshow in Sec. Ill the numerical results for the cross sections
istic heavy ion collisions. Since the charm mesonJf@y  and their dependence on the form factors at interaction ver
ratio in proton-proton collisions increases with energy, it hagices. In Sec. IV, we compare our results with other models,
been shown thal/¢ production from hadronic matter may and give more discussions on form factors and the effect due
not be negligible in heavy ion collisions at the Large Had-to the finitep meson width. A summary is also given in this
ronic Collider energie§11,12. To usel/ suppression as a section. In Appendix A, we discuss the determination of cou-
signature for the formation of QGP in these collisions thuspling constants based on the vector meson dominance model.
requires the understanding of balhy absorption and pro- More detailed comparisons with the approach used in Ref.
duction in hadronic matter. [17] are given in Appendix B.
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II. 3/¢» ABSORPTION IN HADRONIC MATTER

1
— Taupy_ — T puv
A. Effective Lagrangian Lo=Tr(9,P 3"P) 2Tr(FWF ), @
whereF ,,=4,V,—d,V,, andP andV denote, respectively,
The free Lagrangian for pseudoscalar and vector mesortie properly normalized 44 pseudoscalar and vector me-
in the limit of SU4) invariance can be written as son matrices in SW4) [18]:
10+1+ Te mt K* DO
2 6 V12
™ 77
m ——t =t — KO D~
o 1 V2 6 12
= E B 5 _ ,
K- KO -3+ % D;
DO D* DS _ 3%
S \/12
P’ o Iy
—t =+ — p" K** D*0
2 6 V12
0 ’ J/
p- _p e K*© D*~
y 1 2 6 12 -
2 . 2 Jly — |
K K*O — —(1), + — DS
3 J12
D*O D* + D* + _ w
S
J12
|
To obtain the couplings between pseudoscalar mesons and _ 9° )
vector mesons, we introduce the minimal substitution L=LoFigTr(d*P[P.V,]) = -TH[P,V,]%)
ig 9
4,P—D,P=09,P— ?[VﬂP], (3) +igTr(*V'IV,,,V,])+ §Tr([vﬂ V., 1%. (6
[ Since the S¥) symmetry is explicitly broken by hadron
Fo—d,V,=d,V,— Eg[vﬂ,vv]. 4 o v ed Y

masses, terms involving hadron masses are added t(6EQ.
using the experimentally determined values.
The effective Lagrangian is then given by

B. Effective Lagrangians relevant for J/ s absorption

L=Lo+ iETr(&Mp[pT’V;]+ J*PP,V,]) Expanding the Lagrangian in E(6) explicitly in terms of
2 the pseudoscalar meson and vector meson matrices shown in
2 i Eq. (2), we obtain the following interaction Lagrangians that
— g_Tr([p‘r,VL][p,Vu]H ETr(aﬂVv[VT Vi are relevant for the study ai/¢ absorption byz and p
4 2 mesons:
2 I T —
+3, VIV V")) + %Tr([V“,V”][VT AVAN D I ()! L pp* =19 zppxD*#71-(Dd,m7—3,Dm)+H.c., (7)

The hermiticity ofP andV reduces this to Ly00=1900¥*(Dd,D—3,DD), (8)
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_; VK Vo ¥ (1a) (Ib) (1¢)
EwD*D*—Ing*D*[W‘(aMD* DV D* a#Dy) D 5 D ]3

o)
*
w]]

+(d,4'D% —"9,D*)D*#

+D*#(y"9,D% —a,y"D*)], 9)

]
jw)
*

e - U Iy b Iy 41 iy
L 1ypo* = —Umyop+ $*(D%7D+D7D*)- 7, (10

L . (2a) (2b) (2¢)
‘CpDD:ingD(DT&,u,D_a/J,DTD)'p#! D

o]
wi
v
v
ol

L,y = 9,400 "D - F;,L )

D D
L,pxp* =19 ,pxp+[(,D*"7D* —D**79,D*) - p* p I o I p T
+(D*'7:9,p,=9,D* 7 p,)D** (3a) (3b) (o)
+D*H(7-5"0,D% —7-,5"D%)], D* D* D* D* D= D
Lo+ o* =y o+ (D% 7D% + D% 7D} z. b
—2y,D*"7D})- p*. (11 p n p P "

- . . - - FIG. 1. Diagrams forJ/¢s absorption processesil) i
In the above,r are the Pauli matrices, and and p denote _.D*D. (2) py—DD, and(3) pys—D*D* . Diagrams for the pro-

the pion and rho meson isospin triplets, respectively, while — o ) i
DE(DO D*) andD*E(D*O D* +) denote the pseudoscalar cessmiy—DD* are similar to(1a—(1c) but with each particle
and vector charm meson doublets, respectively. We note th&gPlaced by its antiparticle.

exact SUW4) symmetry would give the following relations N N

among the coupling constants in the Lagrangian: M 1a=~9zpp*9ypp(—2P1+P3)

1
><< > ) (P1—P3tPa)”,
m

g g
ngD*:ngD:ng*D*:Z: gzpDD:ng*D*:%i t—mg

2

1
2 2
9 9 Mlb:ngD*gu//D*D*(_pl_p4)a< 2 )
ar * = *D*— T —, = . 12 — .
97ypD* = YpybD*D 4\/6 JpyDD 2\/6 (12 D
(P1=P4)a(P1—Pa)g

X
2
Mp«

C. J/ i absorption cross sections Yap™

The above effective Lagrangians allow us to study the =B DA™ + (= Dr 4 Dot DN GEY
following processes fod/ s absorption byr andp mesons: L(=P27P3) g™ + (= P12 Pa)"0

+(p1+p3—pa) g,

my—D*D, mwy—DD*, py—DD, py—D*D*.
13 v v

a3 M= ~Unyop*9". (15

The corresponding diagrams for these processes, except the . | .
— . : larly, the full lit for th

processriy— DD*, which has the same cross section as the Sim_ ary e full amplitude for the second process
= - — DD is given by

processmiy—D* D, are shown in Fig. 1.

The full amplitude for the first processy— D* D, with-
out isospin factors and before summing and averaging over MZEMg‘VelMeZV:(_ M‘z‘iv) €1,€,, (16
external spins, is given by I=abe

with
Mle?fzﬁsx:( Mfi}\)ebfeﬂu 14

i=a,b,c

1
> | (P1—=P3+Pa)”,

MbI=— 9,009y00(P1— 2P3)M(
t_mD

with
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M5y =—=0,009y0p(—P11+2pa)*

1
X( 2)(_p1_p3+p4)y,

M5C=0d,y009"" 17

For the third procesgy—D*D*, the full amplitude is
given by

— MVA®
Mz=M3% €1,€2,€3\ €40

= ( - M gim\w) 61M62V€3)\€4w ’ (18)

a,b,c
with

Mg;)\m:ng*D*gl/lD*D*[(_ p1—Pa3)“gH

: )
2
t—md.

(pl—pg)a(pl—pg)ﬁl

2
mD*

+2pg*H+ 2pé‘g“*](

X

gaﬁ_

X[ —2p5gP’+(pa+pa)Pg - 2p,gP*],

MM =g e peGyprpx [ — 2PL9+ (P14 Pa) “gH°

1
—2p59*“] 3
U—mp.
_ (P1=Pa)o(P1—Pa)g

X9
2
Mo

ap

X[(—pa—Pa)Pg™ +2p5gP"+ 2pgPr],

MED=g,ypr0x (g4 g7+ g g™~ 29#7GN).
19

In the above,p; denotes the momentum of partigle We
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d0'2 1 v [ P1,P1y
W:—ZM";M;M ML’_M—ZM
28877-Spi,c.m. ml
% 9, — p2vp22v’) , (21)
mz
d0'3 _ 1

— MV)\wM*M/V/)\Iw/
dt - 28gmspfe,

pl,uplp,’ P2,P2,
[P o228

1
% ( G — psxp23>\'> ( Guur— p4c;:24w’) (22
7

with s=(p;+ p,)?, and

»[s—=(my+my)?][s—(my—my)?]
pi,c.m._ 4s

(23

is the squared momentum of initial-state mesons in the
center-of-momentunic.m, frame.

D. Current conservation

The effective Lagrangian in E@6) is generated by mini-
mal substitution, which is equivalent to treating vector me-

sons as gauge particles. To preserve the gauge invariance in
the limit of zero vector meson masses thus leads to both

VVV and four-point couplings in the Lagrangian. The gauge
invariance also results in current conservation; i.e., in the

limit of zero vector meson masses, degenerate pseudoscalar

meson masses, and 8 invariant coupling constants, one
has
PYREIY
MK 'pj)\j=0,

n

(29)

where the index\; denotes the external vector mesjom
processn shown in Fig. 1. This then requires, e.g.,

128 _ VAw _ H
choose the convention that particles 1 and 2 represent initiat*11 Pax=0 and M5™“p;,=0. In Appendix B, we shall
state mesons while particles 3 and 4 represent final-state mgXPlicitly check that the amplitudes given in EQ5), as an
sons on the left and right sides of the diagrams shown in Figtxample, satisfy the requirement of current conservation.

1, respectively. The indices, v, A, andw denote the polar-
ization components of external particles while the indiaes

and B denote those of the exchanged mesons.
After averaging(summing over initial (final) spins and

Ill. NUMERICAL RESULTS

The coupling constarg,.pp* can be determined from the

including isospin factors, the cross sections for the three proP” decay width[19], and this giveg,pp« =4.4. Using the

cesses are given by

do—l 1 v N P2,P2y
T ogre MIMI™ (gwf——z
96/77-Spi,c.m. m2
P3xPax’
X ( N %) , (20
3

vector meson dominanc®&MD) model, we can determine
other three-point coupling constants. As shown in Appendix
A, their values are

ngD: ng* D* = 2.52, gl/lDD: gz//D* D* = 7.64. (25)

For the four-point coupling constants, there is no empirical
information, and we thus use the 8l relations to deter-
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40 - . - 15 . .
Ty ny
-—-py-> DD —-—=py—>DD
—-=- py— D*D* —-—- py —>D*D*
30 +
o
E
~
2 8
Ewnl . 6
o}
10 . ]
--------- 0 i = L
100 150 200 250 300
0 T MeV)
35 40 \/_ 45 a0 FIG. 3. Thermal average df ¢ absorption cross sectidmwith-
8 (GeV) out form factors as a function of temperatufe
FIG. 2. J/ 4 absorption cross sectiqwithout form factors as a A. Without form factors

function of the c.m. energy of initial-state mesons. The solid curve
represents the total contribution from bottyy—D*D and my
—D*D processes.

Figure 2 shows the cross sectionJf) absorption byr
andp mesons as a function of the c.m. enek@yof the two
initial-state mesons. The cross sectiep,, shown by the

. . . . . solid curve, includes contributions from bothy—DD*
mine their values in terms of the three-point coupling con- =l . .
stants. i.e. and 7/— D* D, which have same cross sections. It is seen

that the thredl/ ¢ absorption cross sections have very differ-
ent energy dependence near the threshold energy,max(
+my,mz+my). While o, increases monotonously with
9py0* 0% = Gp* D* Uy D - (26)  ¢.m. energy, the cross section for the procegs-DD de-
creases rapidly with c.m. energy, and that for the process
To obtain analytical expressions for the cross sections so thaty— D* D* changes little with c.m. energy after an initial
they can be directly included into a computer code for nu+apid increase near the threshold.
merical calculations, we have used the software package The thermal average of these cross sections in a hadronic
FORM [20] to contract all Lorentz indices in E§22). matter at temperatur€ is given by

97yoD* = 970D+ 9yoDs  Ypyop=29,009y0D »

fwdz[zz— (@1t ap)?l[2%— (a1~ @)’ IKy(2) o (s=2°T?)

2

(ov)= : 27

403K p(ay) a3Ko( ap)

where ¢;=m;/T (i=1 to 4), zg=maxX(a1+ a,, a3+ ay), the cross sections shown in Fig. 2 and the difference in their
K,'s are modified Bessel functions, andis the relative kinematic thresholdgi.e., mz+m,—m;—m,), which are
velocity of initial-state particles in their collinear frame, i.e., about 0.64;-0.14, and 0.15 GeV for the processes)
—D*D(DD*), py—DD, and pyy—D*D*, respectively.
(kg ko) —mim; 29 The processryy—D*D(DD*) has the highest threshold,
0 EiE> ' while the procesg¢—DD is exothermic and thus has no
threshold. With a pion in the initial state, the procesg
As shown in Fig. 3(o,,v) increases with increasing —D*D(DD*) requires very energetic pions to overcome
temperature, bu{o,,v) varies only moderately with tem- the high energy threshold and thus has a small thermal aver-
perature. The contribution of the procegs)—DD to  age(o,,v) at low temperature. At higher temperature not

(o,yv) is seen to decrease slightly with temperature. Thesenly are there more energetic pions that are able to overcome
features can be understood from the energy dependence thfe kinematic threshold but also the cross section for the

034903-5



ZIWEI LIN AND C. M. KO PHYSICAL REVIEW C 62 034903

40 T T i ' T T LY - p3)§_m_ and (p;,— p4)§_m_ for t andu channel processes, re-
e wlo form factor B spectively. We assume that the form factor at four-point ver-
w 26V py— D*D* tices has the form
30+ TempelGey 7 130 A2 A2
fa= ) (30
5 / Af+a? )\ AS+?
2 -
— DD ;
520 i / P W T 120 whereA; and A, are the two different cutoff parameters at
© (x5) the three-point vertices present in the process with the same
/ initial and final particles, and? is the average value of the
10 i!" _______ | 10 squared three momentum transfers emdu channels:
L —— 1 ]
I ] 2 2
N —— [(P1=P3)"+(P1—P4)“Icm.
F/_ _______ L TSR 2= 2 ST = piz,c.m.+ p?,c,m: (31)
1 “\‘\_ o [ e
03.5 40 45 35 40 45 35 40 45 5.00 For simplicity, we use the same value for all cutoff param-
\/E(GeV) eters, i.e.,

FIG. 4. J/y absorption cross section as a function of the c.m. Azpox=Appp=Apprpx =Aypp=Aypspr=A, (32

energy of initial-state mesons with and without form factors. and choose\ as either 1 or 2 GeV to study the uncertainties

— . due to form factors.

processry—D*D(DD*) increases with the c.m. energy as  Figure 4 shows the cross section as a function of the c.m.
shown in Fig. 2i(o,v) thus increases strongly with tem- energy without and with form factors. It is seen that form
perature. For the procegsy— DD, on the other hand, its factors strongly suppress the cross sections and thus cause
contribution to the thermal averade,,v) decreases with large uncertainties in their values. However, fii¢: absorp-
temperature because with increasing temperature there atien cross sections remain appreciable after including form
fewer rho mesons at low energy, which contribute the largesfactors at interaction vertices. The values tof, and o,
cross section. The contribution of the procpgs—~D*D* to  are roughly 7 mb and 3 mb, respectively, and are comparable
(o,) changes slowly with temperature as a result of botH{o those used in phenomenological studies/af absorption
the small threshold and the fact that the cross section onlpy comoving hadrons in relativistic heavy ion collisions
weakly depends on the c.m. energy. [9,10,21. The thermal average df » absorption cross sec-

Compared with the results of Matinyan and léu [16], tions with and without form factor is shown in Fig. 5. At the
we see that the inclusion of théVV and four-point cou- temperature of 150 MeV, for examplgr ) and(o,,v)
plings increases ,, by an order of magnitude. For the pro- are about 1 mb and 2 mb, respectively.
cesspiy— DD, the decrease of its cross section after includ-
ing four-point couplings is due to their destructive IV. DISCUSSIONS AND SUMMARY

interference with thé® PV coupling terms. The procegs) In our study, the effective Lagrangian shown in E8).is

—>D’_’5* is entirely due toVVV and four-point couplings  obtained from applying the minimal substitution of H§)
and is seen to have a much larger cross section than that fghg Eq.(4) to the free Lagrangian. The resultif@PV,
the procespyy—DD. As a result, our effective Lagrangian VVV, and four-point PPVV and VVVV) interaction
including the VVV and four-point couplings also signifi- Lagrangians in Eq(6) are exactly the same as those in the

cantly increases, . chiral Lagrangian approad2].! They are, however, differ-
ent from those used by Haglifii7]. The differences are
B. With form factors shown in detail in Appendix B.

) ) Values of theJ/ absorption cross sections by hadrons
To take into account the composite nature of hadronsgpiained in our model are comparable to those from Martins,

form factors need to be introduced at interaction verticesg|zschke. and QuadK.3], Haglin[17], and Wong, Swanson
Unfortunately, there is no empirical information on form fac-

tors involving charmoniums and charm mesons. We thus———
take the form factors as the usual monopole form at the

three-pointt channel andi channel vertices, i.e., !Before checking the identity of our effective Lagrangian to the
corresponding ones in the chiral Lagrangian approach of [R&f,

A2 one should take notice of the different normalizations for the cou-

fSZﬁ, (29 pling constantg and the meson matrices as well as the following
A+q typos in that paper. The first part of E@\2) in Ref.[22] should be

U=exdi(v2/f,)$], Eq. (A3) should beD,U=3,U—igA.U
where A is a cutoff parameter, and? is the squared three +igUAfj, and the first part of Eq.(A5) should be £$,3d2¢
momentum transfer in the c.m. frame, given by, ( =-ig/2Trd, ¢[V* $]+---.
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15 — —— — 15 We have used the centroid value for {heneson mass in
o form factr this study. Since the meson width in vacuum is larg@51
oy G Py D*D* MeV), the threshold behavior gfy processes may change

significantly with thep meson mass. E.g., a rho meson with

mass below 630 MeV changes the procggs—DD from

10r T T 110 exothermic to endothermic, and the energy dependence of
the cross section near the threshold may thus change from
oY= DD fast decreasingthe dashed curyeshown in Fig. 2 to fast

/ ) rising (similar to the dot-dashed curveOn the other hand, a

—=—= A=1GeV

<ov> (mb)
haatey

rho meson with mass above 920 MeV changes the process

piy—D*D* from endothermic to exothermic. We thus ex-
pect that the final value of th& ¢ absorption cross section
by rho mesons will be different once themeson width is
considered. However, the meson spectral function is fur-
_______________ ther modified in the hadronic matter produced in heavy ion
0 — —l 0 collisions[24,25, so the effects of the rho meson width on
100 150 200 250 100 150 200 250 100 150 200 250 300 J/ absorption in hadronic matter are more involved. We
T (MeV) therefore leave the effect of themeson width on charmo-

nium absorption to a future study.

Finally, vector mesons are treated as gauge particles in
our approach. Since the $4) symmetry is not exact, it is
not clear to what extent they can be treated as gauge par-
and Barnes[14], but are much larger than those from tjcjes. An alternative approacf26] based on both chiral
Kharzeev and Satf15] and Matinyan and Miler [16]. As  symmetry and heavy quark effective theory may be useful in
shown in Flg 2 and Flg 3, our results without form faCtorSunderstanding the meson_exchange model we have used
are much larger than those from Matinyan andll®u[16]  here.
because the latter only included pseudoscalar-pseudoscalar-|n summary, we have studied th#y absorption cross
vector-meson couplings. As to the energy dependendéyof  sections byr andp mesons in a meson-exchange model that
absorption cross sections, our results shown in Fig. 2 for théncludes pseudoscalar-pseudoscalar-vector-meson couplings,
case without form factors are similar to those from Matinyanthree-vector-meson couplings, and four-point couplings. We
and Muler [16] and Haglin[17], which are also based on find that these cross sections have much larger values than in
effective hadronic Lagrangians. Including form factorsa previous study, where only pseudoscalar-pseudoscalar-
weakens the energy dependence of the absorption cross s&€ctor-meson couplings were considered. Including form
tions as shown in Fig. 4. However, the decrease of the afactors at the interaction vertices, the valuesdqy, ando,,
sorption cross sections with energy is still not as fast as ir@'e on the order of 7 mb and 3 mb, respectively, and their
quark-exchange modelil3,14. This difference could be thermal averages at the temperature of 150 MeV are roughly
due to the fact that meson interactions in our effective had} mb and 2 mb, respectively. These values are comparable to
ronic Lagrangian approach involve derivative couplings,those used in the phenomenological studies/af absorp-

leading thus to a strong momentum dependence in the matridon in relativistic heavy ion collisions. Our results thus sug-

elements, while the nonrelativistic potential used in theJest tha.t the absorptpn dify by comoving hadr_ons may
lay an important role in the observed suppression.

guark-exchange model does not have an explicit momentur}
dependence. Inclu_dlng. the relativistic corrections to the ACKNOWLEDGMENTS
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FIG. 5. Thermal-averaged cross section]bf absorption as a
function of temperatur@ with and without form factors.

Lagrangians, because there is little experimental informatio f(\)’ggge306§ese§r§$gg r(?f]org(rsns gggfr Grants No. FY97-
available. Four-point vertices appear in all processes in ou ) an ) ) '

study. If all vector mesons are massless, it is possible to APPENDIX A
determine the form factor at a four-point vertex once form ) ) ) )
factors at three-point vertices are chosg8]. This is In this appendix, we determine the values of the coupling

achieved through gauge invariance by requiring current confonstants within the framework of the VMD model. In the
servation for the total amplitude that includes the form fac-YMD quel, the virtual photon in the process D

tors. Since the uncertainty of form factors involving charm —€ D is coupled to vector mesons o, andJ/¢, which
mesons is already large for three-point vertices and the gau%ée then coupled to the charm meson. At zero momentum
invariance is only exact when all vector mesons are massles :':msfer, the following relation holds:

we choose not to follow this more involved approach. In-
stead, we show the uncertainties due to form factors by using >
two different values for the cutoff parameters. VEpo My

YvOvD+D- _ (AL)
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In the above,y, is the photon-vector-meson mixing am-
plitude and can be determined from the vector meson partial

decay width toe*e™, i.e.,

2
_aYy
FVee_ 3

a3 (A2)

with the fine structure constant=e?/4r. The relative signs
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APPENDIX B

In this appendix, we discuss in detail the differences be-
tween our approach and that of REE7]. In particular, we
compare the general effective Lagrangian for interacting
pseudoscalar and vector mesons and the specific interaction
Lagrangians fod/ ¢ scattering by pion and rho meson in the
two approaches. We also examine the condition of current
conservation for the amplitudes derived from the two ap-

of yy's can be determined from the hadronic electromagnetiproaches.

current expressed in terms of quark currdi®®|. Since the

virtual photon sees the charge of charm quark in the charm

meson through the/DD coupling, we have the following
relations:

Yy9yDtD- 2 Yp9oD D~ | YoYwD D~ 1
w3 T w3
4 p ®
(A3)

Similarly, one has, from the procees D°—e D,

Yil/gl//DO_DO _ E ')’pngo_Do 7wng0_DO __ E
m, 3" m; m?2, 3"
(A4)
Using  g,0+p-=—9,0000=9,0D 9wb*D- = 9uDODO

=0,pp» aNdgyp+p-=0ypop0=gypp from isospin symme-
try, we then have

Yy9yDD 2 Yp9,DD N Yo90bD 1
T 3% T w3
¥ p ®
wIw 2
_ 7pg;)2DD Y gzDD:__e- (AS)
m’ m2 3

From the above equations, we obtain the following couplin

constants:
ngD:2'521 ngD:_2'84! gz//DD:764 (AG)

We note that in Refl16] the same VMD relations fog,pp

and g,pp as our Eq.(A5) are used but slightly different

values, i.e.g,pp=2.8 andg,pp="7.7, are obtained.
Equations similar to Eq(A5) can be written for kaons
and pions in order to obtaigyxx andgy.,,. The resulting

coupling constants, multiplied by the corresponding prefac-
tors in the following SW4) relations, are given in the paren-

theses for comparison:

V6
9pmr(5.08=29,kk(5.04=29g,pp(5.04 = 791//DD(9-36)-
(A7)

We note thatg,,,| is 6.06 if it is determined from the

meson decay width to two pions. It is seen that the predicted

values differ only slightly from the above $4) relation
except the coupling constagt,pp - This may indicate a siz-
able uncertainty in the/DD coupling.

1. General effective Lagrangian

In both approaches, one starts from the same free La-
grangian of Eq(1). But our matrices foP andV differ from
those of Ref[17] by a factor of 1{/2 as given recently in
Ref.[28]. For the minimal substitutions given in E®) and
Eqg. (4) for obtaining the interaction Lagrangians, the first
one is the same in the two approaches but the second one is
different. Instead of the fact@y/2 in the last term of Eq4),
Ref.[17] usesg. As a result, the effective Lagrangian given
by Eg.(2) in Ref.[17] has the following form:

lin=igTr(PV*9,P—3*PV,P)
1 ,
+ Engr(PVMVuP_ PVEPV,)+igTr(é*V'[V,,V,]

+[V~V"19,V,)+g?Tr(VAV'IV, V. ]),
2

=igTr(o*P[P,V,])— gZTr([P,VM]Z)
gz

+2igTr(o*V'IV,.V,])+ ?Tr([VM WV, 12). (B1)

This Lagrangian differs from ours in the threa/\{V) and
four- (VVVV) vector meson couplings. Compared with our

gEq. (6), we find that ouVVV andVVVVterms are a factor

of 2 and 4 smaller than corresponding ones in R&f],
respectively.

We note that the above differences in the effective
Lagrangians used in the two approaches cannot be due to a
redefinition of fields. To see this, we rescale the coupting
and the fields® andV by c4,cp, andcy, separately then
the relative ratios of thé®VV, PPVV, VVV, andVVVV
terms are given by

C4CRCy, CaChCy, 2C,Cy, and &icy. (B2)
It is obvious that these ratios cannot be changed to 1 simul-
taneously, as one needgcy=1 from the ratio of the first

two terms but 24c,=1 from the ratio of the last two terms.

2. Lagrangians for the J/ ¢ interaction with pions
and rho mesons

After expanding the general effective Lagrangian, we
have Eq.(7) for the #DD* interaction, which should be
compared with the following one in Rdf17]:
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_ P2:(P1—P3+Pa)

i, _ _
| zpD* = EgﬂDD*(DTiD*”%Wi —d,D7D}m—H.c), M zngV_f(_ 2p1+p3)t=(2p1—p3)t,
(B3)
) . . A (P1+Pa)” "
where we have usg’ to label the coupling constant in Ref. A 1yp,,=—————0,4(—p.—P3)Pg
[17]. It is seen that our coupling constagipp« is a factor u
of 2 smaller. Apart from the possible difference due to the (=D 40,4+ D) AP+ (D1 + Da— D) "B
definition of D field, we have the samé_pp+ as Ref.[17]. (=PatP2tPa)0 (P1+Ps=Pa)"8™ 0Pz,
Compared to ouryDD interaction Lagrangian in Ed8), (P1t+Pa)
Ref. [17] has = u £ [ - p§p>2\+ pg( —p1t p4))\_ UQB)\]
l yoo=i9,pp¢*[Dd,D—(3,D)D]. B4 —S+t »
400=10pp¥*[D3,D~(3,D)D] (B4) = )ps_pl_m},
Apart from a possible sign difference in the definition of
dyop . both have the samé,pp, . MPpy=p. (B8)

Instead of ouryD* D* interaction Lagrangian in Eq9),

Ref.[17] has Their sum is given by

—sS+t

| yox o = —i9 e px #*[D*"(3,D%) —(3,D**)D}
MIADZVZ(T> p3=0. (B9)

—(3,D%)D*"+(,D%)D*"]. (B5)

Besides a possible sign difference in the definition ofAs indicated in the last step, it goes to zero when contracting
Jun* o, WE have two more terms il o o+, Which involve with the external polarizatioas, of the charm vector meson.
thﬁa derivative of the/ field, than in I%ef[l?] We note that It is also straightforward to verify the current conservation
1 * e DN .
the cyclic form of ourC,p«p+ yields the following factor for ~ condition forM;"ps, as shown later in EqB16).
the three-vector meson vertex in a Feynman diagram:
b. Approach of Ref. [17]
(P1=P2)y9ur+ (P2 P3) 1,90y + (P3—P1),9,., (BE) Using the interaction Lagrangians of Réfl7] as ex-

hich look v like th f the th | plained in the above, we obtain the following corresponding
which looks exactly like the structure of the three-gluon Ver-amplitudes for Eqs(B3), (B4), (B5), and (B7):

tex in QCD. A similar difference appears between our ap-
proach and that of Ref17] for the pD* D* interaction La- /

_ - o 9apD* v
grangian. We note that there may be typos in R&Y] for mlngngD(_zpﬁpgx . ) (P1—Patpa)”s
| ypxp+ andl p«p«, asD*D* and D*D* cannot be both t—mp
scalar.

For themr/DD* interaction Lagrangian, ours is given by N g;DD* ) 1
Eq. (10) while that in Ref.[17] is Mip=—>—09ypxpx(P1+Pa)* i
-m>,
l oo+ = — 9059 0o #*D* 7D, (B7)
ymBb 94008rpp+ ¥ DL DT x| g _(pl_p4)a(pl_p4)[3
which is non-Hermitian and thus likely contains a typo. N mé*

3. Current conservation for wg—D*D X[=P3G™ +(=P1tpa) g?"+ (prt+Ps—pa) g™ ],

As pointed out in Sec. Il D, in the limit of zero vector
meson masses, degenerate pseudoscalar meson masses, and
SU(4) invariant coupling constants, all amplitudes for the . , o . .
three J/ ¢ absorption processes shown in Fig. 1 should sat:l,—ak'ngng* p+=Yypp @S in Eq.(5) of Ref. [17,] and omit-
isfy the current conservation condition of E@4). Here, we  ing the common factog;pp+9ypp/2, We obtain

consider the processc,/f—>D*5 as an example and explic-
itly check the current conservation condition in both our ap-
proach and that of Ref17]. For simplicity, we take all me-

) (P1+pPa)®
son masses to be zero. M pg,= gl PEG™ + (= Pyt pa) g

Mis=—9 ppxdopd" (B10)

M{AP2,=(2p1—P3)™,

a. Our approach VB
_ _ +(P1t+P3—P4)"97" P2,
The three amplitudes for the process/—D*D are (po+ o)
shown in Eq.(15). Multipling them byp,, and omitting the _P17Pap. g A1 pB(—p. 40— ugf
common factor-g,pp*Jypp , We obtain u L PePatRa(mPut Pt ugh
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45 ‘ , ‘ 1 We note that although the current conservation condition
wl 7 Eq.BID) o { is satisfied forn}*p,, whenm,, in Eq. (B11) is divided by
E‘l‘gﬁ)‘g?gerence in (i) i = B (BE) | a factor of —2, the current conservation condition for
35 | 7779 EqBlD-differences in ()&(i) = Eq.(BS) m*p, remains violated. This is shown explicitly in the fol-
30 | e £ e 8 COH O Iowing.
! ge" ) : From the amplitudes shown in EB11), we have, after
@ 25 - ’[z’ 3 omitting the common factog, 5« 9,0p/2,
b 20 I
y P3-(—2p;+p3) ) )
151 m12P3>\:—t (P1=P3+Pa)’=(P1—P3+Pa)’,
10
St y (P1+Pa)” ) ,
. ‘ MibPa =" Gupl ~P59" +(—P1tpa)’g”
3.5 4.0 4.5 5.0 5.5 6.0 N
Vs (GeV) +(p1+P3—Pa) "9 1pay
FIG. 6. Comparison o8/ absorption cross section by pions. =(p1+p4),3 (—Di+ vB4 pB(p, — v
The dashed curve represents the result of (Bd.1) based on the u [P (=P1tPa)g P3(P1=P4)"]

Lagrangian from Ref{17]. The solid curve is the result from Eg.
(B11) by dividing the amplitudem,. by a factor of —2, which
reproduces the result from R¢fL7]. The circled curve is the result
from Eq. (B8) based on our Lagrangian.

+ s—t :
%+(E)(pl_p4)} ,

MisPan—MicPar/(—2)=p3. (B13)
(—s+t \
=l 57— |P3—=P1—Pa| ,
2u Their sum is
2% A
MicP2,= —2pP; . (B11) i
. . mV)\p - M+ S;t (P1—Pa) (B14)
Their sum is thus 1 e 2 2u )Tt A
v — S+t : which does not go to zero when contracting with the external
mi" Pz, = 2u )pS_BpZ} =-3p;.  (B12) polarizationEZV.g ’

On the other hand, if we also add the two missing terms in

When contracting with the external polarizatieg, of the | p*p+x according to our Eq.(9), i.e., adding —pgg“
charm vector meson, the first term vanishes but the second pggﬁv to the yD* D* vertex inm,, in Eq. (B11), we then
remains as shown in the last step. Therefore, the current coBgye the following additional contribution A pa, :
servation condition is not satisfied in R¢L7].

To understand the above results, we compare the ampli-
tudes given in Eq(B11) against Eq(B8) and note the fol- (P1+Pa) s (p1+ps) [s—t v
lowing two differences(i) In m;, of Eqg. (B11), the two ——2_<W) pg} .
terms — p5g” + p5g#” involving the four-momentum ofy
in the yD*D* vertex are missing(ii) my. in Eq.(B1l) is a (B15)
factor of — 2 larger than ourfalso see the comment after Eq.
(B7)]. In calculatingm}*p,,, the difference in(i) does not
matter as it accidentally gives<{(p5p5+ p5p4) =0. The fail-
ure of satisfying the current conservation condition in Ref. ot <
[17] is thus due to the difference fii). U P Il PR

To see this more clearly, we show in Fig. 6 by the dashed M1 Par ( 2u )(pl P4~ P3) ( 2u )( p2)=0.
curve the cross section fdf ¢ absorption by pions obtained (B16)
from the amplitudes given in EdB11) and using the cou-

pling constantsy, .« =8.8 andgnp=0,p+px = 7-7 given  As shown in the last step, it vanishes when contracting with
in Ref. [17]. However, the results are different from that the external polarizatior,,. The results after eliminating
shown in Fig. 1 of Ref{17], which is reproduced here by the both differencesi) and(ii), i.e., using our amplitudes given
solid curve in Fig. 6. We have found that to reproduce thein Eq. (B8), are shown by the circled curve in Fig. 6, which
results in Ref[17] requires dividing the amplituden, in is only slightly different from our results shown in Fig. 2 due
Eq. (B11) by —2. to the different value taken fay,pp (7.7 vs 7.64).

(—pap5+pa-psg?’) =

u

Combining the above two results gives
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