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Hadronic scattering of charmed mesons
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The scattering cross sections of charm mesons with hadrons such as the pion, rho meson, and nucleon are
studied in an effective Lagrangian. In heavy ion collisions, rescattering of produced charm mesons by hadrons
affects the invariant mass spectra of both charm meson pairs and dileptons resulting from their decays. These
effects are estimated for heavy ion collisions at Super Proton Synchrotron energies and are found to be
significant.

PACS numbes): 25.75-q, 13.75.Lb, 14.40.Lb

[. INTRODUCTION tive Lagrangian to describe the interactions of charm mesons
: . . with pion, rho, and nucleon. Using the coupling constants
Recently, experiments on heavy ion collisions at CERNynq cytoff parameters at the vertices determined either em-
Super Proton SynchrotrofSPS by the HELIOS-3[1] and  pjrically or from symmetry arguments, we evaluate the scat-
NAS50 [2] Collaborations have shown an enhanced productering cross section of charm mesons with hadrons. Effects
tion of dileptons of intermediate masses (&M <2.5 of hadronic scattering on the charm meson transverse mo-
GeV). In one explanation, this enhancement is attributed tanentum spectrum and the dimuon invariant mass spectrum
dilepton production from secondary meson-meson interacirom charm meson decays are then estimated in Sec. Il
tions [3], while in another it was proposed that dileptonsbased on a schematic model for the time evolution of heavy
from charm meson decays could also contribute appreciablipn collision dynamics. In Sec. IV, we summarize our results
in this invariant mass regid]. In the latter case, one of the and discuss the uncertainties involved in the studies.
present authors has shown, based on a schematic model, that
if one assumes that the transverse mass spectra of charnf)- CHARM MESON INTERACTIONS WITH HADRONS

mesons become hardened as a result of final state rescatter- A. Lagrangian

ing with hadrons, the invariant mass spectrum of dimuons . . b~

from decays of charm mesons would also become hardened,OWEOCOnS"fier th? scatgerlng of (éharm m(.aso@s (b,

and more dimuons would then have an invariant mass bé?"» D*, D*™, D*~, D*7, and D*") with pion, rho, and
tween 1.5 and 2.5 GeV. Although charm quark productionnUC'eon- If SU4) symmetry were exact, interactions between
from hadronic interactions has been extensively studied ug?seudoscalar and vector mesons could be described by the
ing perturbative QCD[5,6], not much has been done in Lagrangian

studying charm meson interactions with hadrons. Knowledge

of charm meson interactions with hadrons is important, as

whether charm mesons develop a transverse flow depends on Lppy=igTr(P'V#Tg,P)+H.c., (1)
how strongly they interact with other hadrons as they propa-
gate through the matter. whereP andV represent, respectively, thex#t pseudoscalar

In this paper, we shall first introduce in Sec. Il an effec-and vector meson matrices

0
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0556-2813/2000/62)/0249047)/$15.00 61 024904-1 ©2000 The American Physical Society



ZIWEI LIN, C. M. KO, AND BIN ZHANG PHYSICAL REVIEW C 61 024904

0
p_+i+J/_lﬂ pJr K*+ 6*0
V2 B V12
o~ A K*© D* -
gl 2 6 12
2 _ 2 Jl
\/— K*— K*O _\/:a)‘f‘—‘/, D:_
RN

D*O D*+ D*+ _3‘-]/‘;0
s \/1—2

The above interaction Lagrangian may be considered ases. The formulation becomes, however, more complicated
being motivated by the hidden gauge theory, in which therén SU(4) where a more general tensor method is requirgd
are no four-point vertices that involve two pseudoscalar meThe interaction Lagrangians needed for our study then in-
sons and two vector mesons. This is in contrast to the apclude the following:
proach of using the minimal substitution to introduce vector
mesons as gauge particles, where such four-point vertices do o
appear. It is, however, known that the two methods are con- L= —ignwNys7N- 7,
sistent if one also includes in the latter approach the axial
vector mesons, which are unfortunately not known for charm
hadrons. Furthermore, gauge invariance in the latter ap- Lona =i9pna (NysAD+AcysND).
proach cannot be consistently maintained if one uses the ex- ¢ ¢
perimental vector meson masses, empirical meson coupling
constants and fqrm factoys at interacting vertices..Expanding;]1 the above we have used the following conventions:
the Lagrangian in Eq(l) in terms of the meson fields ex-
plicitly, we obtain the following Lagrangians for meson-
meson interactions: L omTim,

7t =——"N=(p,n) andD=(D°D").

V2

Lpp* =10 zpp*D*#7-[D(d,m)—(4,D)m]+H.c.,

Again, SU4) symmetry would relate the above coupling
R — . constants to each other with the introduction of one more
L,00=19,0p[D7(d,D)—(3,D)7D]- p*, parameter, as shown below in H8), because there are two
SU(4)-invariant Lagrangians for pseudoscalar meson and
baryon interactions. We also need the following phenomeno-

Lypmn= gpmﬁ”' (X 07#;,), ) logical Lagrangian:

where the coupling constants,pp+, 9,00, andg,,, are B

related to the coupling constagitvia the SU4) symmetry as — - p w29

shown below in E%(4?. o sy g ﬁpNN_gpNNﬁ( VTPt 2my ot dupy N,
In SU(3), the Lagrangian for meson-baryon interactions

can be similarly written using the meson and baryon matri- )
where values of the coupling constagtgy and«, are well

known as discussed below.

PN YN Y g AN |
(a)>_“_< >L< >L< D3y D*
T 0 D\ /n @ DA /1 @ D EW ’ 2 B. Cross sections

In Fig. 1, Feynman diagrams are shown for charm meson

1 " T ] N ) - . . .
. y . ; ’ . AN . Y ; interactions with the pioridiagrams 1 to 8 the rho meson
)] (c) (diagrams 9 and 10 and the nucleoridiagrams 11 to 13
O, 00 SO\ /00 /0, Explicit isospin states are not indicated. The spin and

isospin-averaged differential cross sections fortticeannel
FIG. 1. Feynman diagrams fde) D, (b) Dp, and(c) DN andu channel processes can be straightforwardly evaluated,
scatterings. and they are given by
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dO‘l B gi,mgiDD* [mi_ Zmi— 2t+(t— mfr)zlmi][mé* - Zm%_2t+(t_ m%)zlsz*]

dt 324 o3 (t—m?)2

’

dO'z_l d(Tl
dt 3 dt’

dog _ g;z)'n"n'giDD (2s+t— 2mi_ 2m2D)2

At 3onspy? t-m)2
dU'g_ 1 d(Tl
dt 3 dt’

dUlO_ 1 dO'l
dt 9 dt’

do—ll_ggi—DD*giNN (—t)[mé* —2m2D—2t+(t—m2D)2/mé*]

dt 64msp’ (t—m?)2 ’
d(le_l d0'11
dt 3 dt
dois  3950p0ann 2(1+ k)% —Sut+mg(s+u)+mg—mi]—(s—U)2k,(1+ K /2+tk,/8mY) -
dt 32msp? (t—m?)2 '

wherep; denotes the initial momentum of the two scatteringB(D,—D* 7)=1, B(D% —~D*7)=1/3, and BD5 —D)
particles in their center-of-mass frame. =2/3, neglecting possible decays Df andD3} to Dp and
For s-channel processes through charm meson resqy«, respectively[10].
nances, shown by diagrams 4 to 8, the cross section is taken
to have a Breit-Wigner form C. Coupling constants
, For coupling constants, we use the empirical values
B (23+1) 4_77 I'toBinBout ?N],TZG.l [11], 9,pp*=4.4, %pD]D=2.8 [12], g,nn=13.5
T (25,+1)(25,+1) p? (s—M2)2/st T2, 13], gpNN=3._25, ande=6.; 14_. From SU4) symmetry,
' 2 pi (S=MR)Y/sH o as assumed in the Lagrangian in Efj), one would expect
the following relations among these couplings constants:

g

wherel', is the total width of the resonancB;, and B B B B

are their decay branching ratios to the initial and final states, ~ 97<k*(3-3 =800 (4.4 =0,kk(3.0=0,p0(2.8)
respectively. We note that diagrams 4 to 7 correspond to
processes through thB% and D, resonancedD w— D,
Dm—D*w, D*7—Dax and D*7#—D*, respectively,
while diagram 8 represents the procéds— D through  One sees that the empirical values given in parentheses agree
the D* resonance. Total widths fd; andD; resonances reasonably well with the prediction from $4) symmetry.

are known, and they arEpx0=23 MeV, I'px+=25 MeV,  Signs of the coupling constants are not specified as the pos-
ngzlglg MeV, andFDIZZS MeV [8]. For the width of sible interferences among diagrams 3, 4, and 8 are not in-

D*, only an upper limit is known, i.e['p«0<2.1 MeV and cluded. We note that the coupling constgntp« is consis-

! . .o
I'px+<<0.131 MeV. Studies based on the relativistic poten—tent with that determined from the™ width

tial model [9] suggest thal'px0=42 KeV andl'p++=46 2 3
KeV, and we use these values in this paper. The branching r _ 900 Pt
ratios (BR) are known forD* * andD*° 8], but not forD} b*—mD
andD;. Experimental data show that for bdi;® andD3 *

decays one has(D ) /T (D* m¢) ~2. SinceD, decays to  wherep; is the momentum of final particles in tH2* rest
D* 7 instead toD 7 due to parity conservation, we assume frame.

_ gpﬂ‘lT

5 (30. (4

2 1
27TmD*
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D. Form factors E. On-shell divergence

To take into account the structure of hadrons, we intro- The cross sections in Eq3) for diagrams 2 and 9

duce form factors at the vertices. Fochannel vertices, (Dp—D*m) are singular because the exchanged mesons
monopole form factors are used, i.e., can be on shell. Since the on-shell process describes a two-

step process, their contribution needs to be subtracted from
the cross section. This can be achieved by taking into ac-

A2—m?2 count the medium effects which add an imaginary self-
f(t)y= ——2, energy to the mass of the exchanged pion as in [R&f. We
A?—t take the imaginary pion self-energy to be 50 MeV and have

. ) checked that the calculated thermal average of the cross sec-
where A is a cutoff parameter, andh, is the mass of the  tions do not change much with values between 5 and 500
exchanged meson. For cutoff parameters, we use the empideV. We note that there are other ways to regulate this
cal valuesA,.,=1.6 GeV [11], A,yn=1.3 GeV, and singularity[16].
A,nn=1.4 GeV[13]. However, there are no experimental
information onA pps and A ,pp, and their values are as- F. Thermal average
sumed to be similar to those determined empirically for e are interested in the thermal averaged cross sections
strange mesons, i.e.A ppx=A kkx=1.8 GeV, A,pp  for the processes shown in Fig. 1. For a proces21-3
=A,kk=1.8 GeV[11]. For s-channel processes, shown in +4, where the initial-state particles 1 and 2 are both de-
diagrams 4 to 8, that are described by Breit-Wigner formulascribed by thermal distributions at temperatiir¢he thermal
no form factors are introduced. averaged cross section is given by

fwdz[zz— (@1t ap)?1[2%— (a1~ @) *]Ky(2) o (s=2°T?)

)

(ov)= 4(1+ 610 a1Ky(ag) aKy(ay)

In the above,aj=m;/T (i=1 to 4), zo=max(a;+ a,,a3 To characterize the scattering effects on charm mesons,
+ay), 61, 1s 1 for identical initial-state particles and 0 oth- we first determine the squared momentum transfer to a
erwise, ands is their relative velocity in the collinear frame, charm meson when it undergoes a scattering probgss

i.e., —DyX,. In the rest frame oD 4, the squared momentum of

the final charm mesoB, is given by
V(Kky-kp)?—mim;
EqE; '

[(mp, + sz)Z—t][(le—sz)z—t]
In Fig. 2(a), we show the results for the thermal averaged Po= (2mp. )2

cross sections as functions of temperature. It is seen that .
dominant contributions are fror® and D* scatterings by
nucleon,D scattering by pion via rho exchange, abdcat-
tering by rho meson via pion exchange. In obtaining these
result, the rho meson mass is taken at its peak value of 770
MeV.

EN

w

IIl. ESTIMATES OF RESCATTERING EFFECTS

(ov) (mb)

{ovp,2) (mb GeVZ)

As shown in the schematic model of R¢4], if one as-
sumes that charm mesons interact strongly in the final state
hadronic matter, then their transverse mass)(spectra and
pair invariant mass spectra would become harder than the
initial ones as a result of the appreciable transverse flow of g e e
the hadronic matter. Dilepton decays of charm mesons would T (MeV)
then lead to an enhanced yield of intermediate-mass dilep-
tons in heavy ion collisions. In this section, we estimate the FIG. 2. Thermal averagé) (ov) and (b) (avp2) of charm
effects of hadronic rescattering on charm mesgnspectra  meson scattering cross sections as functions of temperature. Num-
and the invariant-mass distribution of dileptons from theirbers labeling the curves correspond to the diagram numbers in Fig.
decays in heavy ion collisions at SPS energies. 1.
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for t-channel processes with four momentum transféoru 4 ‘ ‘ ‘ ] 400
. ) L
c_hannel processes, one replaodsr t in the above expres — - Brhancement Factor R - 350
sion. -
. P v
We determine the total number of collisions suffered by a d A =00
charm meson from its scattering cross sections and the time e 250
evolution of the hadron densities. In the charm meson local o2 e 2008
frame, we assume that the density evolution of hadrons is ; s ;;,
inversely proportional to the proper time, i.e., i 150
17 100
1
p(T)ec—. (5) ——— Parameter Tg 50
T
0 e : : : 0
150 200 250 300 350
Neglecting the effect of transverse expansion on the density Teee MeV)
evolution, the total number of scatterings for a charm meson

FIG. 3. The dimuon enhancement facRwithin the simulated
NAS50 acceptance and the equivalent temperature parafegtiue
- ) to scatterings as functions of the final inverse slope of charm me-

N= fTngpdT: UVPoTo|n<T_F sonsT [4]. The curve with open circles is from E¢A4), while
0

is then

0 the curve with filled circles is from EqA6).
te R, m; ( 2\ __ 2 2
- - |= =t P =[{(aVPE) xp x0T (TVPY) 1P 0
O'VpoTom( 7oCOShy O'VpOToln< L pPp
+< 2> ] In RJ_<mJ.>
which leads to the following thermal average of the squared 7VPo/nPnolTolN| T

total momentum transfer due to scatterings:
=(1.1X0.79+ 1.5X0.35+ 2.7X0.28/10X In16.7

To|n< RL:O“L) _ ~0.61(Ge\2). @
ToPL

<p§>=<Np§>={ %__Kcrvpémo

(6) In the above, we have takemy=1 fm and R, =R,
=1.2AY® fm. We have also used the relation®,)
In obtaining the above result, we have assumed the same \[(p?)=\2mT, and (m, )=m+Te; as given by Eq.
initial and final proper times for the time evolution of differ- (A2) in the Appendix. Since the charm mesby; increases
ent particle species that are involved in the scattering. Equags a result of the rescattering®2) needs to be determined
tion (6) shows that the relevant quantity(isvp5) instead of  self-consistently. However, because of the logarithmic de-
the usuakov). We show in Fig. ) this thermal average pendence shown in Eg7), (p2) is not very sensitive to the
for all scattering channels considered in the present study. {{3jue of ., and we have takeTi.z= 200 MeV in obtaining
is seen that the dominant contributions(iev) remain im-  the above numerical results. We note that even though pions
portant for(ovpg) and the process involvinB* scattering  appear to be less important in Fig. 2, their contribution to the
by rho meson via pion exchange also becomes significant. rescattering effect is important due to their high densities, as
Summing up contributions from the scattering channels irevident from the numerical values shown in Eg).
Figs. 1a), 1(b), and Xc) separately, and simply dividing by ~ The total squared momentum transfer from hadronic scat-
2 to account for the average ovbrandD*, we obtain, at  terings as given by Eq6) can be characterized by a tem-

T=150 MeV, perature parametdis, defined by Eq(A3) in the Appendix.
Using the values given in Ed7), we obtainTs=96 MeV
(ovpgy=1.1, 1.5, and 2.7 mb GeV from Eq. (A5) of the Appendix. From Fig. 3, which relates

Tsto T and to the enhancement fac®ifor dimuons from
for 7, p, andN scatterings with charm mesons, respectively.charm meson decays into the NA50 acceptance, this gives an
For central PB-Pb collisions at SPS energies, the initial effective inverse slope parameter Bf;=235 MeV for the
particle numbers can be obtained from Rdf7], i.e., there final charm mesom, spectrum if the initial one is taken to
are 500, 220p, 100w, 80 7, 180N, 60 A, and 130 higher be 160 MeV, and a dimuon enhancement factor of about 2.1
baryon resonances. The initial densities at central rapiditys obtained.
can then be estimated usingy7y=(d N/dy)/(wa\)

:N/(47er\). For a conservative estimate on the scattering IV. SUMMARY AND DISCUSSIONS
effect, we only includer, p and nucleon. The initial densi-
ties for pion, rho meson and nucleon are thus In summary, we have calculated the cross sections for
scatterings between charm mesons and hadrons such as pion,
po7o=0.79, 0.35, and 0.28 fnf, rho meson, and nucleon. Hadronic scatterings of charm me-
sons in heavy ion collisions can significantly affect the
respectively. Equatiol6) then gives charm meson spectra and the dilepton spectra from charm
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could have a sizable effect on the lepton and dilepton yields
from charm decays, becaube” andD® have very different
branching ratios for semileptonic decagk7.2% fromD*
and 6.7% fromD?).
In a hadronic cascade model, the time evolution and the
chemical equilibration of the hadronic system can be simu-
FIG. 4. Feynman diagrams for charm meson scattering withated much better. Using cross sections with the full isospin
nucleon via theA . exchange. information, and keeping track of the charm meson isospins
during scatterings, the final charm meson composition can be
meson decays. An estimate of this effect in heavy ion colli-determined. Therefore, further studies based a cascade code
sions at SPS energies is given, and we find that it leads to @long these directions are much needed for a quantitative
hardened charm meson spectra and an enhancedudy of the rescattering effects on charm meson observ-
intermediate-mass dileptons from charm meson decaysibles.

These results thus give a more quantitative justification of For heavy ion collisions at Relativistic Heavy lon Collider
the arguments proposed in R4 (RHIC) energies, a dense partonic system is expected to be
However, the results obtained in the present study are stiformed during the early stage of the collision. In addition to
incomplete as we have not included diagrams involving thehadronic rescatterings of charm mesons, partonic rescattering
exchange of heavier particles such as charm hadrons. Thadfects on charm quarks also need to be included. Further-
scattering cross sections between charm mesons and hadransre, radiative processes of charm quarks inside the QGP
such as kaony, 7, A, and higher baryon resonances are notwould further complicate the issue as they may cause energy

calculated either. Furthermore, we have not calculated thss[21] and soften the charm mesam_ and pair invariant
contribution due to diagrams shown in Fig. 4, where charnmass spectrg22]. Therefore, more studies are needed before
mesons scatter with nucleons via\a exchange. There is a one can make predictions for RHIC.

large uncertainty in their contributions as no empirical infor-

mation on the coupling constampy,  is available. The ACKNOWLEDGMENTS
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for the D-type andF-type coupling, andvp=0.64[18]. On
the other hand, QCD sum rule studies suggest a smaller APPENDIX
value gDNAC:G.Yi 2.1[19]. Because of this uncertainty in

these two processes involving tHeNA. coupling, we
choose to leave them out in our study. In the future, whe
empirical information on this parameter is known frdmiN

In this appendix, we derive the relation between the total
r.?quared momentum transfer to charm mesons due to had-
ronic scatterings and the increase of the inverse slope of
scattering, then processes involving B&lA ; coupling can Ch"".”‘.‘ me'somni's.p'ectra. Consider a charm meson at central

rapidity with an initial transverse momentum, along they

be addressed. ; . : -
We note that the estimates given above are based on axis. Aftizr a scattering which gives the charm meson a mo-

simple assumption on the time evolution of the dense hadm_entumpsin its rest frame, its final transverse momentum is
ronic system, which enables us to make an analytical est@iven by

mate of the rescattering effects. As a result, we have ne-

glected the transverse expansion of the hadronic system Pxr=Pxs: Pyr=71(Pyst BiEs),

which would lead to a faster decrease of hadron densities

than the linear dropping assumption in E§). We have also where

neglected the chemical equilibration processes which, e.g.,

may decrease the total number of rho mesons and increase 8= P = 1
that of pions as a function of time.7]. VPt i+ m? Vi-8f

Moreover, we have used only the isospin averaged cross
sDe*ctlons and a\l/lvs_ohaveragfeclil the resdcatterllngl effeca a:jn(; I Assuming thaﬁs is isotropic in the charm meson rest frame,
mesons. Without a full cascade calculation and fullyy,o ayerage of the squared final transverse momentum of the

treating the isospin, we do not know the final composition of ; Lo
) . charm meson is then related to that of the squared initial
charm mesons, e.g, the ratigs"/D and D%D™". A naive a

k A transverse momentum b
expectation givedD*/D=3, and consequentp®/D =3 y

[20]. However, even fopp collisions the relative weights of 2 4p)
produced charm mesons are not well measured experimen- (P2 =(p?)+| =+ P (p2), (A1)
tally. We emphasize that the charm meson composition 3 3m?
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where (p3) is the average of the squared total momentumeading term in Egs.(A2) and (A3) then gives (p?)
transfer to the charm meson as given by ). For an  =2mT and(p2)=3mTsin the nonrelativistic limit. Equa-
isotropicpg distribution, Eq.(Al) is actually true for a charm tion (Al) thus gives

meson at any rapidity.

If we parametrize then, spectrum of charm mesons as Ter=Tert Ts. (A4)
dN - If we also keep the next-to-leading term in E@¢82) and
m, dm, ce T e (A3), we then obtain
in terms of an inverse slope parametgy, then (p§>=3st+7T§ (A5)
(p?)=2T2 LI S (A2)
+ eff\ Test m/Teg+1) and
As in the schematic study of Rd#], we characterize the co2TLd L Ts
scattering strengt{‘pé} by an equivalent temperature param- T = leff +Ts m
eterTg via | |
4T 2T
x| 1+ —" 1+ eﬁ”. (AB)
f p2e FTsd3p fx4exq—\/x7+(m/TS)7]dx m
2\ _ _ T2
{p3)= CEfTesa =Ts ) For central Pb-Pb collisions at SPS energies, the rela-
f e - 'sd’p f x“ex —Vx“+(m/Tg)°JdX  tions given by Eqs(A4) and (A6) are shown in Fig. 3 to-
gether with the results obtained from the Monte Carlo simu-
oM 5 lations in the schematic study of Rd#]. These relations
=3Ts T_s+ §+O miTs) | (A3) agree qualitatively with that from the simulations. However,

they differ quantitatively, because rapidity changes due to
Both Tg and T are expected to be small compared with rescatterings are not taken into account in the present ana-
the charm meson massné1.87 GeV). Keeping only the lytical estimates.
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