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We present results of two studies examining the accuracyUgfl Sflavor symmetry relations
between hadron couplings. Initially, we discuss resultsioled with a®P, quark-pair creation
model with hadron wave functions obtained from a nonrelstitvquark model. Next, we contrast
the3Ry results with those obtained in a framework in which all elats@re constrained by studies
of Dyson-Schwinger and Bethe-Salpeter equations in QCDfdMes on the three-meson cou-
plingspr, pKK, andpDD and meson-baryon coupling®N, KAN andDA:N. Within the3R,
model, we find that the SU(4) breaking is at most 30% in therohsector, for the three-meson
and meson-baryon couplings. Within the relativistic DySwhwinger—Bethe-Salpeter frame-
work, the breaking is large in the charm sector, of the ord&d08% for the three-meson cou-
plings, but the predicted form factors are much softer thasé¢ usually used in meson-exchange
models. Consequences of these findings for the predictibBdNocross-sections and of exotic
nuclear bound states df W or heavy-lightD andD* mesons are discussed.
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1. Introduction

Effective Lagrangians based on SU(4)-flavor symmetry adelyiused in studies of charmed-
hadron interactions with nucleons and nuclear matter. $utehactions are focus of immense
contemporary interest for ongoing heavy-ion experimentsfarthcoming experiments to be con-
ducted at FAIR and JLab. The symmetry is strongly broken eeliel of the QCD Lagrangian
due to the large differences among quark masses of difféesatrs.

In the present talk, we present results of two recents stydie2] examining the accuracy
of SU(4)-flavor symmetry relations between hadron-hadmumptings, with particular interest in
the couplings of charmeb mesons to light mesons and nucleons. Our investigationiigterfest
for studies predicting low-energ9N cross sections [3, 4] and of exotic nuclear bound states of
J/W¥ [5, 6], or heavy-lightD andD* mesons [7, 8, 9]. Because of a complete lack of experimental
information on all these reactions and nuclear states nailty reliable calculations must be based
on models constrained as much as possible by symmetry amgsinamalogies with other similar
processes, and the use of different degrees of freedome Sid¢4) symmetry plays a major role
in the calculations, it is of utmost importance to check dswuacy.

Specifically, we are particularly interested in examinihg accuracy of the following SU(4)
symmetry identities of couplings constants:

Ormp

5 = Gkkp = Ubpp and  gnnr = ONAK = ONAD- (1.1)

Hadron-hadron couplings are determined by transition isnatements of three-hadron states. In
terms of quark-gluon degrees of freedom, the matrix elesnggpend on the wave functions of the
hadrons involved in the transition and as such depend onuduk gnasses. We start with the study
conducted in the context of 3, quark-pair creation model with hadron wave functions otsdi
from a nonrelativistic quark model (NRQM) [1]. The resultstained with thé’P, model are then
contrasted with those obtained in a framework using Dyscmathger—Bethe-Salpeter (DSBS)
equations, in which all elements are constrained by studi€3CD, incorporating a consistent,
direct and simultaneous description of light- and heavarisi [2].

2. Hadron couplings from the 3Py pair-creation model

Within the ®Py quark-pair creation model, three-hadron coupliggsc can be related to the
matrix element of the decay process of a hadktoiw B + C hadrons. A convenient formulation
of the model is to regard the decay as due to a quark-antiquairkcreation HamiltoniarHqg
expressed in terms of Dirac quark fielgisas

Hog = yZme /d3x [lﬁf (X)L,Uf(x)]qu (2.1)

wherey is the pair production strength ang is the mass of the produced quark and antiquark of
flavor f - color indices will not be indicated. Thegy index in [Lﬁw]qq—indicates that only the piece
proportional to the product of quark and antiquark crea@mrtwo annihilation) operators is to be
taken in the producfy. In order to make this explicit, let us expand the Dirac fighe@tor in
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terms of creation and annihilation operators:
prx) = /ﬂ Y [W(p)ad(p)+vi(-p)al’(—p)] &P (2.2)
(27.[)3/2 - S S S S 9

where, in the nonrelativistic limit, the Dirac spincué(p) andvé(p) are given by

1—p?/8m' —o0-p/2mf
ul(p) = Xs VP = X<, (2.3)
o-p/2m' 1—p?/2m’
with xs a Pauli spinor angt$ = —io?x¢. Using these expressions in Eq. (2.1), one obtains
Haa=v3 5 / d*p1d®p2&(p1+p2) [0S, - (P1—P2)] AL (P1)GL (P2) +hc,  (2.4)
1,8

whereog s, = xs’flaxgz. The matrix element of the decdy— B+ C is written as
(BC|HgglA) = 6(Pa—Pg —Pc) ha—gic, (2.5)

where theP;, i = A B,C are the momenta of the hadrons and the delta function irdicabmentum
conservation in the decay process. Here we will be intadest¢he cases where hadr@nis the
same as hadroA.

One approach to define effective hadronic coupling constaas developed in the 1970s by
Le Yaouancet al [10]: the hadron decay amplitude calculated in the quarkleh equated to
the corresponding emission amplitude calculated at tres Veith an effective hadron Lagrangian.
Specifically, letHgt¢ be the Hamiltonian corresponding to the effective hadrdaraction La-
grangian; then the coupling constant in the interactionréiagian is extracted from:

(BC|Hgg| A) = (BC|Het(| A). (2.6)

Of course, such an identification of matrix elements is urigodus only when using a covariant
quark model, like the one used in Ref. [2] based on a covaD&®S framework. Within a NRQM,
one simply assumes a reference frame in which the the ihiéidton is at rest [10], the so-called
“decay frame” [11]. For nonrelativistic kinematics and Wdainding (mass of a hadron given
essentially by the sum of the constituent quark massed),fsaimie ambiguities are expected not to
be too serious at small momentum transfers [11] — we come toettls issue shortly ahead when
discussing results .

In addition to the complication of an implicit frame depende, there is at least one further
problem when applying such an approach to investigate St4)r symmetry breaking in hadron
couplings. While in the quark model the internal hadrondtrte in the decay amplitude comes
in a natural way via a form factor describing the overlap & tadrons in the decay process —
see Eq. (2.9), the corresponding tree level amplitude bk with an effective Lagrangian does
not come with a form factor — the form factor is introduced lanth. One consequence of this is
that when calculating the tree level amplitude with an affechadron Lagrangian, huge SU(4)
symmetry breaking will be introduced from the outset viarbadnasses that enter the hadron field
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operators. For example, an effective Lagrangian desgithie coupling of pseudoscaldrp to
vector®} fields is [3]:
Lppy = Jppv q)p(X) 0# q)p(X) q)c (X) (2.7)

This interaction Lagrangian gives for the matrix elementhef proces$ — P+ V the following
expression

hp_piv ~ gpip\l//z’ (2.8)
mpm,
wheremp andmy, are the masses of the pseudocalar and vector mesons, nesdgecthese masses
come from the meson field operatabs and®d,,. Obviously, such an amplitude violates SU(4) fla-
vor symmetry very badly, because of the huge differenceamthsses of pseudoscalar mesons. For
example:mp /my ~ 14; since there is no corresponding compensation from axétm factor in
the matrix element, one would have an SU(4) violation of ttteepof 1400% from the Lagrangian
matrix element. On the other hand, in the quark model caiounlaf the matrix element, SU(4)
symmetry breaking effects come from overall constant fact@lated to parameters of the hadron
wave functionsandfrom a form factor describing the overlap of the hadrons endbcay process
— both effects come solely from the quark masses. Therefioeenaive identification of matrix
elements as in Eq. (2.6) leads to nhonsense when comparfegedif flavor sectors.

In order to avoid such problems, we do not mix descriptionsstay within a framework that
uses quark degrees of freedom only and analyze flavor symimetaking of hadron couplings by
taking ratios of the amplitudes, ,g. ¢ for the different decays. Specifically, vekefinea three-
hadron couplingyasc by the relation

ha_s:c = dascFasc(a?) 9] Ya1(§), (2.9)

whereq = Pg — P¢ is the relative momentum between the final hadrons (theairitdron is at
rest),F (g°) is a form factor describing the overlap of the three hadrarthé decay process, and
Y11(Q) is a spherical harmonic function — only thg; appears in the couplings discussed here.
There is an issue of defining the couplinggat 0 or at the mass shell of one of the hadrons, but
this will be discussed shortly ahead. To calculate the matément, one needs the wave functions
of the hadrons calculated from the quark model Hamiltonian.

We obtain the hadron wave functions using the quark modeliltanian and corresponding
parameters of Ref. [12]. Specifically, the Hamiltonian igegi by:

. p|2 3b N ac 87T(XC 03 ,O-Zriz y . 8 ara
M= (g 2 T e (e ) seSive] SRR @10

i<]

wherer;; is the interquark distanc&? is A?/2 if i is a quark and-A2*/2 if i is an antiquark, and
Ai the color SU(3) Gell-Mann matrices. Since we are interestayd in the hadron ground states,
spin-orbit and tensor interactions are not used. The wawetiins are found by diagonalizing the
Hamiltonian in a finite basis of Gaussian wave functions witommon variational parameter [1].
Specifically, for the mesons, we write the spatial part ofvtlage function as

N
O(1) =Y an®n(r), with ®n(r)=e""P7/2 (2.11)
n=1
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wherer is the quark-antiquark relative coordinate ghdk the variational parameter of the quark-
antiquark system. Tha,’s are determined by solving the generalized eigenvalublgno:

Z<¢n’H’¢n’>an':M(B)Z<q’n‘q’n’>an’7 (2.12)

n n

whereM(f) is the mass of the meson, afidis determined minimizingM. With a Gaussian
basis, evaluation of the matrix elements are straightfawadror a single GaussialN = 1, the
r.m.s. radius of the meso?)'/2 is related tof as (r2)%/? = 1/B. For the baryons, we use the
same procedure — but the wave functions involve two relatb@dinates and the evaluation of the

Hamiltonian matrix element becomes more elaborate thamfsons; details will be presented
elsewhere [1].

3. Results and Per spectives

We have calculated the meson couplimggp, KK p, andDDp and baryon-meson couplings
NN7T, NASK, abdNA:D. The values of the constituent quark masses used in thenpresek are:
m, = mq = 0.375 GeV,ms = 0.650 GeV, andn. = 1.6 GeV. The values of the parameters of the
potentials are:a; = 0.855,b = 0.154 GeVt, g = 0.70 GeV, andC = —0.4358 GeV. We obtain
fairly stable results for the spectrum of the hadrons usihgsas with 6 Gaussian functions. While
the experimental masses for the mesons and light and sttamgens are well reproduced, those
for the charmed baryons are reproduced within 10%. With suasis, the results for the different
ratios of the couplings also converge well; the results hosve in Table 1.

Basis size e Ymp  Okkp | Ounm  Onnm ONASK
29<kp  2950p  Uodp | INASK  ONAD  ONAGD

1 104 089 086| 1.04 089 104
2 099 079 090 099 079 099
3 103 103 100| 1.03 103 103
4 103 108 104| 103 107 103
5 104 115 111|104 115 104
6 104 129 123|104 129 104

Table 1: Ratios of couplings constants normalized®@) = 1. In the SU(4) limit, all ratios are equal to
unity.

The results shown in Table 1 indicate a small violation of $t¥4) identities when crossing
from the light-flavoru, d sector to the strangesector: the violation is of the order of 5% in both
meson and baryon identiti€sm, /20kkp = 1 andgnnr/9nak = 1. The violation is larger when
moving to the charm sector, where the violation of the SU@éntitiesgrm, /2955, = 1 and
Onnr/Onacp = 1 is of the order of 30%. When crossing from the strange séatitie charm sector,
while the violation in the baryon coupling is small, of theder of 5%, in the meson sector it is
somewhat larger, of the order of 20%.
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One can understand the general trend of the results as ®llowthe®R, decay model, the
matrix elementha_,a. g decreases as the size (in coordinate space) of h&@lecreases. For
example, for the case of a single Gaussian one has the faljosépendence ifip and By for the
three-meson couplingepy — for F(q? =0) = 1:

[14+2my /(my+my) + 2By /Bp] 1
Oppy ~ — (3.2)
(2+Bv/Bp)3/? B
wherem, andmy, are the light- and heavy-flavor quark masses. For a fikedppy is a decreasing
function of Bp; that is, as the size of the pseudoscalar meson decreasesupling to the vector
meson decreases. The same is true for the baryon couplings.

The discussion above relies on the fact the we have definetbtigings forF (g2 = 0) = 1.

In meson exchange models, it is usual to define the couplintieanass shell of the exchanged
meson; in the present case, theneson. In the NRQM, one could attempt to examine the ratios
of the amplitudes af® = —mf). The effect of this redefinition remains to be studied and al
reported elsewhere [1].

Next, we contrast the results for the three meson couplintstiiose of a recent study [2] con-
ducted within in a framework in which all elements are camsid by studies of Dyson-Schwinger
and Bethe-Salpeter equations in QCD and therefore incatg®a consistent and simultaneous de-
scription of light- and heavy-quarks and their associatednl states — for a recent review, see
Ref. [13]. Many of the difficulties with the calculation withthe NRQM, the most striking ones
being the lack of covariance and the value of the constantEq. (2.1), are not present in this
approach.

As in the case of the NRQM, the focus in on the transition atugdi of an initial pseudoscalar
meson to an identical meson via emission @ emeson. The matrix element of this transition is
defined as — we use a different notation from Ref. [2] to canfarith the one used above:

(P(p2)|V(0,A) [P(p1)) = Gepv(T?) €14, (3.2)

which defines the dimensionless, momentum-dependentingupll a pseudoscalar mesoRg0
a vector mesolV characterized by a polarization statewith four-momentumg = p; — p». For
p? = p3 = —m? this is not a physical process (like in the discuss above)te timt a Euclidean
metric is used here.

The calculation ofjppy(?) involves several interconnected steps: first, the Dysdm@wger
equation for the propagators of quarks of different flaveessmlved in way dynamical chiral sym-
metry in the light-quark sector is obtained (which entdiks ¢orresponding propagator must respect
the chiral Ward-Takahashi indenty); next, using the derigeark propagators, Bethe-Salpeter
equations are solved for the bound-state mesons and needauch that the experimental val-
ues of masses and electroweak decays constants of the nagsarmrectly reproduced; and, fi-
nally, the matrix element in Eqg. (3.2) is obtained via a nalittiensional integral of a triangle graph
involving quark propagators and Bethe-Salpeter vertextfans. Physically motivated and con-
trolled approximations in some of the steps above were imgiged, all of them tested in several
previous studies using this approach — discussion of theogppations and references to relevant
work are given in Ref. [2]. In short, the results fupy(q?) on the domairng? = {—m?2, +m?2} can
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be fitted by the simple formula:

___a—bp o
1+cpg?+dpq?’

with the constants given bk p = (1.84,0.94,5.05), bk p = (1.45,0.62,4.26) GeV 2, CrnK,D =

(0.75,0.55,0.36) GeV 2, anddyk p = (0.085 —0.16,—-0.06) GeV“. In Fig. 1 we show momen-

tum dependence of the ratios of coupling constants.

N (o) (3.3)
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Figure 1: Momentum dependence of the ratios of coupling constants.véftical dashed line indicates the
p-meson mass sheif = —m2.

As clearly seen in the figure, the ratig., /20kk, is close to 1 (the SU(4) limit) frong? =0
up to p-meson mass-shell. On the other hand, the other ratios affa the SU(4) prediction,
for the entire momentum rangﬁ = {—mf,,+m§}. Moreover, the violation is large, of the order
of 300— 400% - much larger than the violation implied by @ estimate (it is in the opposite
direction, gopp > 9rmp/2 andgopp > Okkp). Large violations of the same order have been en-
countered in connection with heavy-quark symmetrg i d transitions [14]. Large violations of
SU(4) symmetry in some channels have been seen also in QCRutes{15] and a recent lattice
calculation [16].

At first sight, such large violations of SU(4) symmetry woirdicate dramatic consequences
for the DN interactions and also the phenomenology of exotic mesilenudowever, as remarked
in Ref. [2], the form factors encountered here are much safehose used in meson exchange
models, e.g. in Refs. [3, 4], so that the product of a largeliog and a soft form factor lead to an
inflated DN cross-section by a factor of 5 only.

Future work intends to clarify the reasons for the discrepaof the predictions of the two
approaches discussed here.
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