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Hadron-Hadron Interactions in Coulomb Gauge QCD
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We describe the derivation of an effective Hamiltonian which involves explicit hadron degrees of freedom and
consistently combines chiral symmetry and color confinement. We use a method known as Fock-Tani (FT)
representation and a quark model formulated in the context of Coulomb gauge QCD. Using this Hamiltonian,
we evaluate the dissociation cross sectiod 6 in collision with p.

1 Introduction wherem, is the current quark masg, = det(V - D) is the
_ _ o Faddeev-Popov determinant abd® = §9°V + igfabcAc

The experimental observation df/y suppression in ultra- s the covariant derivative in the adjoint representation.

relativistic heavy-ion collisions by NA38 [1] and more re- The termK,, is the non-Abelian Coulomb kernel

cently the anomaloug/) suppression in Pb+Pb collisions

observed by NA50 [2] have attracted much attention as a Kaup(x,y; A) = (x, 4 9 (_VZ) 9 ly, b) 2)

possible signal for a quark-gluon plasma (QGP) [3]. V-D V-D

_ Such a su_ppre_ssion can be de_zscribed by_phenom(_enologwherepa is the full color charge density given by
ical models either in a QGP [4] or in a hadronic scenario [5].

Several theoretical studies have been described [6] and the  p%(x) = p§(x) + p§(x)

subject is still controversial. In this way, microscopic ap- a

proaches that allows one to consistently treat hadron-hadron = fPeAb(x) - TI9(x) + o' (x) =1(x). (3)
interactions in terms of the underlying quark-gluon structure 2

would provide a useful tool for the understanding of this is- Note that in the Abelian limitD — V, the QED Coulomb
sue. interaction is recovered.

In a previous work [7] we described a field theoretical
method known as Fock-Tani (FT) representation usedtode- K — —g?(x,a|1/V?|y,b) = ¢?6°"/ar|x —y|.  (4)
rive an effective Hamiltonian involving explicit hadron de- )
grees of freedom and its application to study hadron inter- 1 N€ dynamical degrees of freedom are the transverse gauge
actions using a nonrelativistic microscopic quark model. In fields A?, the transverse conjugate gluon momefitaand
this paper we consider the extension of the method to a mi-the quark field).
croscopic relativistic quark model formulated in the context _ 1h€ key features of the Coulomb gauge are [14]: a)
of Coulomb gauge QCD which consistently combines chi- The elimination of non-dynamlcal degrees _of freedom cre-
ral symmetry and color confinement[8]-[10]. Our aim is to 2at€S a long-range instantaneous non-Abelian Coulomb in-
set up an effective calculational scheme to comprehensivelyt€raction, which provides a confinement scenario: infrared
investigate hadronic structure and interactions such as chardivergences make colored states infinitely heavy, removing

monium suppression. them from the physical spectrum; color neutral states, on
the other hand, remain physical; b) The absence of spurious
2 Coulomb Gauge QCD degrees of freedom yields Fock states with positive normal-

izations. This is essential to build nonperturbative models
The canonical QCD Hamiltonian in the Coulomb gauge, for the QCD vacuum and a quasiparticle basis of constituent

V- A =0, can be written as [11]-[13]: guarks and gluons.
— T (—iey - _ Tey . .
= /d’“” (Fia -V maf) v g/dw @AY 3 Quark Model with Chiral Symme-
+ %/dx (77'1- JI1+ B B) try Breaking
1 1 g . The starting point of our model is an approximate QCD
) /dx dyJ 0" () Kan(x,7: A)Tp"(y): - (D) Hamiltonian in the Coulomb gauge, in which we use an ef-
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fective Coulomb kerneK,;(x,y; A) — V(x — y) as ob- The normal order of the Hamiltonian relatively to the
tained in Ref. [14]. This is obtained making — 1 and new vacuum gives:

neglecting quarks in Eq. (3p5(x) = 0. The derivation

is based on a self-consistent method to construct a gluonic H = Hy+ Hy + H}' + Hy, (11)
guasiparticle basis. The kernel can be interpreted as an ef-

fective interaction between two heavy quarks and the resultswhereHj is a constant and gives the energy of the new vac-
remarkably well with lattice computations [15]. For long uum, and

distances, the numerical results fgi(x — y) are almost

identical toV (x —y) = o|x — y| and is, therefore, infrared 5 _ § f

singular and(needs)in g(lneral |a careful regularization when Hz = /dpE(p) [bS(p) bs(p) + di(~p) d“‘(_p)] » (12)
dealing with numerical simulations. In the present paper, for

simplicity of explaining the model and methods employed whereE(p) is the energy of a free quark:

to construct an effective hadron-hadron interaction, we use

a simpler form for’ (x —y) (see below). However, it should E(p) = sing(p) A(p) + cos¢(p) B(p),
be clear that the methods developed here are not dependent 2 i
on the specific choice of the kernel. Alp) = mg+ 3 /dk V(p — k) sing(p),
With such a kernel, the general form of the model Hamil- 9 .
tonian in the fermionic sector is: B(p) = p+ 3 /dk V(p — k) cosp(p) p.k, (13)
i = [ axtin(x) + i), ®  and
where Hy is the Hamiltonian density of the Dirac field op- H, = l/dp dk dq V(q) (Ang )‘3102)
eratory(x), 2 4
4
Hy(x) = 91 (x) (my 8 — ia.V) $(x), Q) XY 0., (p+a) 6, (kk-q)ld)
N jl=1
and H; is an effective instantaneous interaction term !
1 \a o gives 10 different terms that are combinations of the follow-
Hi(x) = 7/dy DT (%) S=h(x) Vx—y) T (y) =(y). ing four vertices (here we have introduced the color indices
2 2 2 ) for clarity):
The next step consists in constructing an approximate 1 Nt t /
new vacuum state for the Hamiltonian in the form of a pair- Ocre(P: P') =ty (P)us(P) byer (P)bse(P),
i?]g ani%z [|%,> 10]d (IJ_e‘tOs> firs(t) deEne Z\O“triv(;zls vacuum)k 0% .(p,p) = —vl,(p’)vé(p) dl.(—p)ds e (D),
throughb; .[0) = d{,.|0) = 0, whereb” an are quar 3 N e t N
annihilation operators, in terms of which the quark field op- Ocelp.p) = uf' (P)vs(P) dyres (P)dic(—P),
erator is given by 0L .(p,p) = vl (p)us(p) dl,, (—p)bse(p). (15)
dp 0(1y) 10 0 ot ; A . .
x)= [ ——— [u2(p)b%(p) + v2(p)d°T (—p)] €' P, The termH3' is the anomalous, nondiagonal Bogoliubov
Vi) /(2703/2 [ (0)2s(P) (p)d p)] term. In order to bring the single-quark Hamiltonian into a

8)
where color and flavor indices have been neglected. Then,
nontrivial vacuum0) can be defined through a Bogoliubov-

diagonal form, one has to requiféj‘ = 0, which leads to
&he gap equation

Valatin transformation such &0) = d|0) = 0, where the A(p) cos @(p) — B(p) sinp(p) = 0. (16)
andd quark annihilation operators are related to the bare op-
eratorsh” andd” by the BVT. In terms of the dressed quark It is useful to introduce a running quasiparticle quark
operators, the quark field operator can be expanded as mass,M (p), through the equations

0i) = [ s [, (0b(p) + o) (—p)] € P cos () = =L, sin p(p) = LB)47)
with the quasiparticle spinots,, v, given in terms of the? . _ . . .
and? spinors as [8, 10] with E(p) = v/p? + M?2(p). One can identify an effective

constituent quark mass ¢, = max[M (p)] and extract it

1 i i L from the low momentum behavior of the chiral angle [16].
ulp) = 5 [\/1 +sinp(p) + /1 - sin w(p)p.a} ul
vs(p) = % [\/1 +sin@(p) — /1 — sin p(p)p. _'} 02, 4 Effective Hadron-Hadron Hamil-

(10) tonian

whereg(p) is sometimes called the chiral angle and is de- Effective hadron-hadron potentials in quark potential mod-
termined by a gap equation (see below). els have been obtained within several early approaches sucl
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as adiabatic methods [17], resonating group [18], variational =~ The operatoiU is constructed as a power series in the
techniques [19] and the QBD formalism [20]. In this work bound state wavefunction®. Once the operatot/ is

we use the Fock-Tani (FT) formalism, which was devel- known, one proceeds by transforming the original quark-
oped independently by Girardeau [21] and Vorob’ev and model operators, such as currents and Hamiltonian. This
Khomkin [22] in the context of atomic physics and has re- is accomplished by transforming initially the quark and an-
cently been extended to hadronic physics [7]. The methodtiquark operators and substituting these into the expressions
shares some similarities with Weinberg's quasi-particle ap- of quark model operators. The explicit form bf and the

proach [23]. derivation of the transformed quark and antiquark operators
In the following, we present the main features of the is discussed in detail in Ref. [7].

Fock-Tani formalism for the derivation of an effective The structure of the transformed Hamiltonian is:

meson-meson interaction. We start by specifying the mi-

croscopic Hamiltonian in Fock spac&) Hpr = Hy + Hip + Hing - (23)

1 The quark Hamiltoniani,, has an identical structure to

H =T (uwdq\a.+T@)7a, + 5 Vaq (uv;0p) a,qbq,4- the one of the microscopic quark Hamiltonian of Eq. (18),

1 except that the term corresponding to the quark-antiquark
Ve (uviop) G G q.q. + Vie (uviop) qiqh g, q.(18) interaction is modified such that it does not produce the

3 Van (1:0P) Gyl Vi (173 01) 4, 00(18) quark-antiquark bound state#l,,,, describes quark-meson
processes as meson breakup into a quark-antiquark pair, etc.
The term involving only ideal meson operators,,, has a
component that represents an effective meson-meson inter-

In Eq.(18), T is the kinetic energy and;,, V5 and Vg
are respectively the quark-quark, antiquark-antiquark and
guark-antiquark interactions. The indicgsy,--- repre-

; ; action:
sent spatial, color, spin, and flavor quantum numbers of the o
quarks and antiquarks and a summation over repeated in- Hppm = ‘PZ’L”H(W;M/V')@% v mlma
dices is implied. The quark and antiquark operators obey 1
standard anticommutation relations: + 3 > Vi (035 90)mfmbmsm.,, (24)

afyd

{6u7qi} = {QIUqI} = 6,“&7 . .
o _ where the effective meson-meson poteritigl,, is a sum of
{ow oy =19, 0.} ={g,, &} =0 (19) several different terms involvingf (uv; p/v') and the prod-

. . uct of four wave-functions corresponding to the initial and
A generic meson state ifF, composed by a quark- 4] meson states.

antiquark pair, is denoted biyv), whereo rep.resentsl the Note that the effective meson Hamiltonian is model in-

meson quantum numbers (c.m. momentum, Internal energygependent, in the sense that it depends only on the general

spin and flavor). Such a state can be written as: forms of the microscopic quark Hamiltonian and of the me-
son states.

) = MJ|0) = @1 gl g} |0), (20)

v

where M is the meson creation operatdr” is the me- 5§ Ongoing Calculations
son wave function antD) is the vacuum state, defined as
4.|0) = g, |0) = 0. Using the quark anticommutation rela- In order to illustrate the application of the framework
tions of Eqg. (19), and the orthonormalization condition for through a simple example, we have calculated the scattering
the @’s, one can show that the meson operators satisfy thecross section for charmonium dissociation by inelastic scat-
following noncanonicatommutation relations: tering onp mesons, using the effective meson-meson Hamil-
tonian derived in section 4 and the quark model Hamiltonian
[Me, Mg] =0a8 — Dup, [Ma, Mg] =0, (21) with chiral symmetry breaking described in section 3. Our
final aim is to perform the calculation using the potential
whereA,; = (I)Zﬂuq)gdngu + @B glg, is the term derived from the gauge sector of the Coulomb gauge QCD
that manifests the composite nature of the mesons. Hamiltonian, as in Ref. [14]. However, such an interaction
The change to the FT representation is implemented byeXh'b't$ a strong singularity at — 0 that neefjs to be reg-
means of a unitary transformatioh such that ainglecom-  ulatéd in the process of performing a numerical integration.
posite meson statk) is transformed into @ingleideal- VW€ arestillin the process of regulating such a numerical sin-
meson statéa) = m!.|0) = U~|a), wherem], andm, g_u_lanty (there is no real smgu_larlty since the mtegrand_s are
are the ideal-meson creation and annihilation operators thafiMit€ atg = 0). Thus, here we just show the results obtained
satisfy canonical commutation relations: using a Gaussian interaction given by:
3
2

1 Coug?
[ma,m},] =008, [Ma,mp|= [ml,mg] =0. (22 Via) = (27)3/2 Vo (8mx) % e™ X9, (25)

By definition, them andm commute with the quark The J/y mesons are composites of a heavy quark and
and antiquark operators. In this way, within the FT represen- a heavy antiquark pair, denoted (), and thep mesons
tation one recovers the possibility of using traditional field are composites of a light quark and a light antiquark, de-
theoretic techniques such as Wick’s theorem, Feynman dia-noted by(qg). The final meson®, D are composites of a
grams, etc. (¢Q) or a(Qq) pair and can be either in the fundamental
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D, D(*18;) or in the excitedD*, D" (315,) states. The ex-
plicit form of the creation operator for a composite meson
is

]\/[gSF(p) = ZC802XSSIS2F£1f2/dklde(pp(kl,kQ)
csf
x qilslfl (k1)§Z252f2(k2)7 (26)

whereC¢, x5, and Fr are respectively the color, spin and
flavor Clebsch-Gordan coefficients. For the spatial meson
wave-function we employ a Gaussian ansatz :

3
b2 1 -
w) VK2 (27)

wherek = nk; — (1 — n)ka, With p = my/(my +m») and

b is the Gaussian parameter related to the r.m.s. radius of the

meson by< r? >= ,/3/2 b.
There are six final state reaction channels for the reac-
tion, allowed by momentum conservation:
J/p(181) + p(3181) — D(1S) + D(15). (28)

The total cross section for the reaction is a function of

the center-of-mass energy and is obtained by summing over

all p_ossible fina_l channels;,;(s) = E?f:1 osi(s). For nu-
merical evaluations, the parameter values used are:

mq = 1.67 GeV, mq, = 0.33 GeV,
Vo =0.5GeV, x =1.0 GeV 2,

bog = 0.560 GeV, bgz = 0.380 GeV,
boz = b,g = 0.440 GeV.

8 T

—— Total cross section

,,,,,,,,, JIW + p —> D + Dbar (S,,=0)

---- J¥+p->D+Dhbaror D'+ Dbar (S,=1)
——- JW+p->D +Dbar (S,=2)

—— JW+p->D +Dbar (S_=1)

tot™

—-— JW+p->D +Dbar (S_=0)

tot

o (mb)

E

e (

Figure 1. Cross-sections fdi/y + p scattering.

In Fig. 1 we show the cross sections for the reaction as
a function of the relative kinetic energy of thig¢y and the
p in the center-of-mass system.
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