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Proton-proton spin correlations at charm threshold and quarkonium bound to nuclei
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The anomalous behavior of the spin-spin correlation at large momentum transfer inpp elastic scattering is
described in terms of the degrees of freedom associated with the onset of the charm threshold. A nonpertur-
bative analysis based on the symmetries of QCD is used to extract the relevant dynamics of the charmonium-
proton interaction. The enhancement topp amplitudes and their phase follow from analyticity and unitarity,

giving a plausible explanation of the spin anomaly. The interaction betweencc̄ and light quarks in nuclei may
form a distinct kind of nuclear matter: nuclear bound quarkonium.@S0556-2821~98!02315-7#

PACS number~s!: 12.38.Lg, 13.85.Dz, 13.88.1e, 24.85.1p
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The fundamental description of the strong forces in ter
of structureless constituents which carry the symmet
within the hadrons, and their interaction in terms of gluon
fields, is the basis of quantum chromodynamics~QCD!. De-
spite considerable success in the application of QCD in
perturbative regime~PQCD! @1#, there are important discrep
ancies with measurements related to the production and
cay of heavy quark systems@2# and the study of spin effect
at high energy@3#. A notorious example is the unexpecte
result observed in the polarization correlationANN found in
proton-proton collisions at large energy and moment
transfer@4#. At As near 5 GeV anduc.m.590° the rate of
protons scattering with incident spins parallel and norma
the scattering plane, relative to the protons scattering w
antiparallel spins, rises dramatically withANN reaching a
value of 60% in a region where scaling behavior is expec

A simple explanation for this anomaly has its origin in t
observation that atAs55 GeV new degrees of freedom a
sociated with the onset of a heavy-quark–antiquark thresh
could invalidate the scale-invariant nature of the basic c
stituent interaction at high energies by the interaction of li
and heavy quarks at low relative velocity@5#. Other models
have also been advanced to explain the spin anomaly,
they imply a radical departure from the PQCD framework
the standard model@6#, introducing extraneous dynamica
effects. The phenomenological analysis of Ref.@5#, based on
J5L5S51 broad resonance structures at the strange
charm thresholds interfering with PQCD quark-interchan
amplitudes, successfully describes the anomalousplab depen-
dence of the spin correlation but lacks of a clear dynam
content since the parameters of the model are chosen
the data.

It is one of the main objectives of the present paper
show that the enhancement of the proton-proton elastic
plitudes close to the charm threshold is obtained from pre
knowledge of the dynamics of heavy quarkonium with lig
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hadrons. The spin correlation close to the threshold is de
mined from unitarity and analyticity without introducing a
bitrary parameters and is largely predictable from basic p
ciples.

The study of the interaction of quarkonia with light ha
rons is of particular relevance to a better understanding of
dynamics of gluons from a new perspective. Since differ
quark flavors are involved in the quarkonium-nucleon int
action, there is no quark exchange to first order in ela
scattering@7# and multiple gluon exchange is the domina
contribution @8#. Remarkably, this system involves bas
QCD degrees of freedom at the nuclear level, in contr
with the usual description of the dynamics of the nucle
forces with phenomenological Lagrangians in terms of m
son and nucleon degrees of freedom.

Due to the small size of charmonium at hadronic scale,
interaction with external gluon fields from interacting ha
rons is expressed as a QCD multipole expansion@9# with
higher order terms suppressed by powers of the quarkon
radius over the gluon wavelength, resulting in a lon
distance effective theory that has been applied successful
the leading order in many processes involving low-ene
gluons@10#. The leading term in the expansion is the biline
chromoelectric term, which is in fact the leading local gaug
invariant operator in an operator product expansion~OPE!,
whose matrix elements between hadronic states are evalu
using the trace anomaly@11,12#. This is a notorious example
of a calculation where QCD matrix elements, otherwise u
tractable by perturbation theory, are determined by the s
metries of the theory.

Using nonrelativistic normalization of states and negle
ing the charmonium recoil, the charmonium-nucleon amp
tude can be written as a product of two matrix elements,
depending on the internal charmonium degrees of freed
and the other containing the external gluon fields@9#. After
some color algebra the result is

f 52
mred

2p

2p

3
asK w Ur i

1

H ~8!1e
r j UwL ^K2uEi

aEj
auK1&,

where (H (8)1e)21 propagates thecc̄ system in the octet
© 1998 The American Physical Society12-1
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state,mred is the reduced mass of the proton-charmoni
system,K its relative momentum, andw is the internal char-
monium wave function. Standard evaluation of the charm
nium matrix element gives

f 52
mred

2p
d2a0

3K 1

2
Ea–EaL ,

whered2528p/27 is the Wilson coefficient for a 1s char-
monium state with Bohr radiusa0.

The field operatorE2 is expressed as a linear combinati
of the gluonic contribution to the energy-momentum ten
Tgluonic

mn and the trace of the total energy-momentum ten
Tm

m through the scale anomaly@11,12# renormalized at the
charmonium scaleLQ;1/a0. At zero momentum transfe
the matrix elements ofTgluonic

mn andTm
m are expressed in term

of the gluon-momentum fraction in the nucleonV2 and the
nucleon massM , respectively. In this case the value off
equals the scattering lengthas and is given by

f 52
mred

2p
d2a0

3 M

2 S 3

4
V2~LQ!2

as~LQ!

b~as!
D .

Using in the previous equation a value ofV250.5 from
deep-inelastic scattering measurements, the hydroge
charmonium radiusa051.6 GeV21, the value ofas50.6
for the strong coupling calculated at the scaleLQ , and the
leading term for the Gell-Mann–Low beta functio
29as

2/2p, we find a value of as520.2 fm for the
charmonium-proton scattering length, which agrees with
result obtained by Brodsky and Miller@8# from Ref. @12#
using a parametrization of the strong coupling with freez
at low energies. The sign of the amplitude corresponds to
attractive interaction. Other results@13–15# differ widely be-
cause of different normalizations used in the calculation@16#.

Scattering at low energies is described in terms of t
parameters, the scattering lengthas , and the effective range
r e. We use the value of the scattering length determin
above, as520.2 fm, to describe the low energ
charmonium-nucleon scattering. The value of thecc̄-p effec-
tive range is unknown and cannot be obtained from the p
vious calculation, valid only at zero momentum transfer. W
expect, however, a value forr e betweena0.0.3 and 1 fm,
which accounts for the small size of charmonium and
short range of the QCD van der Waals force. With the
values, we compute the effect on thepp elastic amplitudes a
the onset of charm threshold@5# and determine the binding
energies of charmonium in nuclear matter@7,17#. Our results
do not depend significantly on the value ofr e.

The unitarity condition relates the imaginary part of
elastic scattering amplitude to a sum over all possible in
mediate states that can be reached from the initial state.
enhancement to a given partial-wave amplitudeT is deter-
mined by the analytic properties of the transition amplitu
in the n5p2 complex plane, withp the c.m.s. momentum
and is given by the dispersion integral@18#
03401
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Tenh~n!5T~n!1
1

pE0

` Im T~n8!

n82n2 i«
dn8.

We assume that the inelastic contribution of unitarity to t
pp elastic scattering amplitude is dominated near thresh
by the creation of app cc̄ state with low relative momenta
and internal quantum numbersj 51, l 50, which correspond
to theJ5L5S51 quantum numbers of thepp system. The
triplet wave has maximal spin correlationANN51, and the
pp orbital angular momentum must be odd sincecc̄ has
negative intrinsic parity. Thepp cc̄ state is produced with
partial width characterized by the measured branching r
Bcc̄

pp
50.0155. The enhancement to the partial wave am

tudeTJJ5TJ5L
S51 can be represented in theN/D form @19# in

terms of the discontinuity ofT(n):

TJJ
enh~n!5

1

D~n!

1

2p i E D~n8!disc TJJ~n8!

n2n8
dn8,

where the Jost functionD(n) is defined by@18#

D~n!5expF2
1

pE d~n8! dn8

n2n82 i e G
in terms of the proton-proton-charmonium scatterings-wave
phase shiftd(n) which, by unitarity, is the phase of thepp
enhanced amplitude. We limit our calculation to the zero
iteration D51 in the previous integral, to obtain the dete
minantal approximationTenh5T/D5RT with R5D21 the
enhancement factor.

The pp elastic scattering is conveniently described
terms of the usual five helicity amplitudesf1
5^11ufu11&, f25^22ufu11&, f35^12ufu12&,
f45^21ufu12&, and f55^11ufu12&. At large mo-
mentum transfer the PQCD quark interchange model~QIM!
amplitudes@20# for proton-proton scattering dominate ov
quark annihilation and gluon exchange@21#. The helicity
conserving amplitudes are related byf1

QIM52f3
QIM

522f4
QIM and are the only nonvanishing at leading ord

@22#. We assume the same form for the QIM amplitudes a
Ref. @5# expressed in terms of the standard proton dip
form factor, consistent with nominals24 scaling law and
angular distribution@1#. We do not consider any phase d
pendence on the QIM amplitudes since they cancel out in
present calculation.

Since the nominal power-law scaling for the scatteri
amplitude is not preserved individually by each partial wa
a modification of a given partial amplitude effectively brea
the s24 scaling behavior of the total amplitude at the cha
threshold. The partial wave expansion of the helicity amp
tudes is expressed in terms of singlet, coupled, and
coupled triplet amplitudes. Retaining the enhancement in
J5L5S51 partial wave amplitude we need only to modi
the J51 wave in the uncoupled-triplet partial wave expa
sion @23#:
2-2
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PROTON-PROTON SPIN CORRELATIONS AT CHARM . . . PHYSICAL REVIEW D 58 034012
f3; (
J5odd

~2J11!TJJ d11
J ,

f4;2 (
J5odd

~2J11!TJJ d211
J ,

with dJ the Wigner coefficients. The enhanced helicity a
plitudesfenh expressed in terms of the QIM helicity ampl
tudes fQIM, the branching ratioBcc̄

pp , and thes-wave en-
hancement factorR(n) are

f1
enh5f1

QIM ,

f3
enh5f3

QIM13Bcc̄
pp

~R21!T11d11
1 ,

f4
enh5f4

QIM23Bcc̄
pp

~R21!T11d211
1 ,

where T115
1
4 *21

11(d11
1 f3

QIM2d211
1 f4

QIM)dz, and f2
enh and

f5
enh are zero to leading order.

For thepp-cc̄ state thes-wave phase shift is expressed
terms of the effective range approximation askcotd521/a
1 1

2 rk2, wherek5p2p0, with p052.32 GeV/c the c.m.s.
momentum corresponding to the charm threshold. In this
proximation the Jost function is obtained directly from t
phase shift@18# giving for the enhancement factorR(k)
5(k1 ia)/(k1 ib), wherea and b are related to the scat
tering parameters bya5(a2b)/ab and r 52/(a2b). For
definiteness we takea52as , r;r e, assuming simple addi
tivity in the interaction of charmonium with the extern
fields of the two protons. Comparison of the prediction
the spin correlationANN at uc.m.590° with the available data
near the charm threshold, is shown in Fig. 1 for differe
values ofr e.

Since the QCD van der Waals force is attractive@7,12–
15#, it could lead to the formation of quarkonium bound
nuclei @7,17#. The discovery of such state would unveil th
purely gluonic component of the strong forces, a genu

FIG. 1. ANN as a function ofplab at uc.m.590° near the charm
threshold, where the model is applicable. The data is taken f
Ref. @4#. The value of PQCD alone is 1/3. The upper, middle, a
lower curves correspond tor e50.6 fm, r e50.8 fm, and r e

51.2 fm, respectively, andas520.2 fm.
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QCD effect at the nuclear level, which do not involve mes
degrees of freedom. In fact, in the absence of valence lig
quark exchange there is no one-meson standard nuclea
tential and the contribution of higher-order intermediate m
son states is negligible@8#. Furthermore, there is no shor
range nuclear repulsion from Pauli blocking. In Ref.@7# an
estimate of the QCD nucleon-charmonium van der Wa
potential was obtained by rescaling the high-energy mes
nucleon interaction described by the Pomeron model@24#,
and determining the coupling and range of the interact
parametrized by the Yukawa formV(r )52ge2mr /r by ad-
justing the meson form factor in the Pomeron amplitude
describe the size of charmonium. The scattering length in
Born approximation 2gmred/m2.0.5 fm overestimates the
strength of the interaction by almost a factor of 3 compa
to the QCD nonperturbative result obtained above.

Due to the short range of the nuclear forces, additivity
not valid for all the nuclei but the very light and the intera
tion with charmonium depends on the nucleon distributio
Following Wasson@17#, we write the charmonium-nucleu
potentialVcc̄-A(r ) at low energies as

Vcc̄-A~r !5E Vcc̄-N~r 2r 8!r~r 8!d3r 8,

where r(r ) is the nucleon distribution in the nucleus o
nucleon numberA and Vcc̄-N(r ) the charmonium-nucleon
potential. Since the density in the central core of nucle
practically constant, falling sharply at the edges, and
range ofVcc̄-N(r ) is very short compared to the size of n
clei, the above expression forVcc̄-A(r ) is approximated by
the nuclear matter result

Vcc̄-A5r0E Vcc̄-N~r !d3r 5
4pr0as

2mred
5211 MeV,

for r050.17 fm23 andmred thecc̄-N reduced mass, a resu
consistent with Ref.@12# and comparable with the bindin
energy of protons and neutrons in nuclear matter. For fin
nucleus, we describe the nuclear density by the Fermi d
sity function r(r )5r0 /(11e(r 2c)/b) which fits very well
the data and incorporates the thickness of the nuclear sur

TABLE I. Binding energieŝ H& of the hc to various nuclei for
a variational calculation corresponding to realistic nuclear dens

@25# and a Gaussian form for thecc̄-N interaction. The values of
^H& are in MeV, the charmonium-nuclei reduced massesM red are in
GeV and the range of the potentialR is in fm.

M red ^H&R50.4 ^H&R50.8 ^H&R51.2

4He 1.66 .0 .0 .0
6Li 1.95 20.12 20.07 .0
9Be 2.21 21.31 21.04 20.68
12C 2.36 22.52 22.02 21.75
14N 2.44 23.31 22.92 22.54
40Ca 2.77 26.13 25.83 25.31
56Fe 2.83 26.70 26.48 26.23
208Pb 2.95 29.24 29.20 29.12

m
d
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de TÉRAMOND, ESPINOZA, AND ORTEGA-RODRI´GUEZ PHYSICAL REVIEW D58 034012
@25#. For the light nuclei we have used various forms f
r(r ) found in the literature to describe the data@25#. We
have investigated the binding of charmonium to various
clei using different forms forVcc̄-N(r ) which reproduce the
same scattering lengthas520.2 fm for various potential
ranges. Consistent results were obtained for Yukawa, Ga
ian, and Bargmann potentials. As an example, we give
Table I the results obtained for a Gaussian formV(r )
5V0e

2(r/R)2, with as5ApmredV0R3/2.
We have determined the low-energy interaction of hea

quarkonium and nucleons using model-independent te
niques based on the operator product expansion and the
anomaly. The value of20.2 fm for thecc̄-nucleon scatter-
ing length corresponds to a total cross section of about 5
at threshold. This value reproduces the anomalous beha
of the spin correlationANN observed atAs55 GeV in pp
elastic scattering atuc.m.590° near the charm threshold, b
the enhancement ofpp amplitudes from the unitarity condi
tion. The low-energy charmonium-nucleon interaction on
n

a-
th

.
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depends on the short-range gluonic exchange propertie
QCD between color singlet objects and do not involve me
degrees of freedom. Binding of charmonium was inves
gated for light, medium, and heavy nuclei using realis
nucleon distributions for various forms and ranges of
cc̄-N potential. Our results show that nuclear bound state
charmonium could be formed forA>6. A value of about 10
MeV is found for the binding of charmonium in nuclea
matter, which is comparable with the binding energy
nucleons, a remarkable result since the nucleon-nucleon
teraction is two orders of magnitude stronger than thecc̄-N
interaction. This is a consequence of the absence of P
blocking in the charmonium-nucleon system. Measurem
of the J/c-nucleon scattering near threshold is important
determine the van der Waals strength since this reactio
dominated by gluon exchange@7#. The study of charmonium
production close to threshold@26# and its interaction with
nuclear matter@14# would provide a better understanding
the mechanisms of color dynamics.
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