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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 trangfprelastic 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 enhancementpp amplitudes and their phase follow from analyticity and unitarity,
giving a plausible explanation of the spin anomaly. The interaction beteweand light quarks in nuclei may
form a distinct kind of nuclear matter: nuclear bound quarkonit®0556-282(198)02315-1

PACS numbdrs): 12.38.Lg, 13.85.Dz, 13.88e, 24.85+p

The fundamental description of the strong forces in termdadrons. The spin correlation close to the threshold is deter-
of structureless constituents which carry the symmetriesnined from unitarity and analyticity without introducing ar-
within the hadrons, and their interaction in terms of gluonicbitrary parameters and is largely predictable from basic prin-
fields, is the basis of quantum chromodynam(@ED). De-  ciples. _ _ S
spite considerable success in the application of QCD in the The study of the interaction of quarkonia with light had-
perturbative regiméPQCD) [1], there are important discrep- ons is of particular relevance to a better understanding of the
ancies with measurements related to the production and déynamics of gluons from a new perspective. Since different
cay of heavy quark systeniig] and the study of spin effects quark flavors are involved in the quarkonium-nucleon inter-

at high energy[3]. A notorious example is the unexpected action,'there is no qqark exchange to firs’g order in glastic
result observed in the polarization correlatidgy found in scatt_ermg[?] and multiple gluon _exchange IS the domma_nt
contribution [8]. Remarkably, this system involves basic

proton-proton collisions at large energy and momentqu .
e CD degrees of freedom at the nuclear level, in contrast
transfer[4]. At /s near 5 GeV ant,=90° the rate of with the usual description of the dynamics of the nuclear

protons sc:?\ttering with inc?dent spins parallel and nqrmal ,t%rces with phenomenological Lagrangians in terms of me-
the_ scattering _plane_, relative to_ the prqtons scatte_rlng Witk o and nucleon degrees of freedom.
antiparallel spins, rises dramatically withyy reaching a Due to the small size of charmonium at hadronic scale, its
value of 60% in a region where scaling behavior is expectednteraction with external gluon fields from interacting had-
A simple explanation for this anomaly has its origin in the rgns is expressed as a QCD multipole expang®hwith
observation that ai/s=5 GeV new degrees of freedom as- higher order terms suppressed by powers of the quarkonium
sociated with the onset of a heavy-quark—antiquark thresholthdius over the gluon wavelength, resulting in a long-
could invalidate the scale-invariant nature of the basic condistance effective theory that has been applied successfully at
stituent interaction at high energies by the interaction of lighthe leading order in many processes involving low-energy
and heavy quarks at low relative veloc[#§]. Other models gluons[10]. The leading term in the expansion is the bilinear
have also been advanced to explain the spin anomaly, b@hromoelectric term, which is in fact the leading local gauge-
they imply a radical departure from the PQCD framework orinvariant operator in an operator product expangiorp,
the standard moddJ6], introducing extraneous dynamical whose matrix elements between hadronic states are evaluated
effects. The phenomenological analysis of R6f, based on using the trace anomafjt1,12. This is a notorious example
J=L=S=1 broad resonance structures at the strange anof a calculation where QCD matrix elements, otherwise un-
charm thresholds interfering with PQCD quark-interchangedractable by perturbation theory, are determined by the sym-
amplitudes, successfully describes the anomappysiepen-  metries of the theory.
dence of the spin correlation but lacks of a clear dynamical Using nonrelativistic normalization of states and neglect-
content since the parameters of the model are chosen to fiig the charmonium recoil, the charmonium-nucleon ampli-
the data. tude can be written as a product of two matrix elements, one
It is one of the main objectives of the present paper todepending on the internal charmonium degrees of freedom
show that the enhancement of the proton-proton elastic an&nd the other containing the external gluon figléls After
plitudes close to the charm threshold is obtained from precisgome color algebra the result is

knowledge of the dynamics of heavy quarkonium with light )
mred ar i .
=_ — J aga
277 3 aS<(P r H(8)+6r (p><K2|EI EJ|K1>’
*Permanent address: Escuela dsida, Universidad de Costa o
Rica, San JoseCosta Rica. where H®+ €)1 propagates thec system in the octet
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state,m,yq is the reduced mass of the proton-charmonium en 1(=ImT(v") |
systemK its relative momentum, and is the internal char- TeMw) =T(v) + 7o v —v—ie U"
monium wave function. Standard evaluation of the charmo-

nium matrix element gives ] ) o o
We assume that the inelastic contribution of unitarity to the

pp elastic scattering amplitude is dominated near threshold
Mieg

f=— —d2a8<EEa-Ea>, by the creation of @p cc state with low relative momenta
2m 2 and internal quantum numbejrs 1, 1=0, which correspond
to theJ=L=S=1 quantum numbers of thep system. The
whered,=287/27 is the Wilson coefficient for asichar-  triplet wave has maximal spin correlatigiy=1, and the
monium state with Bohr radiua. pp orbital angular momentum must be odd since has
The field operatoE? is expressed as a linear combination negative intrinsic parity. The@p cc state is produced with
of the gluonic contribution to the energy-momentum tensompartial width characterized by the measured branching ratio
Tgiuonic and the trace of the total energy-momentum tensogPP_q 0155, The enhancement to the partial wave ampli-

T through the scale anomaf\L1,17 renormalized at the tudeT,,=TS=! can be represented in the/D form [19] in
charmonium scale\o~1/a,. At zero momentum transfer o ms of the discontinuity oT (»):

the matrix elements of g, and T/, are expressed in terms
of the gluon-momentum fraction in the nucledi and the

nucleon masdM, respectively. In this case the value bf ToM )= 1 i D(»")disc TJJ(V,)dV,
equals the scattering lengé and is given by I D(v) 2mi v—v' ’
Myeg M/3 as(Ag) where the Jost functioB (v) is defined by{18]
2 2\4 Blas)
17 6(v') dv
D(v)=ex ——J _—
Using in the previous equation a value ¥(=0.5 from m) VoV —IlE

deep-inelastic scattering measurements, the hydrogenoid
charmonium radius,=1.6 GeV !, the value ofag=0.6  in terms of the proton-proton-charmonium scattersagave
for the strong coupling calculated at the scalg, and the phase shifts(v) which, by unitarity, is the phase of thep
leading term for the Gell-Mann—-Low beta function enhanced amplitude. We limit our calculation to the zeroth
—9a§/27-r, we find a value ofa;=-0.2 fm for the iterationD=1 in the previous integral, to obtain the deter-
charmonium-proton scattering length, which agrees with theninantal approximatiolr®™=T/D=RT with R=D ! the
result obtained by Brodsky and Milld8] from Ref.[12] = enhancement factor.
using a parametrization of the strong coupling with freezing The pp elastic scattering is conveniently described in
at low energies. The sign of the amplitude corresponds to aterms of the usual five helicity amplitudese,
attractive interaction. Other resu[ts3—15 differ widely be- — =(++|¢|++), do=(——|p|++), d3=(+—|d|+—),
cause of different normalizations used in the calculafi].  ¢,=(—+|4|+ —), and ¢ps=(+ +|4|+ —). At large mo-
Scattering at low energies is described in terms of twomentum transfer the PQCD quark interchange m@@éM)
parameters, the scattering length, and the effective range amplitudes[20] for proton-proton scattering dominate over
re. We use the value of the scattering length determinedjuark annihilation and gluon exchan@2l]. The helicity
above, a;=—0.2 fm, to describe the low energy conserving amplitudes are related bypQ™=243™
charmonium-nucleon scattering. The value oftleep effec- = —2¢$'M and are the only nonvanishing at leading order
tive range is unknown and cannot be obtained from the pre22]. We assume the same form for the QIM amplitudes as in
vious calculation, valid only at zero momentum transfer. WeRef. [5] expressed in terms of the standard proton dipole
expect, however, a value foy, betweenay,=0.3 and 1 fm, form factor, consistent with nomina~* scaling law and
which accounts for the small size of charmonium and theangular distributiorf1]. We do not consider any phase de-
short range of the QCD van der Waals force. With thesgpendence on the QIM amplitudes since they cancel out in the
values, we compute the effect on thp elastic amplitudes at present calculation.
the onset of charm thresho|8] and determine the binding Since the nominal power-law scaling for the scattering
energies of charmonium in nuclear maftér17]. Our results amplitude is not preserved individually by each partial wave,
do not depend significantly on the value rQf. a modification of a given partial amplitude effectively breaks
The unitarity condition relates the imaginary part of anthes™* scaling behavior of the total amplitude at the charm
elastic scattering amplitude to a sum over all possible interthreshold. The partial wave expansion of the helicity ampli-
mediate states that can be reached from the initial state. THades is expressed in terms of singlet, coupled, and un-
enhancement to a given partial-wave amplitddés deter-  coupled triplet amplitudes. Retaining the enhancement in the
mined by the analytic properties of the transition amplitudeJ=L=S=1 partial wave amplitude we need only to modify
in the v=p? complex plane, withp the c.m.s. momentum, the J=1 wave in the uncoupled-triplet partial wave expan-
and is given by the dispersion integfdlg] sion[23]:
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0.7 QCD effect at the nuclear level, which do not involve meson
06 L degrees of freedom. In fact, in the absence of valence light-
‘ quark exchange there is no one-meson standard nuclear po-
05 tential and the contribution of higher-order intermediate me-
son states is negligiblE8]. Furthermore, there is no short-
0.4 ; : ;
A range nuclear repulsion from Pauli blocking. In Rgf] an
NN . .
03 estimate of the QCD nucleon-charmonium van der Waals
t potential was obtained by rescaling the high-energy meson-
0.2 r nucleon interaction described by the Pomeron mdadl,
01 L * ! and determining the coupling and range of the interaction
t parametrized by the Yukawa forwi(r)=— ye™ #'/r by ad-
0 ' ' ' ' ' justing the meson form factor in the Pomeron amplitude to
5 10 15 describe the size of charmonium. The scattering length in the
P (GeVic)

Born approximation 3m,.q/ u?=0.5 fm overestimates the
FIG. 1. Ayy as a function ofp,,, at 6, , =90° near the charm Stréngth of the interaction by almost a factor of 3 compared
threshold, where the model is applicable. The data is taken fron0 the QCD nonperturbative result obtained above.
Ref. [4]. The value of PQCD alone is 1/3. The upper, middle, and Due to the short range of the nuclear forces, additivity is
lower curves correspond to,=0.6 fm, r,=0.8 fm, andr, ot valid for all the nuclei but the very light and the interac-
=1.2 fm, respectively, and,=—0.2 fm. tion with charmonium depends on the nucleon distribution.
Following Wassor{17], we write the charmonium-nucleus
potentialV - A(r) at low energies as
o~ 2, (23T 1Ty diy,

Vc?—A(r):j VCE—N(r_r,)P(r’)dgr’,

J
¢4~_J§dd(2‘]+1)1—“ d-, where p(r) is the nucleon distribution in the nucleus of
nucleon numberA and V. on(r) the charmonium-nucleon
with d” the Wigner coefficients. The enhanced helicity am-potential. Since the density in the central core of nuclei is
plitudes ¢°"" expressed in terms of the QIM helicity ampli- practically constant, falling sharply at the edges, and the
tudes ¢, the branching raticBE;p, and thes-wave en- range ofVeqy(r) is very short compared to the size of nu-
hancement factoR(v) are clei, the above expression f&.ca(r) is approximated by
the nuclear matter result
enh_ IM
¢1 _(ﬁ? ’ 47Tp0as
VC;_A=p0f VC;_N(r)dSr:Z—:—ll MeV,
enh_ ;QIM PP s 1 Mreq
¢d3" =3 " +3B (R—1)Ty,dy, -
for po=0.17 fm 2 andm,.qthecc-N reduced mass, a result
"= p™—3BPAR-1)Tyydt 4y, consistent with Ref[12] and comparable with the binding
energy of protons and neutrons in nuclear matter. For finite
where Ty;=3[71(d},¢M—d* ;,63M)dz, and ¢S™ and  nucleus, we describe the nuclear density by the Fermi den-
gnh are zero to leading order. sity function p(r)=p0/(1+e("°)’b) which fits very well

For thepp-cc state thes-wave phase shift is expressed in the data and incorporates the thickness of the nuclear surface

terms of the effective range approximation kato=—1/a TABLE I. Binding energiegH) of the 7. to various nuclei for

Lrk? =p— i =
+ark ’tWherek P pé),’ W'tth tﬁo i'32 ﬁ]eVbhtng f”t]hs a variational calculation corresponding to realistic nuclear densities
mo”.‘e” lflm corresponding . 0 .e ¢ ar_m re; old. In this ap[-25] and a Gaussian form for thec-N interaction. The values of
proximation the Jost function is obtained directly from the

phase shift[18] giving for the enhancement factd®(k)
=(k+ia)/(k+iB), wherea and B are related to the scat-

(H) are in MeV, the charmonium-nuclei reduced maddeg, are in
GeV and the range of the potentRlis in fm.

terlng parameters bg=(a— B)/af andr=.2/(a.— B). For. M req (H)reo4 (H)r-0s (H)r-15
definiteness we take=2a., r~r., assuming simple addi-
tivity in the interaction of charmonium with the external ‘He 1.66 >0 >0 >0
fields of the two protons. Comparison of the prediction for °Li 1.95 —-0.12 —0.07 >0
the spin correlatiodyy at 6, , = 90° with the available data °Be 2.21 -131 —1.04 —-0.68
near the charm threshold, is shown in Fig. 1 for different!’C 2.36 —2.52 -2.02 -1.75
values ofr. N 2.44 -3.31 -2.92 —2.54
Since the QCD van der Waals force is attractivel2—  “ca 2.77 -6.13 —5.83 -5.31
15], it could lead to the formation of quarkonium bound to 5¢Fe 2.83 —6.70 —6.48 -6.23
nuclei[7,17]. The discovery of such state would unveil the 208pp 2.05 —9.24 ~9.20 —9.12

purely gluonic component of the strong forces, a genuine
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[25]. For the light nuclei we have used various forms fordepends on the short-range gluonic exchange properties of
p(r) found in the literature to describe the dd2b]. We  QCD between color singlet objects and do not involve meson

have investigated the binding of charmonium to various nudegrees of freedom. Binding of charmonium was investi-
clei using different forms fol . n(r) which reproduce the gated for light, medium, and heavy nuclei using realistic

same scattering lengthg=—0.2 fm for various potential nucleon distributions for various forms and ranges of the
ranges. Consistent results were obtained for Yukawa, Gausgz-N potential. Our results show that nuclear bound states of

ian, and Bargmann potentials. As an example, we give itharmonium could be formed f@x=6. A value of about 10
Table | the results obtained for a Gaussian fok(r)  MeV is found for the binding of charmonium in nuclear
=Voe "R, with ag= /7M. VoR%/2. matter, which is comparable with the binding energy of

We have determined the low-energy interaction of heavyhucleons, a remarkable result since the nucleon-nucleon in-

quarkonium and nucleons using model-independent techaraction is two orders of magnitude stronger thandheN

niques based on the operator product expansion and the tragReraction. This is a consequence of the absence of Pauli
anomaly. The value of-0.2 fm for thecc-nucleon scatter- blocking in the charmonium-nucleon system. Measurement

ing length corresponds to a total cross section of about 5 mbf the J/-nucleon scattering near threshold is important to

at threshold. This value reproduces the anomalous behavigetermine the van der Waals strength since this reaction is

of the spin correlatiorAyy observed at/s=5 GeV inpp  dominated by gluon exchangjé]. The study of charmonium
elastic scattering a#l. ,,=90° near the charm threshold, by production close to threshol®6] and its interaction with
the enhancement @fp amplitudes from the unitarity condi- nuclear mattef14] would provide a better understanding of
tion. The low-energy charmonium-nucleon interaction onlythe mechanisms of color dynamics.
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