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Intrinsic Charm of Vector Mesons: A Possible Solution of the ‘p# Puzzle”
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An outstanding mystery of charmonium physics is why i/ decays prominently to pseudoscalar
plus vector meson channels, suchJdgy — p andJ/4 — K*K, whereas the/’'(2S) does not. We
show that such decays df/s and their suppression fap’(2S) follow naturally from the existence of
intrinsic charm|ggcc) Fock components of the light vector mesons. [S0031-9007(97)03448-0]

PACS numbers: 13.25.Gv, 12.39.Ki, 14.40.—n

One of the basic tenets of quantum chromodynamics ithe quarkonium wave function near the origin,
that heavy quarkonium states such as fhes, ¢/, and B(y' — h) By — ete)
Y must decay into light hadrons via the annihilation of BU /b — h) = B/ — ete)
the heavy quark constituents into gluons, as shown in
Fig. 1(a). This assumption is motivated by the Okubo- 1)
Zweig-lizuka (OZI) rule which postulates suppression of(see Refs. [5,6]), where: denotes a given hadronic
transitions between hadrons without valence quarks ighannel. The//¢ — pa andJ/¢y — KK* decays also
common. A central feature of the perturbative quantum
chromodynamics (PQCD) analysis is the fact that the an- (a)
nihilation amplitude for quarkonium decay into gluons oc- p{
curs at relatively short distances= 1/my, thus allowing
a perturbative expansion in a small QCD couplingm ).

In this Letter we shall challenge the assumption that “{ =
quarkonium states necessarily decay via intermediate
gluon states. We shall argue, in analogy with the analysis
[1,2] of the nucleon strangeness content, that the wave (b)
functions of the light hadrons, particularly vector mesons {
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such as thep and K*, have a non-negligible probability
to have higher Fock state components containing heavy
quark pairs [3]. The presence of intrinsic charm and
bottom in the light hadron wave functions then allows
transitions between heavy quarkonium and light hadrons
by rearrangement of the underlying quark lines, rather
than by annihilation.

One of the most dramatic problems confronting the
standard picture of quarkonium decays is th&y —
pa puzzle [4]. This decay occurs with a branching
ratio of (1.28 = 0.10)% [5], and it is the largest two- FIG. 1. (a) The decay/y(J. = 1) — px via the standard
body hadronic branching ratio of thé/. The J/¢ PQCD cc annihilation mechanism. A light quark helicity flip
is assumed to be @c bound state pair in thel’(1S) is required, since thep must be produced with helicity:1.

_ (b) A connected quark rearrangement diagram which induces
stgte. One then expects tl.pé ‘I_f(2S) to decay topm he g,/4,~ coupling, via the higher Fock state of tpe |udcc).
with a comparable branching ratio, scaled by a factor ofrhe™S /™" signs on the quark lines denote the helicities of the

~0.15, due to the ratio of theV(2S) to W(1S) wave corresponding quarks. In the dominant intrinsic charm Fock
functions squared at the origin. In fa&(y/' — p7) <  state of thep, the ud andcc components of the are in0~
36 X 1077 [6], more than a factor of 50 below the ar_ld 1~ states, respecti\_/ely, thus gen_erating maximal_ overlap
expected rate. Most of the branching ratios for exclusivé¥ith the 7 and J/y spin wave functions. (c) A “twisted

- - / connected diagram, schematically indicating the suppression of
hadronic channels allowed in bottysys and ' decays ' par coupling due to the mismatch between the nodeless wave

indeed scale with their lepton pair branching ratios, asunction of thecc in the |udec) Fock state of thep and the
would be expected from decay amplitudes controlled byne-node2s ¢c wave function of they'.
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conflict dramatically with PQCD hadron helicity conser- occur without annihilation into gluons and thus without
vation: All such pseudoscalar/vector two-body hadronicOZI suppression because of the presence of charm and
final states are forbidden at leading twist if helicity is con-strangeness in the initial state. Similarly, exclusive open
served at each vertex [7,8]. charm reactions such asp — A A, can occur through
The OZI rule states that hadronic amplitudes with dis-rearrangement of the initial charm quark lines.
connected quark lines are suppressed; in QCD this cor- The discussion and the experimental evidence for the
responds to the assumption that there is a numericahtrinsic charm is usually phrased in terms of the charm
suppression of amplitudes in which multiple-gluon inter-content of the nucleon. On the other hand, there is a
mediate states occur. Although the OZI rule has providedvell known and highly successful phenomenological con-
a useful guide to the general pattern of hadronic reactionstituent quark model in which the nucleon contains just
involving strange particle production, there are glaring exthree constituent quarks. In order to reconcile the two
ceptions: For example, experiments at LEAR have foungbhysical pictures, one is inevitably led to the conclusion
[9] that in thepp annihilation at rest the OZI-violating that the constituent quarks are themselves complicated
ratio B(pp — ¢7/pp — wm) is enhanced by almost composite objects, containing a sea of gluons, ligit
2 orders of magnitude compared to the naive OZI expecpairs, and a small, but non-negligitide intrinisic charm
tations, and that the procepp — ¢ ¢ occurs at roughly component. In addition, intrinsic contributions are pro-
the same rate agp — ww. duced from diagrams which are multiconnected to two or
The absence of OZI suppression can be understoothore valence quarks in the nucleon. This then immedi-
[1,2] if one takes into account the presenceirdfinsic  ately implies that the vector mesons, suchpak(*, etc.,
strangenessn the proton, i.e., one allows fojuudss)  also contain an intrinsic charm component, for they are
Fock components in the proton wave function. (The Foclbuilt from the same constituent quarks as the baryons.
state expansion may be rigorously defined in a frame The presence of intrinsic charm in light hadrons can
independent way using light-cone Hamiltonian methodsalso have important consequences [14] for the exclusive
[10].) The intrinsic strange quarks are part of the hadronidhadronic decays ob and B mesons, which are usually
composition of the proton in distinction textrinsic analyzed by assuming only valence quarks in hadronic
strangenessarising from simple gluon splitting. The states. Any hadron containing a light quark would also
pp — ¢m and pp — ¢$¢ amplitudes can then occur be expected to have higher Fock states containing heavy
simply by rearrangement diagrams in which the strangeguark pairs by the same type of quantum fluctuations
quarks initially present in the incoming andp appear which produce intrinsic strangeness and charm in the
as the valence components @fmesons in the final state. nucleon. The surprisingly large branching ralflio— ¢ K
The OZI rule isevaded,since the annihilation of theg  is possibly due to this effect [14].
andp into intermediate gluons is in fact not required. Let us now reexamine thg&/¢y — p w7 decay, allowing
It is clearly interesting to extend these considerations tdor intrinsic charm in the wave functions of the final state
the charm and bottom sector. In general, the probabilithadron. For example, consider the Ilght cone Fock rep-
to find heavy quarks or high mass fluctuations in the I|gh1resentat|on of thep: p* = \I’p lud) + \I’ |udcc> +
hadron wave functions which are multiconnected to the--. The¥” iz wave function WI|| be maX|m|zed at mini-
valence constituents is suppressed by inverse powers nfal invariant mass, i.e., at equal rapidity for the con-
the relevant mass. For example, one can use PQCD sfituents and in the spin configuration where theé are
show that the probability for intrinsic charm or bottom in a pseudoscalar state, thus minimizing the QCD spin-
Fock statesuudQ Q) in the proton wave function scales as spin interaction. The&c in the |udcc) Fock state carries
l/mQ [11]. The light cone wave functions for such states,the spin projection of thep. We also expect the wave
\Ifuu (x,,kl,,/\) peak at the smallest invariant massfunction of thecc quarks to be in arf-wave conflgura-
of the partons i.e., at equal rapidity for the constituentstion with no nodes in its radial dependence, in order to
Thus the heavy quarks tend to have the largest momentuminimize the kinetic energy of the charm quarks and thus
fractionsx; = ki /p* <« m,; = (m? + k3;)'/2. Infact, also minimize the total invariant mass.
the EMC experiment which measured the charm structure The presence of théudcc) Fock state in thep will
function of the nucleon found an excess of events at largallow theJ /¢ — p# decay to occur simply through re-
Q? and x;; well beyond what is expected from photon arrangement of the incoming and outgoing quark lines;
gluon fusion. Analysis shows that the EMC data arein fact, the|udcc) Fock state wave function has a good
consistent with an intrinsic charm probability (3.6 =  overlap with the radial and spi@c) and|ud) wave func-
0.3)% [12]. There is also a recent interesting proposal tations of theJ/ and pion. Moreover, there is no con-
apply these ideas in order to reconcile the recent HERAlict with hadron helicity conservation, since tiae pair
data with the standard model [13]. in the p is in the 1™ state. On the other hand, the over-
An interesting test of intrinsic charm in the proton would lap with the' will be suppressed, since the radial wave
be a search forpp — J/yJ /v, pp — ¢J/¢, pp —  function of then = 2 quarkonium state is orthogonal to
wJ/y above the charm threshold, processes which cathe nodelessc in the |udcc) state of thep. This simple
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argument provides a compelling explanation of the abthe extrinsic contributions associated with the substructure
sence ofyy’ — p7 and other vector pseudoscalar-scalarof the gluons; the probability for such pairs depends loga-
states. (The possibility that the radial configurations ofrithmically on the ultraviolet resolution scale. In the case
the initial and final states could be playing a role in theof charmonium decay to light hadrons, the extrinsic heavy
J/& — par puzzle was first suggested by Pinsky [15], quark fluctuations provide hard radiative corrections to the
who however had in mind the radial wave functions of theusualcc annihilation amplitude.
light quarks in thep, rather than the wave function of the  On the other hand, the intrinsic heavy quarks arise from
cc intrinsic charm components of the final state mesons.)quantum fluctuations which are multiconnected to the va-
We can attempt to make a rough estimate of thdence quarks of the light hadrons, and the wave functions
decay rate/ /¢y — p 7 by comparing it with the measured describing these configurations will have maximal ampli-
rate of the analogous decay — pm, I'(¢p — p) =  tude at minimal off-shellness and minimal invariant mass.
6 X 107* GeV [5], assuming that the latter also occursin the case of thep meson thdducc) wave function will
via coupling to the intrinsicss component in thep.  thus be maximized when the configuration of the quarks
Consider the Feynman graph whereD® is connected resembles that of prJ/¢) intermediate state, rather than
to two valence quarks in the wave function of the hadrora higher mas$DD) state. This preference for the lowest
through two hard gluons. This gives a factoraaﬁ(Mé) invariant mass induces a relatively strong coupfng, , -;
in the amplitude and thusu;‘(Mé) in the probability. i.e., there is a natural overlap betwegmaandJ/ /¢ which
The same factor occurs in the rearrangement decay rafacilitates theJ/¢ — pa decay, as schematically illus-
shown in Fig. 1(b), since there is implicitly a hard gluon trated in Fig. 1(b). The decay of thg' is naturally sup-
connecting the: with the u and thec with thed inthep ~ pressed due to the node in its radial wave function, also
wave function. Thus, qualitatively, we can estimate thashown schematically in Fig. 1(c). Similarly, tHgscc)
the ratio of probabilities for intrinsic charm to intrinsic Fock component of th&™ will have a favored/ /¢ K con-

strangeness in a light hadron is of order figuration, allowing the/ /¢ — K*K decay to also occur
m? a*(M?) by quark line rearranement, rather thanannihilation.
Riz/ss) = 5 —arvrs 2 Intrinsic charm in the pion will also allow the decay

mg oy (M) J/¥(1S) — par to proceed through quark rearrangement
which is of the order ofl0™3. This is also consistent diagrams. In this case the decay can utilize configurations
in order of magnitude with the estimates of the ratioof the pion’s|ducc) Fock state which resembleJs /¢,
of intrinsic charm to strangeness obtained from deepvhere thep and J/¢ have opposite helicity. Again,
inelastic scattering on the nucleon. The actual numerical(2S) — pm decay will be suppressed because of the
value is uncertain due to the uncertainties in the valuesuppressed overlap of the radial wave functions.
of the mass parameters and the running of the coupling at The branching ratios for thé/(1S5) and (2S) for
low scales. There may be other suppression factors froomany hadronic channels track fairly well with their
the evolution of the light hadron wave functions, higherleptonic branching ratios, as would be expecteddf
order corrections, etc. In the case of scattering reactionannihilation into gluons and/or photons is dominant and
with probes of low resolution, there is an additional unsuppressed by helicity selection rules. For example,
screening of the intrinsic sea [11,16], but this type ofthe vector meson-scalar meson two-body decay channels
suppression does not apply to decay amplitudes computely »(1S) — VS can proceed throughcc annihila-
from the overlap of wave functions. tion. Note that thecc rearrangement contribution to
The ratio of decay rates fof /¢y — pm to ¢ — pmw J/p(1S) — VS is disfavored: Thel/¢-scalar intrinsic
from quark rearrangement should roughly scale withcharm excitation in a vector meson wave function is fairly
R(e/s5 times phase space, assuming that the integratiomassive, and it is thus relatively suppressed compared
over the quarkonium wave functions gives similar probato the J/-pseudoscalar excitations. On the other hand,
bilities. (In the case of the intrinsic charm or intrinsic tensor mesons could have an appreciable intrinsic charm
strangeness rearrangement contribution, we only need tmntent. In general, a full analysis of each exclusive
compute the overlap of the light-cone wave functionsdecay channel will require taking into account bath
Thus there is no extra form factor suppression beyond annihilation and rearrangement diagrams as well as their
the penalty to find intrinsic charm with large invariant interference.

mass of order of thé /s mass in thep wave function.) At first sight, the decay of /¢ to pseudovector scalar
This rough estimate impliesT'(J/¢y — p7) ~  should be helicity suppressed in PQCD for the same

1079 GeV, which is consistent with the measured rate ofreason/ /¢ to pseudoscalar vector is suppressed [7]. The

107¢ GeV. argument is that there is only one Lorentz invariant,

Our analysis utilizes the fact that quantum fluctuationgparity-conserving amplitude, and this requires that the
in a QCD bound state wave function will inevitably pro- pseudovector have helicity 1. However, the light quark
duce Fock states containing heavy quark pairs. The heawand antiquarks emerging from th& annihilation into
quark pairs arising from perturbative gluon splitting aregluons have opposite helicity.
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