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We review how Quark-Hadron Duality (QHD) for (u,d) flavors at
high energies and in the scaling regime suggests a radial and angular
behaviour of mesonic and baryonic resonance masses of the Regge form
M2, = p?n+p%J+M¢3. The radial mass dependence is asymptotically con-
sistent with a common two-body dynamics for mesons and baryons in terms
of the quark—anti-quark (¢g) and quark-diquark (¢D) degrees of freedom,
respectively. This formula is validated phenomenologically within an uncer-
tainty determined by half the width of the resonances, AM,QL g~ ThgMyy.
With this error prescription, we find from the non-strange PDG hadrons
different radial slopes p2, = 1.34(4) GeV? and pap = 0.75(3) GeV?, but

similar angular slopes ng ~ B[?D ~1.15 GeV?.
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1. Introduction

Confinement requires hadronic physical states to be colour singlet, but
what are the complete set of eigenstates of QCD spanning the Hilbert space
Hqcp? In the hadronic sector with light (u, d) quarks, besides the normaliz-
able bound states such as 7+, 77, 7% or n, @ and p, p (and, of course, stable
atomic nuclei and anti-nuclei, such as 2H,>H,3He, *He, etc.), all other states
occur in the continuum as asymptotic states. Most of the states reported
by the Particle Data Group (PDG) [1] are not bound states but unstable
resonances such as o, p, w, a3 or A, N* which in a pure (u, d) world would
be produced from and would decay into pions and nucleons, subject to the
selection rules imposed by conservation laws. So far, the states fitting into
the quark model classification enter the PDG tables, so this is a practical
definition of completeness, namely Hppa = Hgq®Heqq®Hagg®- - . However,
in the case of baryons, more states have been theoretically predicted than
experimentally found, hence these missing resonances defy this criterium. In
a finite box, such as in lattice QCD, due to the quark and gluon field bound-
ary conditions, all states are normalizable and their energies are discretized,
hence resonances are associated only with those states whose energies are
insensitive to the volume of the box, such that indeed Hppg C Hqcp.

This article is based on Refs. [2, 3] where we point out that, at least
asymptotically, quark—hadron duality (QHD) (for a review, see e.g. Ref. [4])
in inclusive processes and in the scaling regime, i.e., for energies much larger
than the resonance widths /s > I, sets a limit on the hadronic squared
mass density for states with fixed quantum numbers JC,

2. Quark—hadron duality

The meaning of QHD can be best illustrated with a simple case. Let
us consider the (conserved) vector current B, = ¢v,q which vanishes in the
vacuum, (B,) = 0, and compute the correlator represented by Fig. 1 (left)

Mata) = [ et io|T (B B0 o) = (=0 + 1) 11t0). (1)

At the hadronic level, we assume a complete set of states, see Fig. 1 (middle),
characterized by the Proca vector fields (such as w, w’, W”, ...), as stable
and elementary particles with masses M,, and vacuum decay amplitudes
(0|B*(0)|wy) = fng”€", with €-¢ = 0 implying gauge invariance g, J[I" = 0.
For s = ¢> — 00, we replace the sum over n by an integral and get

2
1 25 (s — M2 fa
ImH Z fd (s = M) — lim s 2/dn’ @
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Fig. 1. Quark-hadron duality for VV correlators on the vacuum.

for the absorptive part. At the quark level, we have a loop with baryon
charge of the quarks equal to 1/N,, see Fig. 1 (right), and massless quarks,
with ImI7(s) —1/(24wN,) implying the asymptotic condition encoding QHD

JE;ﬁﬂ(dMﬁkm):l/@MﬁNa. (3)

A similar discussion can be conducted for excited baryons when the forward
scattering amplitude for the nucleon of Fig. 2 (left) is considered [5]

W (p.4) = -1 / Azt 3 i (Ny(p)|T {Bu(2) B (0)} | NA(p)

quqv pP-q pP-q
= (_guu+ 22 ) Wl (37q2)+ <pu_qp, q2 )( l/_ql/ ) M2 W2 (S q )
(4)

with s = (p+¢)?. At the hadronic level, Fig. 2 (middle), we insert resonance

states |p + ¢, Jvn) with masses M j,, and transition form factors Gszn(q)
to get (more details are in Refs. [3,5])

; 2
Wi (s,a?) =3 [6Su@] 0 (s = M3,,) (5)
Jun
In the Bjorken limit, Q% — oo with z = Q?/2p - ¢ fixed, and s = M% +
Q*(1/x — 1). At the quark level one obtains, Fig. 2 (right), both scal-
ing Wi(s,q?) — Fi(x), Wa(s,q*>) — Fa(z) and the Callan—Gross relation
Fy(x) = 2xF)(x) due to the spin 1/2 nature of partons. The QHD requires

S tim (G @)/ (M, /dn) = Fi(a). ©)
which is satisfied if G j,n(q) — F (—Q?/M?3 ) and dM3, /dn — pu? .
N* A
N N : N N N

Fig. 2. Quark—hadron duality for VV correlators on the nucleon.
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3. Finite widths effects

A remarkable feature of hadronic resonances noticed by Suranyi as early
as 1967 [5] is that they are narrow, since vy = I'/M ~ 0.13, a natural value in
the light of the large-N, expansion, where v = O(N:!) [6]. An upgrade of
the Suranyi ratio yields in average the value I'/M = 0.12(8) both for mesons
and baryons [7]|. This has interesting implications for QHD at finite energies.
For correlator (1), the finite width of the resonances can be implemented in
Eq. (2) by an energy-dependent Breit—-Wigner distribution

N 2 3

1
—Imll(s) = = 2 5
T T (s —M2)" +I2s

n=0

where we put a cut-off N in the sum and assume no quark thresholds. We
make the following Ansatz compatible with Eq. (3) and I5,/M,, — v

f2=1/(24n*N,), MZ=n+1, M,I,=m, n=0,1,2,...,N.(8)

The dependence of ImI7(s) on both Suranyi’s ratio v and the high-energy
cut-off NV is illustrated in Fig. 3. As we see, the number of visible peaks
strongly depends on this ratio, but regardless of its numerical value we find
the finite limit at large s which not only corresponds to the narrow resonance
limit, but also coincides with the finite s result averaged over resonances.
On the other hand, if we cut off the sum over states, we comply with the
expected partonic behaviour only below the cut-off, i.e. s < MJQV ~ N Mg.
Similar patterns hold for the correlator in Eq. (4) for finite Q% and z [5].

40 T T T T T 40

Im TI(s)/1m TT(co)

| Irﬁ l'f(s)/lm i_[(n;o) |

Fig. 3. Asymptotically normalized absorptive part for the baryon polarization op-
erator as a function of the CM squared energy when M2 =n + 1 and M, I}, = yn
for n = 0,...,N. Left panel: v = 0.05 (solid), 0.10 (dashed), 0.15 (dotted) for
N =100. Right panel: N =10 (solid), 5 (dashed), 3 (dotted) for v = 0.1.
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4. Two-body dynamics with linear potential and Regge fits

For highly excited states, relativity can be accommodated by the Salpeter
equation [8], where the (classical) mass operator in the CM frame reads

M =9 +-mi +/p? +m3 + Via(r) (9)

The spinor structure is included in the potential Via(r), which accounts
for the static interaction in the heavy-quark limit, mqg,mg > p, implying
Vag(r) = oggr for QQ states (from charmonium data o5 ~ 4.5 fm =2 [9]).
For light quarks mg, mg — 0 and M — 2p + o, with p> = p? + L?/r?. At
large M, we take p — p,, and the semiclassical quantization rule ¢ p,dr =
27(n + «), with « denoting a constant, leads to [8]

M = pPn+ Mg, (10)

with p2, = 4mog,. This agrees with QHD of Eq. (3) if f2 — p?/(24mN,).
From the QHD condition for baryons, Eq. (6), we get a mass formula similar
to Eq. (10) and we infer a quark—diquark (¢D) long-distance dynamics with
Vyp(r) — o4pr and ugD = 4mwo,p of the form proposed in Ref. [10] for
the non-strange sector; their o,p = 1.57 fm 2 (called 8 there) produces
,ugD = 0.76 GeV?. The QHD scaling requirements at the hadronic level,
Egs. (3) and (6), are consistent with an equidistant mass squared spectrum
for the intermediate hadronic states. More generally, Regge trajectories can
be parameterized as MELJ = a+ pu’n + B?J. Our fits for the radial and
angular slopes in the case of non-strange mesons [2] and baryons [3| assume
an uncertainty given by the finite width of the resonances

M2 _ (MeXp)2>2
2 6% (0%
= T 1€Xp 3 s€Xp 9 11
X Z( T (1)

and are summarized in Fig. 4. We find that ,ugq =1.34(4) GeV? ~ QFLZD but
gq ~ B(?D ~ 1.15 GeV?2. The value ,u,gD = 0.75(3) GeV? agrees remarkably

well with the relativistic ¢D model findings [10]. Thus, our QHD-based

analysis supports the idea that possibly Hppc = Hgq & Hep © Hyp @ - -
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Fig.4. Radial and angular slopes for non-strange mesons or baryons containing
(u,d) quarks and anti-quarks or diquarks, respectively.
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