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Chiral symmetry in excited baryons A. V. Nefediev

There exist strong theoretical arguments to believe that chiral symmeio)) igtbroken spon-
taneously in low-lying hadrons, should be approximately asymptotically ezbtorhighly excited
states [[1] (see also the reviel§ [2] and references therein). Inddlegijantum fluctuations, in-
cluding the effect of chiral symmetry breaking, should progressivegppear as we climb the
excitation number staircase of hadronic stafg§|[3, 4]. To gain an insighhietbanisms of such a
restoration, one can rely upon models, though such models have to meastatie minimal set
of requirements necessary in order to be able to address problems telatd@chl symmetry. A
suitable model must be relativistic, field-theory-inspired (as opposecdatatgon mechanical mod-
els with a conserved number of particles), chirally symmetric, and able toloesaicroscopically
the phenomenon of spontaneous breaking of chiral symmetry. In partiddaroblems related to
chiral symmetry are well suited to be treated with the help of the GeneralisediNdna-Lasinio
(GNJL) model [b[F]. A pattern of chiral symmetry restoration in excitedviteight mesons in
the framework of GNJL model was studied in detail[h[[7[]8, 9] and its catimreto the classical
limit of the model was discussed iff [4]. The Hamiltonian of the model has the form:

H= i:ZM / &’ (%) (~ia v+ Bm) g (x) +;i’j_zuyd / d®xdy B, (0K (x—y)Ib, (), (1)

whereJ, (X) = Yia (X)Yu (f); wiﬁ(x) andKf}B (x—y) = 63K,y (|x —y]|) is a confining quark ker-
nel. The quark fieldp® (x) is given by
o d3p eipx bo daT
Lﬂi (X) - Z / (27.[)3 [ ipSuS(p) + ipsVS(_p)]a (2)

s<TL

with the quark bispinors(p) andv(p),

u(p) = 2 [\/T¥ SNy + (ap) /T~ sindip| uo(p).
()
v(—p) = \2 /1 +sing, — (ap) /1= singy| vo(—p),

defined through the rest-frame bispinekgp) andvo(—p) and a function of the interquark mo-
mentum¢,, called the chiral angle. The latter is conveniently defined such-thg® < ¢, < 11/2
and ¢ (0) = /2, ¢(p — ») — 0. It may differ for different flavours of quarks. In the mean-
time, in what follows we assume an ex&tt(2)+ symmetry and work in the chiral limit, so that
my=myg=0 and¢,(3“) = ¢,(Jd) = ¢p. If the chiral angle is set equal to zero, then the wf. (2) de-
scribes free quarks, while nontrivial chiral angles describe ddegsarks. The actual profile of the
chiral angle is defined by the requirement that the Hamiltorflan (1), normalgred in terms of
the quark creation and annihilation operators, does not contain offwldterms of the fornb'd"
anddb. The corresponding equation for tipgis known as the mass-gap equatipp[]5, 6]. For the
trivial solution of the mass-gap equati¢|§“’ = 0 the Hamiltonian[(1) is invariant under the chiral
transformationy; — [exp(iays12/2)]') ;. However, it was found long agp|[B, 6] that the true vac-
uum state of the theory](1) is given by a nontrivial solutfiy# 0. This true vacuum has the form
of a coherent-like state with condens® quark—antiquark pairs. The corresponding condensate,

(o]

(@)= (Gy)a=—17 | dp P’singp # 0, 4)
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Figure 1. Diagram A: a typical allowed (singlet.G— O¢) quark-antiquark pair annihilation transition from

mesonic positive-energy to negative-energy Salpeter iidpk; Diagram B: a similar pair annihilation

cannot proceed as it will involve non-singletgi colour; Diagram C: a typical diagram pertaining to the
Dyson ladder for baryons.

violates chiral symmetry and is nothing but the standard chiral condenisathis vacuum, the
Hamiltonian [1), takes a diagonal form

d3p -
H =Eyac+ i_zwd/ (27.[)3Ep[brapsbﬂ)s+ d'pogdiaps] 4. (5)

whereE, stands for the dressed-quark dispersive law and the ellipsis denotiesrtisewhich are
responsible for the formation of bound states of dressed quarks —etfimdDne can see therefore,
that the GNJL model gives an explicit microscopic description of the effesgiontaneous breaking
of chiral symmetry.

Hadronic states can be built now from dressed quarks through aaiisedrBogoliubov trans-
formation [1(] or with the help of a Bethe—Salpeter equat[pr][5, 6]. Notizeeher an important
difference between bound-state equations for mesons and bargdesd| the quark currents inter-
action contained in the Hamiltonia (1) couples time-forward (positive-gharg time-backward
(negative-energy) amplitudes for the quark—antiquark pair in a mesenHig.[lLA), so that the
corresponding bound-state equation has the form of a system of tywtedaeguations for a two-
component meson W.f[][§] 6]. In the meantime, similar diagrams are forbidddrafyons (see
Fig.[dB), so that only diagrams of the type depicted in Fig. 1C are allowedsimaibaryons. The
Bethe—Salpeter equation reduces then to a single Schrodinger-like eqioatioe baryon w.f.

1
W = Weolour® Whavor @ qJspin® l'Pspace Weolour = gsaﬁyqa qB qy_ (6)

Let us study now the problem of chiral symmetry restoration in highly excitagidms in
detail. To this end one can follow a straightforward procedure of buildiegtiectrum of bound
states [[7[}831]. However, in this work]12], we choose a differematesgy and study the behaviour
of the Noether charge for the global chiral symmetry,

3
25=23=5 Q3, (7)
n=1

where indexh numerates quarks in the baryon, so that the baryon total axial chariyerishy the
sum of three individual charges, one for each quark, written in terrtfseofjuark field (from now
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Figure 2: Left plot: a typical profile of the chiral angle — solution tioet mass-gap equation which defines
the broken vacuum. The momentynis measured in the units of strength of the interquark p@krRight
plot: a typical behaviour of the Regge trajectories for @hpartners in a naive quark model (dashed lines)
and in GNJL (solid lines)

onwardsa stands for the index of the flavarmatrices):

Q2= [ d vy = ij w— (T ' |cos(0B)ss ([ psbfe + Afichiaps )
5 = YoV 2 i=\3 (27_[)3 plOP)s¢ | BigpsPips jpsHiaps
+SiNdp(i02)sg (bﬁapsdfpg +dmpsb?pg)] . (8)

The axial charge[[8) creates a nontrivial st&®2|0) = |?). Being a Noether charge, the axial
charge commutes with the Hamiltonia@g, H] = 0, which ensures that the stat€') is degenerate
in energy with the vacuum. This is the Goldstone boson — the chiral pipn [13].

It is obvious from Eq.[(8) that this axial charge has the properBgs being baryons):

DL =25, (B, 22[By) O (BolBy) = B, ®)

and acts on baryonic states in a two—fold way, which can be schematicallynamittiee form (71)
denotes the neutral pion):
2s/B) = |B) +[Bm), (10)

where the relative strength of the first and second term§ in (10) is giyesosp, and sinpy,
respectively, integrated with the corresponding baryonic w.f. In theplafiel of Fig[R a typical
profile of the chiral angle — solution to the mass-gap equation is depictedriyCla highly
excited baryons, the mean interquark momentum grows and the chiral &ugéades. Therefore,
the chiral pion decouples from excited baryons (see &ldo [14] fotalee discussion of the pion
decoupling from excited hadrons in the framework of GNJL) and weagmtr the limit:

Z5|B*) = GL, [B), (11)

with B* representing baryons with the par'ttyandG’jE$ being ac-number axial charge. The latter
relation, together with the fact tha®s,H] = 0, ensures that, in the chiral limit, the two stali®s)
and |B~) must be nearly degenerate in mass. They form an approximate chirdetolbthe
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right panel of Fig[R we show a typical behaviour of the Regge trajestoneresponding to chiral
partners in a naive — for example, given by a simple Hamiltomdas Zﬁ:l Jﬁﬁ+V(r1,r2,r3)
— quark model (dashed line) and in the GNJL (solid line). The phenomehcmral restoration
is clearly demonstrated by merging GNJL Regge trajectories, while naivk maalels are simply
unable to describe this effect. Finally, from](11), we arrive at the fahgwapproximate relations
for the baryonic diagonal and off-diagonal axial charges:

Gi_ =G ~1 G, =G: =~ (12)

which have been obtained microscopically.

We conclude therefore that the GNJL model gives a clear and selftemigisttern of effective
chiral symmetry restoration in excited baryons (see the discussidh inri@])vehat is more, it
provides a fullmicroscopicpicture of this phenomenon, which, as a matter of principle, cannot be
reproduced by any naive quark model or appro@ch [15].
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