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Abstract Mesons with quantum numbers JF¢ = 1=+
cannot be represented as simple quark—antiquark pairs. We
explore hybrid configurations in the light meson sector com-
prising a quark, an antiquark and an excited gluon, studying
the properties of such states in a phenomenological model
inspired by the gauge/gravity correspondence. The computed
mass, compared to the experimental mass of the 1~ candi-
dates 71 (1400), 1 (1600) and 71 (2015), favours 7y (1400)
as the lightest hybrid state. An interesting result concerns the
stability of hybrid mesons at finite temperature: they disap-
pear from the spectral function (i.e. they melt) at a lower tem-
perature with respect to other states, light vector and scalar
mesons and scalar glueballs.

1 Introduction

There are combinations of spin, parity and charge conjuga-
tion of meson quantum numbers that cannot be obtained by
a quark model description of a quark—antiquark pair with
orbital angular momentum L and quark spin S, and S;. This
is the case of the JFC “exotic” combinations 0, 01—,
1=, etc. Nevertheless, hadrons with those quantum num-
bers were envisaged since the early high energy theoretical
and experimental investigations [1], and their search has con-
tinued till the present days. An argument in favour of the exis-
tence of the exotic resonances is that they could be obtained
by adding a gluonic excitation to the gg pair, and therefore
they represent a “hybrid” ¢ Gg state with the unconventional
JPC allowed. Such exotic hybrid configurations should be
observed as additional states in the meson spectrum.

From the experimental side, investigations in the heavy
quark sector have reported of several mesons with noncon-
ventional features; however, there is no observation (so far) of
states with exotic quantum numbers [2]. On the other hand, in
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the light quark sector there are at least three quite well estab-
lished hybrid candidates: 71 (1400), 7r1 (1600) and 71 (2015).

The JP€ =177 state 7 (1400) has been reported by the
E852 Brookhaven experiment [3,4] in the process 7~ p —
nm~ p; it was introduced to explain an asymmetry in the
nm angular distribution which could indicate an interfer-
ence between £ = 1 and ¢ = 2 partial waves. Other anal-
yses are described in Refs. [5-8]. The measured mass is
M (7r1(1400)) = 1354 £ 25 MeV [9].

1(1600), again with JPC = 1=F, has been also reported
in 7~ p interactions [10-14] with mass M (;r1(1600)) =
16621'5 MeV [9]. However, the CLAS Collaboration at
JLab searched this state through the photoproduction process
y p — w Tt~ (n), without finding evidence of it [15].

The third state with J*€ = 17, the meson 7 (2015), has
been reported by the E852 Collaboration in Refs. [12,13]. A
second peak in 7~ p interaction has been observed at about
2001 MeV in fim final state, which is absent in the nm, n'7
and prr final states, and this represents a new hybrid meson
candidate [12]. The signal has also been seen in b1 (1235)7~
at about 2014 MeV [13].

On the basis of the experimental evidence collected so far,
and reviewed in [16, 17], the identification of these three res-
onances is a debated issue, and the experiments at BES III in
Beijing, at the Jefferson Laboratory, the PANDA experiment
at GSI, LHCb and COMPASS at CERN and the new Super-B
factory at KeK will shed light on their actual existence and
properties. Electroproduction studies can be found, for exam-
ple, in [18]. If new hadronic states can be obtained explicitly
considering the dynamics of gluonic excitations, hybrid con-
figurations with non-exotic quantum numbers should also be
present in the meson spectrum. However, their identification
in this case is more difficult, due to the mixing with the ordi-
nary gg configurations, and one has to mainly look for over-
population of the levels with respect to, e.g., the quark model
predictions. Candidates for hybrid non-exotic resonances are
present in the charmonium system, namely Y (4260) with
JPC =177121.
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The properties of light and heavy hybrid mesons can be
studied through different theoretical approaches. Focusing
on the lightest 1=F meson, using several phenomenological
models some mass predictions have been obtained, which
are around 1.5 GeV in the old bag model [19,20], in the
range 1.7-1.9 GeV in the flux-tube model [21,22], within
1.8-2.2 GeV in a model with “constituent” gluon [23,24].
Using QCD sum rules, this mass is expected in the range
1.5-1.8 GeV [25-29], and the value M = 1.7370:10 GeV is
found in Ref. [30]. Lattice QCD analyses obtain M (7r1-+) =
1.74 £ 0.25 GeV [31] and M ~ 2 GeV [32]. Hence, the
predictions of the mass of the lightest 1~ meson drastically
depend on the theoretical approach. With the exception of
the bag model, a heavier mass with respect to the 71 (1400)
and 1 (1600) hybrid candidates is generally predicted.

In the following, we study the light J°€ = 1=F hybrid
states in a framework inspired by the gauge/string duality,
using a holographic model of QCD able to describe several
features of the low-energy strong interaction phenomenology
[33]. We shall also analyse the differences with the outcome
of another holographic QCD model, the so-called hard-wall
model [34]. Moreover, we shall investigate the stability of the
hybrid configurations against thermal effects in comparison
with other hadrons with non-exotic quantum numbers.

2 Model

We adopt the so-called soft-wall model, introduced as a phe-
nomenological approach to low-energy QCD inspired by
the gauge/gravity correspondence [33]. The model aims at
describing several nonperturbative features of QCD by a
semiclassical theory living in a 5-dimensional anti-de Sitter
space (AdSs) assumed to be dual to QCD. The framework
is inspired by the AdS/CFT correspondence, a conjecture
relating type IIB string theory living in AdSs x §° (S° is
a 5-dimensional sphere) with N = Super-Yang Mills the-
ory living in a 4-dimensional Minkowski space [35]. We use
Poincaré coordinates with the line element of the Ad S5 space
written as

R2

3 dt* —dx* —dz?) z>0; (1)

ds® =
R is the radius of the AdS space, (¢,x) the ordinary 4-
dimensional coordinates, and z the fifth holographic coor-
dinate. Following the AdS/CFT correspondence dictionary
[36,37], local gauge-invariant QCD operators with confor-
mal dimension A can be described in the dual theory by
proper fields, with mass of a p-form field fixed by the relation
m%R2 = (A — p)(A+ p —4). The field dynamics and inter-
actions are described by an action containing a background
dilaton field introduced to break conformal invariance.
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To describe hybrid 1=+ mesons, we use the QCD local
operator J; = qT“Gy,y"q, with Gy, the gluon field
strength and 7¢ flavour matrices normalised to Tr[7¢ 70 =
sab /2. This QCD operator has a dual field which is a 1-form,
H, = H{T“, with mass m2R? = 8. The dynamics of such
a field is described by the Proca-like action (with AdS back-
ground):

1 :
s=1 / d’xJge 7
1 1
xTr [—ZFMNFMN + 5mgHMHM] , )

with FMN = 9),Hy — dxHy, and where M, N are 5-
dimensional indices. g is the determinant of the metric (1) and
k a parameter introduced to make the action dimensionless.
The ¢~<% factor introduces the mass parameter ¢ breaking
the conformal symmetry.

The Euler—Lagrange equations for the field AV (x, z),
stemming from the action (2), are

‘ 8 ‘
o (Ve T FMY) 4 Ve 1Y 0. 3)

The H, field (Greek letters indicate 4-dimensional
indices) can be decomposed in a longitudinal Hlf‘, and in
a transverse H jf component which satisfies the condition
BﬂHiL = 0 and can be used to describe the 1~ mesons.
From Eq. (3), the equation of motion for H, lﬂ- in the Fourier
space is

e e e’
9 (TazH;> +qZTH;—8 5 Hp =0,
“
with mass spectrum and normalised eigenfunctions
qp = M} = 4c*(n +2), )

2nl 443,00
H, = |[——— L , 6
,/(n+3)!cz 2729 (©)

(n integer and L' the generalised Laguerre polynomial).
This spectrum can be compared with the one of mesons with
different quantum numbers and quark content, collected in
Table 1. In all cases, linear Regge trajectories M,% ~ n with
the same slope are obtained, which was the main motivation
for introducing the soft wall [33].

For the lightest hybrid state the result is MO2 = 8¢? and
setting ¢ from the p meson mass and the relation in Table 1,

Table 1 Mass spectrum of ¢g, glueballs and hybrids predicted in the
soft-wall model

JPC 177 (¢q) [33] 01T (¢q) [38] 01 (glueball) [39] 1+

M? Fdn+4)  F@n+6) F@n+8) c2(4n +8)




Eur. Phys. J. C (2014) 74:2830

Page30f 6 2830

¢ = M,/2 =388MeV, the value My ~ 1.1 GeV is obtained.
Other choices of ¢ are possible. For example, one can fix ¢
including the mass of the excited states of the 1™~ spectrum,
or the whole Regge trajectory, as done in [40]. In the latter
case, we obtain ¢ ~ 474 MeV and My ~ 1.34 GeV. In any
case, the value of the mass is always lower than the predic-
tions obtained by other approaches, and favours 71(1400)
rather than 771 (1600) as the lightest 1=+ meson. A similar
conclusion is drawn from the hard-wall model, in which the
predicted mass of the lightest hybridis My = 1476 MeV [34].
The mass of the radial excitations can also be determined: the
mass of the first radial excitation, in the soft-wall model, is
given by M1 /My = /3/2, while M{/My = 2.61/1.476 is
found in the hard-wall model [34]. The difference between
the two determinations of the mass of the first excited state
underlines the main difference between the two models, the
hard-wall model being characterised by the spectral condi-
tion M,» >~ n’.

Other properties can be extracted from the two-point cor-
relation function

ne =i/d“xe“f"<0|T[Jg(x)15’(0)]|0>. (7

In the holographic approaches the computation of this
quantity is based on the identification between the partition
function of the conformal field theory and the one of the
supergravity theory [36]. This allows one to get the two-point
correlation function of an operator by functional derivation
of the supergravity on-shell action with respect to the source
of the operator. For the hybrid current operator, this relation
can be written as

828,s

Hab 2 —
w (@) SHy"SsHEY

; ®)

Hy=0

where Hé‘ (g?) is the source in the Fourier space, related to
the hybrid field H*(z,q) = H(z, ¢*)H} (¢*) by the bulk-
to-boundary propagator H(z, ¢%). Hfﬂ (g?) is the sum of a
transverse and a longitudinal contribution:

quq 81117
HZby(q2) = - (n,uv - sz) THJ'((,]Z)
4.9 (Sab
+ 1l g, ©)
q 2
HL(z, q2) is determined as the solution of Eq. (3) with
boundary condition at small z: H+(z, ¢%) = 1/z> + 0(z%),
and regular behaviour at z — oo:

1 2 1 512 2
H (Z,CI )ZEF(Z—E>Z

q2
U (_1 L, c222> , (10)
C

K/R I+

Fig. 1 Tt (¢?) in Eq. (11) (with e = 1)

in terms of the Tricomi confluent hypergeometric func-
i L2y is oi 1,2y _ R
tion U(a, b, z). II"(¢g*) is given by IT-(¢°) =
HY(z, ¢*)0. H*(z, ¢%)| g, s0 that

P
z

R( 2 *—q%/4
mtey =2 (-2
@ k ( €0 + €4 +

2
4¢2

+L —192¢® 4+ 16¢* (=7 + 3yE)q>
1152

+36¢2¢* + (7 = 3yE)q® — 3¢ (—16¢* + ¢*)

2
x (HN (1 - 57) + 210g(ce)>>> .an

H N is the harmonic number function, and € an inverse renor-
malisation scale. A plot of [T+ (g?) is shown in Fig. 1, setting
e=1.

The poles of IT+(g?) reproduce the mass spectrum (5)
with residues

2 2Rc?

Fl =430+ 20+ ). (12)
The parameter k can be fixed by matching the leading-order
perturbative QCD expression for IT+(Q?) at Q% = —¢? —
0o [25,26]

1
1 2y _ 2y 06
Moep(Q) = Geoma (@90 (13)
with the asymptotic Q%> — 0o expansion of Eq. (11):
R
(0% = —— log(Q*) 0°, 14
(©9) ETYT 0g(Q) 0 (14)

obtaining R/k = 2/(57%).
The results of this straightforward analysis are, therefore,

e the soft-wall model produces linear Regge trajectories
also for the hybrid 17 states,

e a hierarchy with the vector and scalar glueball masses is
found Mp < MG ~ M17+,
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Fig. 2 Left (right) panel: spectral function of 1=+ (1~7) mesons at different values of temperature. The scale ¢ = 1 has been set

e the expression for the residues is obtained,

which are interesting to compare with the outcome of differ-
ent approaches.

3 Thermal effects on the hybrid meson spectrum

The soft-wall model allows a simple description of finite tem-
perature effects on hadronic systems. An interesting quantity
to study is the spectral function. For the hybrid states, at zero
temperature the spectral function is represented by an infi-
nite number of delta functions centred at the masses in (5).
For vector mesons, scalar mesons and glueballs it has been
found that on increasing the temperature these peaks broaden,
and their positions move towards lower values! [41,42]. The
analogous computation for hybrid mesons can be carried out.

Temperature can be incorporated in the holographic mod-
els introducing a black hole in the Ad S space, with the posi-
tion of its horizon z; related to the (inverse) temperature,
zp = 1/(zwT). Now, the line element is

2

R _ dz*
ds* = = <f(z)dt2 —di* - m)

f@=1-2%z,

From the action (2), using the metric in (15), the equation
of motion for a spatial component of the transverse field
H,.J- (z, q) can be obtained as in the T = 0 case:

0<z<zp. (15)

2,2

—c27? —c°z 2
9 (—e 1@ 0-Hi(z, q)) +2 <q—° - 472>
4 z (@)

—C7Z

e
xH*(z,q) — 8Z—3H,~i<z, q) =0;

(16)

! ‘We are not considering in this discussion the possibility of a Hawking—
Page transition [42].
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we restrict ourselves to the meson rest-frame ¢ = 0. The
bulk-to-boundary propagator is the solution of this equa-
tion with the same boundary condition at z — 0 as in the
T = 0 case (H-(z,9%) = 1/z> + 0(z%)), while near the
black-hole horizon an incoming-wave behaviour is required,
HY (2 q?) ~ (1= 2/ Ve + 01 - 2/z). o
determine the retarded Green’s function [43]:

Re“f()
Z

p H*(z,¢%)8,H*(z, ¢%)

z—0

Mr(g%) =
(17)

The resulting spectral function, the imaginary part of the
retarded Green’s function, is shown in Fig. 2 for a few values
of temperature (in units of ¢: + = T/c). The broadening
of the peaks and the shift of their position towards lower
values when the temperature is increased, are clearly visible.
The temperature dependence of the mass and width of the
lowest lying state, determined fitting the spectral function by
a Breit—Wigner formula,

amT o

18
(0)2 _m2)2 +m21'*2 ( )

p@?) =

with parameters a and b, is depicted in Fig. 3. We determine
the melting temperature ¢ ~ 0.10 for the hybrid meson look-
ing at the value of # where the peak in the spectral function is
reduced by a factor >~ 15-20 with respect to the point where
the width starts to broaden (¢ 2~ 0.065), a criterium already
adopted in [42].

InFig. 2 we also plot, for comparison, the spectral function
of vector mesons (JF¢ = 177). This shows that, although
the general behaviour of the spectral function with temper-
ature is similar, hybrid states are more unstable than 17~
states and melt at lower temperatures.

Vector mesons meltats ~ 0.23 [44,45], while scalar glue-
balls melt at # ~ 0.12 [42], as specified in Table 2. The dif-
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Fig. 3 Squared mass (left) and width (right) of the lightest 1=+ meson at increasing temperature (with ¢ = 1)

Table2 Melting temperature of ¢ g, glueball and hybrid states predicted
in the soft-wall model

Jre 17~ (qq) [44,45]

ot+ (qé) ott+ 1-+
[42] (glueball)

[42]

t=T/c 023 0.18 0.12 0.10

40

35

30

20 F

k/Rp

15

10

Fig. 4 Spectral functions of vector mesons, scalar mesons, scalar glue-
balls and 1~ hybrid mesons at r = 0.08, setting the scale ¢ = 1

ferent response to temperature of the various hadronic states
can be appreciated considering Fig. 4, in which the spec-
tral functions of states with different quantum numbers are
computed at the same temperature r = 0.08.

The dissociation temperature of the hybrid mesons can
also be determined computing the potential in the Schrodinger-
like equation to which Eq. (16) can be transformed. The tor-
toise coordinate r can be defined, such that 9, = — f(2)9;:

r=—|—arctan{ — ) + = In .
2 Zh 2 i+ 2z

(19)

25

20

Fig. 5 Potential V vs. the tortoise coordinate r for several values of
the temperature (¢ = 1)

After a redefinition of the field HL = /ze“’*'/2y, Eq. (16),
with g = 0, can be written as

" (r.q3) + V@)Y (r qd) = a3 (r. ). (20)
with the potential
f@ [ 44 4¢26 35 574
V(z) = *= 4 21
(2) el IS f@)+ 2 2 —1—4Zi (21)

in which the dependence on the temperature (through the
horizon position) is explicit. The variation of the potential
with temperature is shown in Fig. 5. At a critical tempera-
ture the r dependence of the potential becomes monotonous,
so that no bound states can be formed. Such a temperature
coincides with the one inferred from the spectral function.

4 Conclusions
We have computed the spectrum and the decay constants

of 1= hybrid mesons in the soft-wall holographic model of
QCD. For the lowest-lying state we have found M ~ 1.1—1.3
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GeV, depending on the mass scale c. This value is close to
the mass of w1 (1400), the lightest one of the hybrid candi-
dates. The behaviour of 1~ hybrid mesons at finite temper-
ature has been studied, showing that dissociation occurs at a
much lower temperature than for 1=~ mesons, and also at a
lower temperature than in the case of other kind of hadrons.
This result can be interpreted as an indication that hybrid
quark-gluon configurations, although present in the meson
spectrum, suffer from larger instabilities with respect to the
conventional configurations, and this could explain the dif-
ficulty in their detection in actual conditions, i.e. both in the
finite number of colour condition (N, = 3), which is differ-
ent from the holographic one holding in the large N, limit,
and in the experimental environment.
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