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We estimate the consequences of finite masses of pseudoscalar mesons on the decay rates of scalar
glueballs in the Witten-Sakai-Sugimoto model, a top-down holographic model of low-energy QCD, by
extrapolating from the calculable vertex of glueball fields and the η0 meson that follows from the Witten-
Veneziano mechanism for giving mass to the latter. Evaluating the effect on the recently calculated decay
rates of glueballs in the Witten-Sakai-Sugimoto model, we find a strong enhancement of the decay of scalar
glueballs into kaons and η mesons, in fairly close agreement with experimental data on the glueball
candidate f0ð1710Þ.
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The fundamental theory of the strong interactions,
quantum chromodynamics (QCD), which has quarks con-
fined in color-neutral bound states, also admits bound states
whose valence constituents are all gluons, i.e., the non-
Abelian gauge bosons of QCD. This prediction of addi-
tional mesons, called gluonia or glueballs, dates back to the
early 1970s [1] and has been substantiated by lattice QCD
[2], which estimates the mass of the lowest glueball state to
be around 1600–1800 MeV. Experimentally, however, their
status remains unclear and controversial [3]. The lowest
scalar glueball state has quantum numbers of the vacuum
and can be expected to mix with scalar mesons made from
quarks and antiquarks. To disentangle the contributions,
information on decay processes is needed. Theoretical
expectations vary greatly; the lowest glueball state may
be even so broad that it forms a mere background for the
isoscalar meson spectrum [4].
QCD in the limit of a large number of colors Nc [5,6],

which in many cases turns out to be a remarkably successful
approximation to real QCD with Nc ¼ 3, predicts a para-
metric suppression of decay rates of glueballs compared to
light quarkonia by a factor 1=Nc as well as a suppression of
mixing [7]. If glueballs are indeed narrow and not strongly
mixed, one should be able to identify one of the isoscalar-
scalar mesons below 2 GeV as a predominantly glueball
state. In phenomenological studies the experimentally well-
established [11] mesons f0ð1500Þ and f0ð1710Þ have
been alternatingly identified as possible glueball candidates
[12–14]. Both are comparatively narrow states, but their
decay patterns are rather different: f0ð1500Þ decays pri-
marily into four pions and secondly into two pions, with
decays into kaons and η mesons suppressed, whereas
f0ð1710Þ instead decays predominantly into two kaons,
with a ratio [11] Γð2πÞ=ΓðKK̄Þ ¼ 0.41þ0.11−0.17, much lower
than 3∶4 expected from a flavor-blind glueball. In the case of
f0ð1500Þ the strong deviation from flavor blindness is
usually attributed to mixing, while for f0ð1710Þ it has been
suggested that glueballs couple more strongly to the more

massive pseudoscalar mesons, a mechanism termed “chiral
suppression” [15,16]; this could make it possible that
f0ð1710Þ is a nearly unmixed glueball, as most recently
argued in [13,14] (see also Ref. [17]).
Since lattice QCD results on glueballs in interaction with

quarks are still sparse, in particular concerning decay
patterns, it is of interest to employ (top-down) gauge-gravity
duality, a string-theoretic approach to studying strongly
coupled large-Nc gauge theories, to obtain new insights
from first principles [18]. In fact, the spectrum of glueballs
has been one of the first applications of a nonsupersymmetric
holographic model derived by Witten [20] from type-IIA
superstring theory [21–23]. The Witten model has sub-
sequently been extended by Sakai and Sugimoto to include
chiral quarks through D8-D8 probe branes [24,25]. With
only one free coupling constant at a (Kaluza-Klein) mass
scale MKK ∼ 1 GeV, this provides a remarkably successful
model for low-energy QCD, with quantitative predictions for
vector and axial-vector meson spectra and decay rates that
agree with real QCD to within 10%–30% [26].
In Ref. [27], the Witten-Sakai-Sugimoto (WSS) model

was used for the first time to evaluate the decay rate of the
lowest glueball state into pions and to compare this with
experimental data for the f0ð1500Þ meson, although the
mass of the lowest holographic glueball mode is obtained
as 855 MeV. In Ref. [28] we revisited this calculation with
the result that the decay width of the lowest mode is much
higher than the one obtained in [27]. Since the lowest mode
corresponds to an “exotic polarization” [22] of the gravi-
tational fields of the Witten model, we have proposed to
discard the latter and to instead consider the next-lowest,
predominantly dilatonic mode with mass 1487 MeV to
correspond with the glueball in QCD. Despite the closeness
of its mass to that of the f0ð1500Þ meson, we have found
that the decay pattern into two and four pseudoscalar
mesons is not reproduced: the decay rate of f0ð1500Þ into
two pions is underestimated by about a factor of 2, while
the prediction for the dominant decay mode of f0ð1500Þ,
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i.e., decay into four pions, is an order of magnitude too
small. Extrapolating the mass of the holographic glueball
to that of the glueball candidate f0ð1710Þ (which is within
16% of the mass of the dilatonic mode) [29], we have
instead found close agreement with the decay rate into two
pions. Since the Witten-Sakai-Sugimoto model is chiral,
pions, kaons, and η mesons are predicted simply in flavor-
symmetric ratios 3∶4∶1; this thus fails to explain the much
stronger decays into two kaons and two η mesons.
In this Letter we study the possible effect of finite quark

masses on the decay rate of glueballs in the Witten-Sakai-
Sugimoto model in order to see whether a sufficiently strong
enhancement of the decay into kaons and η mesons could
result. In Refs. [30,31], it has been shown that nonlocal mass
terms implementing Gell-Mann–Oakes–Renner relations can
be induced by either world sheet instantons or a deformation
by a bifundamental field related to the open string tachyon
that arises between (parallel)D- and anti-D-branes. Since no
complete calculation along these lines exists, the additional
coupling of glueballs and pseudoscalar mesons induced by
the nonlocal mass term is not known. However, the addi-
tional coupling of glueballs to η0 mesons due to the part of its
mass term that arises from the anomalous breaking of Uð1ÞA
flavor symmetry can be calculated exactly.We propose to use
that as a simple and plausible model for how the totality of
nonlocal mass terms for the pseudoscalar meson depends on
the scalar glueball fields, and, thereby, to extrapolate the
results for the glueball decay pattern obtained in [28] to finite
pseudoscalar masses.
In the chiral Witten-Sakai-Sugimoto model [24,25], the

coupling of pseudoscalar Goldstone bosons as well as
vector and axial-vector mesons to scalar and tensor glueball
fields are determined by the dependence of the Dirac-Born-
Infeld part of the D8-brane action on metric and dilaton
fields,

SDBID8 ¼−TD8Tr
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where Φ and ~gMN are the dilaton and the nine-dimensional
induced metric in the ten-dimensional background given by
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with circle-compactified x4 ≃ x4 þ 2π=MKK and MKK ¼
3
2
u1=2KKR

−3=2. The stacks of Nf D8- and anti-D8-branes are
assumed to be localized at antipodal points, giving rise to

trivial embeddings x4 ¼ const., which extend from the
holographic boundary at u ¼ ∞ to the minimal point uKK,
where branes and antibranes connect. This breaks the
chiral group UðNfÞL ×UðNfÞR down to its diagonal
group, leading to a nonet (for Nf ¼ 3) of pseudoscalar
Goldstone bosons described by

UðxÞ ¼ P exp
�
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where z=uKK ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu=uKKÞ3 − 1

p
parametrizes the radial

extent of the joined D8- and anti-D8-branes. Matching the
pion decay constant fπ to 92.4 MeV and the mass of the
lowest vector meson mode Aμðz; xÞ ¼ ρμðxÞψ ð1ÞðzÞ to the ρ
meson mass mρ ≈ 776 MeV fixes MKK ¼ 949 MeV and
λ ¼ g2YMNc ¼ 16.63 [24,25]; matching instead mρ=

ffiffiffi
σ

p
,

with σ, the string tension of the model, to large-Nc lattice
results [26,28] gives a somewhat lower value of the ’t Hooft
coupling, λ ¼ 12.55, which we use with the higher value to
give a band of variation for the holographic predictions.
In Refs. [24,32] (see also [33]) it was shown that the

Uð1ÞA anomaly requires us to combine the Ramond-
Ramond 2-form field strength F2 with the isoscalar η0
that is localized on the D8-branes in a gauge-invariant
combination ~F2 with bulk action
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where θ is the QCD theta angle and

η0ðxÞ ¼
fπffiffiffiffiffiffiffiffiffi
2Nf

p
Z

dzTrAzðz; xÞ: ð7Þ

This gives rise to a Witten-Veneziano [34,35] mass term
for η0 that is local with respect to the effective
ð3þ 1Þ-dimensional boundary theory but nonlocal in the
bulk, with mass squared

m2
0 ¼

Nf

27π2Nc
λ2M2

KK: ð8Þ

For Nf ¼ Nc ¼ 3, MKK ¼ 949 MeV, and with λ varied
from 16.63 to 12.55 one finds m0 ¼ 967–730 MeV.
The other pseudoscalar mesons described by (4) are

massless in the Witten-Sakai-Sugimoto model. Current
quark masses can, in principle, be introduced through a
deformation by a bulk field T in the bifundamental
representation of the chiral symmetry group [30] that is
related to tachyon condensation or, alternatively, through
world sheet instantons [31]. Both introduce nonlocal mass
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terms for the pseudoscalar mesons, which one may quali-
tatively write asZ

d4x
Z

∞

uKK

duhðuÞTrðT ðuÞPe−i
R

dzAzðz;xÞ þ H:c:Þ; ð9Þ

where hðuÞ includes metric fields. Choosing appropriate
boundary conditions for T , the quark mass matrix arises
throughZ

∞

uKK

duhðuÞT ðuÞ ∝ M ¼ diagðmu;md;msÞ; ð10Þ

thereby realizing a Gell-Mann–Oakes–Renner relation.
Integration over u leads to mass terms for all Goldstone

bosons, including one for the flavor singlet η0 in addition to
the Witten-Veneziano mass term. The flavor octet η8 and
η0 can be diagonalized to mass eigenstates η and η0.
With M ¼ diagðm;m;msÞ and m ¼ ðmu þmdÞ=2, fixing
mπ ¼ 140 MeV and mK ¼ 497 MeV, this diagonalization
yields, for λ ¼ 16.63–12.55,

mη ¼ 518–476 MeV; mη0 ¼ 1077–894 MeV; ð11Þ
θP ¼ −14.4° to − 24.2°; ð12Þ

with θP the octet-singlet mixing angle; this shows that
the above holographic result for m0 is in the correct
ballpark [36].
In order to determine how mass terms affect the coupling

of glueballs and mesons worked out in Ref. [28], we would
need to know the dependence on the dilaton and metric
fields of hðuÞ as well as the profile of the bifundamental
field T ðuÞ. Absent this information, we turn to the fully
known nonlocal mass term produced by (5) and (6) for η0.
Inserting the mode expansion of glueball fields GD and GE
defined in Ref. [28], we find

Seffη0 ¼ −
1

2

Z
d4xm2

0η
2
0ð1 − 3d0GD þ 5c̆0GEÞ þ � � � ; ð13Þ

with
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Z
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3

4
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15.829

λ1=2NcMKK
; ð15Þ

where the latter is given for completeness only, since we
are going to discard the “exotic” mode GE given the results
in [28]. Here HD;EðuÞ are the radial profile functions of the
glueball modes, normalized in order to give a canonical
kinetic term for GD;EðxÞ.
Given its similarity to how a nonlocal mass term is

generated through world sheet instantons, this result seems
to be a reasonable first guess as to how nonlocal mass terms
couple in general. Concerning the bifundamental field T
associated with tachyon condensation, a plausible guess
would be that the metric dependence derives from the

integration measure of D8-branes, d9xe−Φ
ffiffiffiffiffiffi
−~g

p
. For the

predominantly dilatonic glueball field [43], this turns out to
have exactly the same dependence on terms linear in
GDðxÞHDðuÞ, as follows from (5) and (6), namely a factor
½1 − 3GDðxÞHDðuÞ�. In order to calculate the coupling
constant analogous to d0 in (14), one would need to know
the holographic profile of T , of which we only know that it
will be concentrated around u ¼ uKK. As a simplistic guess
one could try a function that mimics the profile of the term
Az∂2

μAz in the D-brane action when Az equals the zero
mode describing the Goldstone bosons. This would simply
determine the analog of d0 to be equal to the coupling d1
that appears in the chiral GDππ term [28],

Lchiral
GDππ

¼ 1

2
d1Trð∂μπ∂νπÞ

�
ημν −

∂μ∂ν

M2

�
GD; ð16Þ

where d1 ≈ 17.226λ−1=2N−1
c M−1

KK. This differs from d0 by a
mere 4%.
We shall, therefore, continue with the working hypoth-

esis that the overall coupling of the glueball field to the
mass term for the pseudoscalar mesons is universal. This
essentially assumes that the mixing of singlet and octet
mesons is invariant under a holographic renormalization
group evolution, which in particular implies the absence of
a direct coupling Gηη0.
With this assumption, i.e., adding

−
1

2

X
i

m2
i P

2
i ð1 − 3d0GDÞ; ð17Þ

with Pi the mass eigenstates of the pseudoscalar mesons,
to (16), we obtain the following modification factor for
the decay rate to two pseudoscalar mesons of mass mP:�

1 − 4
m2

P

M2

�
1=2

�
1þ α

m2
P

M2

�
2

; ð18Þ

with

α ¼ 4ð3d0=d1 − 1Þ ≈ 8.480 for GD: ð19Þ
An analogous calculation for the exotic scalar glueball
using the results of [28] for the chiral contributions gives

α ¼ 4ð5c̆0 − c̆1Þ=ðc1 þ 2c̆1Þ ≈ 2.630 for GE: ð20Þ

[Note that, to leading order, the dependence on λ and MKK
drops out in (19) and (20).] In (18) the first factor represents
a simple kinematical suppression, which is overcome by the
coupling of the glueball field to the mass term of the
pseudoscalar fields. A similar result, but with α ¼ 1, was
obtained in Ref. [44] for a simple effective field theory where
the scalar glueball field is identified with the dilaton of QCD
(a scalar field with a potential matched to the QCD trace
anomaly). With α ¼ 1 the nonchiral enhancement is can-
celed by the kinematical suppression to order m2

P=M
2, thus

restoring approximate flavor symmetry, while for larger
values of mP the net effect is a (slight) reduction of the
decay rate.

PRL 115, 131601 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

25 SEPTEMBER 2015

131601-3



In Table I we compare the deviations from flavor
symmetry as they are reported by the Particle Data Group
(PDG) [11] with the modifications resulting from (18) and
(19). Remarkably, the experimental ratio ΓðππÞ=ΓðKK̄Þ is
reproduced within the experimental error bar, whereas the
prediction for ΓðηηÞ=ΓðKK̄Þ remains within 1.33 standard
deviations.
In Table II we compare our complete set of predictions for

the decay rates for a scalar glueball with mass corresponding
to either 1505 MeV [f0ð1500Þ] or 1722 MeV [f0ð1710Þ],
with and without the inclusion of masses for the pseudo-
scalar mesons, to experiment. In the case of f0ð1500Þ, the
(experimentally well-known) decay pattern is matched
neither qualitatively nor quantitatively [28]. The inclusion
of the pseudoscalar masses helps for the total width, but
modifies the decay pattern adversely. For f0ð1710Þ, branch-
ing ratios are less accurately known. The prediction for the

total width is increased slightly above the experimental value
when masses are included, but the decay pattern into two
pseudoscalar mesons is improved markedly, as we have
already shown in Table I. In fact, the experimental results
quoted for the partial widths should be considered as upper
values, as they ignore the possibility of decay into four or
more pions; decay of f0ð1710Þ into two ω mesons and
further to six pions has been seen [11] in J=ψ → γf0ð1710Þ
(in fact this has been seen at the level of 75% of the rate into
two pions [11], so the holographic prediction may not be
very far off) [45]. The only remaining major mismatch
between existing experimental data for f0ð1710Þ [48] and
the prediction of the Witten-Sakai-Sugimoto model thus
appears to be the rather high rate for decay into four pions,
which is predicted by the latter to proceed through 2ρ and
ρππ at the level of about twice the rate for decay into two ω
mesons [28]; this prediction is not modified significantly by
the introduction of quark masses, since the corresponding
vertices are unchanged at the level of our approximation.
To summarize, by extrapolating the exactly calculable

coupling of scalar glueballs to the mass term of the
isosinglet pseudoscalar meson in the originally chiral
Witten-Sakai-Sugimoto model, we found a significantly
enhanced decay of scalar glueballs into kaons and ηmesons
compared to flavor-symmetric ratios. This is in line with the
previously proposed mechanism of chiral suppression of
scalar glueball decay, which has been posited as an
explanation of how the isoscalar meson f0ð1710Þ, with
its preferred decay into two kaons, could be predominantly
gluonic rather than an ss̄ state [15,16]. From this we
conclude that the top-down holographic Witten-Sakai-
Sugimoto model may well be consistent with a glueball
interpretation of f0ð1710Þ, while disfavoring the other
popular glueball candidate f0ð1500Þ. In this case, the
successful reproduction of the branching ratios given in
Table I is correlated to a sufficiently small rate for the decay
G → ηη0, for which only upper limits exist so far [52].
Moreover, the Witten-Sakai-Sugimoto model predicts sig-
nificant partial widths for the decay of f0ð1710Þ into four
and six pions; according to [11], only the latter have been
so far confirmed experimentally.

We thank Denis Parganlija and Timm Wrase for many
useful discussions, and Jean-Marc Gérard for correspon-
dence. A. R. also thanks the Helsinki Institute of Physics,
where this work was finalized, for hospitality as well as for
stimulating discussions. This work was supported by the
Austrian Science Fund (FWF), Project No. P26366, and the
FWF doctoral program Particles and Interactions, Project
No. W1252.

[1] H. Fritzsch and M. Gell-Mann, 16th International
Conference on High-Energy Physics (ICHEP 72), eConf
C720906V2, 135 (Batavia, 1972); H. Fritzsch and P.
Minkowski, Nuovo Cimento Soc. Ital. Fis. 30A, 393
(1975); R. Jaffe andK. Johnson, Phys. Lett. 60B, 201 (1976).

TABLE I. Flavor-asymmetric deviation of branching ratios of
glueball candidate f0ð1710Þ compared to the nonchiral enhance-
ment in the Witten-Sakai-Sugimoto model resulting from (18)
and (19) with mP ¼ mπ;K;η ¼ f140; 497; 548g MeV.

f0ð1710Þ Expt. (PDG) WSS massive

4=3 × ΓðππÞ=ΓðKK̄Þ 0.55þ0.15
−0.23 0.463

4 × ΓðηηÞ=ΓðKK̄Þ 1.92� 0.60 1.12

TABLE II. Experimental data for the decay pattern of the
glueball candidates f0ð1500Þ and f0ð1710Þ from Ref. [11]
[except for those marked by a star, which are from Ref. [49],
where the total width of f0ð1710Þ was split under the assumption
of a negligible branching ratio to four or more pions, using data
from the BES [50] (upper entry) and WA102 [51] (lower entry)
Collaborations, respectively], compared to the prediction ob-
tained in Ref. [28] from the mode GD in the chiral Witten-Sakai-
Sugimoto model, and, finally, to the extrapolation of the massive
case proposed in this Letter.

Decay
Γ=M

(Expt. [11]) (WSS chiral [28]) (WSS massive)

f0ð1500Þ (total) 0.072(5) 0.027–0.037 0.057–0.077
f0ð1500Þ → 4π 0.036(3) 0.003–0.005 0.003–0.005
f0ð1500Þ → 2π 0.025(2) 0.009–0.012 0.010–0.014
f0ð1500Þ → 2K 0.006(1) 0.012–0.016 0.034–0.045
f0ð1500Þ → 2η 0.004(1) 0.003–0.004 0.010–0.013
f0ð1710Þ (total) 0.078(4) 0.059–0.076 0.083–0.106

f0ð1710Þ → 2K �
n

0.041ð2Þ
0.047ð17Þ 0.012–0.016 0.029–0.038

f0ð1710Þ → 2η �
n

0.020ð10Þ
0.022ð11Þ 0.003–0.004 0.009–0.011

f0ð1710Þ → 2π �
n

0.017ð4Þ
0.009ð2Þ 0.009–0.012 0.010–0.013

f0ð1710Þ → 2ρ;
ρππ → 4π

� � � 0.024–0.030 0.024–0.030

f0ð1710Þ →
2ω → 6π

Seen 0.011–0.014 0.011–0.014

PRL 115, 131601 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

25 SEPTEMBER 2015

131601-4

http://dx.doi.org/10.1007/BF02730295
http://dx.doi.org/10.1007/BF02730295
http://dx.doi.org/10.1016/0370-2693(76)90423-8


[2] C. J.Morningstar andM. J. Peardon,Phys.Rev.D60, 034509
(1999);Y.Chen,A.Alexandru, S.Dong,T.Draper, I.Horvath
et al., Phys. Rev. D 73, 014516 (2006); M. Loan, X.-Q. Luo,
and Z.-H. Luo, Int. J. Mod. Phys. A 21, 2905 (2006).

[3] D. Bugg, Phys. Rep. 397, 257 (2004); E. Klempt and A.
Zaitsev, Phys. Rep. 454, 1 (2007); V. Crede and C. Meyer,
Prog. Part. Nucl. Phys. 63, 74 (2009); W. Ochs, J. Phys. G
40, 043001 (2013).

[4] P. Minkowski and W. Ochs, Eur. Phys. J. C 9, 283 (1999).
[5] G. ’t Hooft, Nucl. Phys. B72, 461 (1974).
[6] B. Lucini and M. Panero, Phys. Rep. 526, 93 (2013).
[7] This is not the case in bottom-up holographic models for the

Veneziano limit of QCD [8], where Nf=Nc is kept fixed as
Nc → ∞, for which Ref. [9] recently obtained strong glue-
ball-meson mixing. In contrast, a recent study of a bottom-up
hard-wall model obtained only very small mixing [10].

[8] D. Areán, I. Iatrakis, M. Järvinen, and E. Kiritsis, J. High
Energy Phys. 11 (2013) 068.

[9] I. Iatrakis, A. Ramamurti, and E. Shuryak, Phys. Rev. D 92,
014011 (2015).

[10] T. Yamaguchi and S. Matsuzaki, Phys. Rev. D 91, 114006
(2015).

[11] K. Olive et al., Chin. Phys. C 38, 090001 (2014).
[12] C. Amsler and F. E. Close, Phys. Rev. D 53, 295 (1996);

W.-J. Lee and D. Weingarten, Phys. Rev. D 61, 014015
(1999); F. E. Close and A. Kirk, Eur. Phys. J. C 21, 531
(2001); C. Amsler and N. Tornqvist, Phys. Rep. 389, 61
(2004); F. E. Close and Q. Zhao, Phys. Rev. D 71, 094022
(2005); F. Giacosa, T. Gutsche, V. E. Lyubovitskij, and A.
Faessler, Phys. Rev. D 72, 094006 (2005); M. Albaladejo
and J. A. Oller, Phys. Rev. Lett. 101, 252002 (2008); V.
Mathieu, N. Kochelev, and V. Vento, Int. J. Mod. Phys. E 18,
1 (2009); S. Janowski, D. Parganlija, F. Giacosa, and D. H.
Rischke, Phys. Rev. D 84, 054007 (2011).

[13] S. Janowski, F. Giacosa, and D. H. Rischke, Phys. Rev. D
90, 114005 (2014).

[14] H.-Y. Cheng, C.-K. Chua, and K.-F. Liu, arXiv:1503.06827.
[15] J. Sexton, A. Vaccarino, and D. Weingarten, Phys. Rev. Lett.

75, 4563 (1995).
[16] M. S. Chanowitz, Phys. Rev. Lett. 95, 172001 (2005).
[17] L.-C. Gui, Y. Chen, G. Li, C. Liu, Y.-B. Liu, J.-P. Ma, Y.-B.

Yang, and J.-B. Zhang (CLQCD Collaboration), Phys. Rev.
Lett. 110, 021601 (2013).

[18] Various bottom-up holographic models have also been
used for studying glueball spectra and properties, see, e.g.,
[8–10,19].

[19] H. Boschi-Filho and N. R. Braga, Eur. Phys. J. C 32, 529
(2004); P. Colangelo, F. De Fazio, F. Jugeau, and S. Nicotri,
Phys. Lett. B 652, 73 (2007); H. Forkel, Phys. Rev. D 78,
025001 (2008).

[20] E. Witten, Adv. Theor. Math. Phys. 2, 505 (1998).
[21] D. J. Gross and H. Ooguri, Phys. Rev. D 58, 106002 (1998);

C. Csaki, H. Ooguri, Y. Oz, and J. Terning, J. High Energy
Phys. 01 (1999) 017; A. Hashimoto and Y. Oz, Nucl. Phys.
B548, 167 (1999); C. Csaki, J. Russo, K. Sfetsos, and J.
Terning, Phys. Rev. D 60, 044001 (1999).

[22] N. R. Constable and R. C. Myers, J. High Energy Phys. 10
(1999) 037.

[23] R. C. Brower, S. D. Mathur, and C.-I. Tan, Nucl. Phys.
B587, 249 (2000).

[24] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 113, 843 (2005).
[25] T. Sakai and S. Sugimoto, Prog. Theor. Phys. 114, 1083

(2005).
[26] A. Rebhan, EPJ Web Conf. 95, 02005 (2015).
[27] K. Hashimoto, C.-I. Tan, and S. Terashima, Phys. Rev. D 77,

086001 (2008).
[28] F. Brünner, D. Parganlija, and A. Rebhan, Phys. Rev. D 91,

106002 (2015).
[29] In Ref. [28] this extrapolation was made such that the

dimensionless ratio of partial width over mass for the decay
into two massless pseudoscalars is unchanged, while taking
into account that the f0ð1710Þ meson has a mass above the
threshold of two ρ mesons.

[30] O. Bergman, S. Seki, and J. Sonnenschein, J. High Energy
Phys. 12 (2007) 037; A. Dhar and P. Nag, J. High Energy
Phys. 01 (2008) 055; Phys. Rev. D 78, 066021 (2008);
V. Niarchos, Nucl. Phys. B841, 268 (2010).

[31] O. Aharony and D. Kutasov, Phys. Rev. D 78, 026005
(2008); K. Hashimoto, T. Hirayama, F.-L. Lin, and H.-U.
Yee, J. High Energy Phys. 07 (2008) 089; R. McNees, R. C.
Myers, and A. Sinha, J. High Energy Phys. 11 (2008) 056.

[32] J. L. Barbon, C. Hoyos-Badajoz, D. Mateos, and R. C.
Myers, J. High Energy Phys. 10 (2004) 029.

[33] A. Armoni, J. High Energy Phys. 06 (2004) 019.
[34] E. Witten, Nucl. Phys. B156, 269 (1979).
[35] G. Veneziano, Nucl. Phys. B159, 213 (1979).
[36] This setup for the masses is incapable of actually matching

the experimental mass ratio mη=mη0 for any value of
mu;md;ms; m0 [37], but Oðp4Þ corrections involving M
can fill the deficit [38,39]. The mixing angle (12) has been
shown to receive only small corrections of this kind [38].
Values around −14° appear to be favored by data on light
meson decays [40,41], while radiative charmonium decay
points instead to θP ≈ −21° [38,42].

[37] H. Georgi, Phys. Rev. D 49, 1666 (1994).
[38] J.-M. Gérard and E. Kou, Phys. Lett. B 616, 85 (2005).
[39] V. Mathieu and V. Vento, Phys. Lett. B 688, 314 (2010).
[40] F. Ambrosino, A. Antonelli, M. Antonelli, F. Archilli, P.

Beltrame et al., J. High Energy Phys. 07 (2009) 105.
[41] T. Pham, arXiv:1504.05414.
[42] J.-M. Gérard and A. Martini, Phys. Lett. B 730, 264 (2014).
[43] For the exotic scalar glueball field, the dependence is

different. In the notation of [28], it leads to a factor
½1þ ðHE − H̄EÞGE�.

[44] J. R. Ellis and J. Lanik, Phys. Lett. 150B, 289 (1985).
[45] This interpretation of the data published in [46] ignores the

possibility that these decays could be attributed to a separate
isoscalar, such as f0ð1790Þ as proposed in [47].

[46] M. Ablikim et al. (BES Collaboration), Phys. Rev. D 73,
112007 (2006).

[47] M. Ablikim et al., Phys. Lett. B 607, 243 (2005).
[48] F. Close and A. Kirk, Phys. Rev. D 91, 114015 (2015).
[49] D. Parganlija, arXiv:1208.0204.
[50] M. Ablikim, J. Bai, Y. Ban, J. Bian, X. Cai et al., Phys. Lett.

B 642, 441 (2006).
[51] D. Barberis et al., Phys. Lett. B 462, 462 (1999).
[52] Relaxing our assumption of a universal coupling (17) leads

to a nonvanishing coupling Gηη0 and a modification of the
result (18). A systematic quantitative analysis of this
correlation will be presented in a forthcoming publication.

PRL 115, 131601 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

25 SEPTEMBER 2015

131601-5

http://dx.doi.org/10.1103/PhysRevD.60.034509
http://dx.doi.org/10.1103/PhysRevD.60.034509
http://dx.doi.org/10.1103/PhysRevD.73.014516
http://dx.doi.org/10.1142/S0217751X06029454
http://dx.doi.org/10.1016/j.physrep.2004.03.008
http://dx.doi.org/10.1016/j.physrep.2007.07.006
http://dx.doi.org/10.1016/j.ppnp.2009.03.001
http://dx.doi.org/10.1088/0954-3899/40/4/043001
http://dx.doi.org/10.1088/0954-3899/40/4/043001
http://dx.doi.org/10.1007/s100529900044
http://dx.doi.org/10.1016/0550-3213(74)90154-0
http://dx.doi.org/10.1016/j.physrep.2013.01.001
http://dx.doi.org/10.1007/JHEP11(2013)068
http://dx.doi.org/10.1007/JHEP11(2013)068
http://dx.doi.org/10.1103/PhysRevD.92.014011
http://dx.doi.org/10.1103/PhysRevD.92.014011
http://dx.doi.org/10.1103/PhysRevD.91.114006
http://dx.doi.org/10.1103/PhysRevD.91.114006
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevD.53.295
http://dx.doi.org/10.1103/PhysRevD.61.014015
http://dx.doi.org/10.1103/PhysRevD.61.014015
http://dx.doi.org/10.1007/s100520100748
http://dx.doi.org/10.1007/s100520100748
http://dx.doi.org/10.1016/j.physrep.2003.09.003
http://dx.doi.org/10.1016/j.physrep.2003.09.003
http://dx.doi.org/10.1103/PhysRevD.71.094022
http://dx.doi.org/10.1103/PhysRevD.71.094022
http://dx.doi.org/10.1103/PhysRevD.72.094006
http://dx.doi.org/10.1103/PhysRevLett.101.252002
http://dx.doi.org/10.1142/S0218301309012124
http://dx.doi.org/10.1142/S0218301309012124
http://dx.doi.org/10.1103/PhysRevD.84.054007
http://dx.doi.org/10.1103/PhysRevD.90.114005
http://dx.doi.org/10.1103/PhysRevD.90.114005
http://arXiv.org/abs/1503.06827
http://dx.doi.org/10.1103/PhysRevLett.75.4563
http://dx.doi.org/10.1103/PhysRevLett.75.4563
http://dx.doi.org/10.1103/PhysRevLett.95.172001
http://dx.doi.org/10.1103/PhysRevLett.110.021601
http://dx.doi.org/10.1103/PhysRevLett.110.021601
http://dx.doi.org/10.1140/epjc/s2003-01526-4
http://dx.doi.org/10.1140/epjc/s2003-01526-4
http://dx.doi.org/10.1016/j.physletb.2007.06.072
http://dx.doi.org/10.1103/PhysRevD.78.025001
http://dx.doi.org/10.1103/PhysRevD.78.025001
http://dx.doi.org/10.1103/PhysRevD.58.106002
http://dx.doi.org/10.1088/1126-6708/1999/01/017
http://dx.doi.org/10.1088/1126-6708/1999/01/017
http://dx.doi.org/10.1016/S0550-3213(99)00120-0
http://dx.doi.org/10.1016/S0550-3213(99)00120-0
http://dx.doi.org/10.1103/PhysRevD.60.044001
http://dx.doi.org/10.1088/1126-6708/1999/10/037
http://dx.doi.org/10.1088/1126-6708/1999/10/037
http://dx.doi.org/10.1016/S0550-3213(00)00435-1
http://dx.doi.org/10.1016/S0550-3213(00)00435-1
http://dx.doi.org/10.1143/PTP.113.843
http://dx.doi.org/10.1143/PTP.114.1083
http://dx.doi.org/10.1143/PTP.114.1083
http://dx.doi.org/10.1051/epjconf/20159502005
http://dx.doi.org/10.1103/PhysRevD.77.086001
http://dx.doi.org/10.1103/PhysRevD.77.086001
http://dx.doi.org/10.1103/PhysRevD.91.106002
http://dx.doi.org/10.1103/PhysRevD.91.106002
http://dx.doi.org/10.1088/1126-6708/2007/12/037
http://dx.doi.org/10.1088/1126-6708/2007/12/037
http://dx.doi.org/10.1088/1126-6708/2008/01/055
http://dx.doi.org/10.1088/1126-6708/2008/01/055
http://dx.doi.org/10.1103/PhysRevD.78.066021
http://dx.doi.org/10.1016/j.nuclphysb.2010.08.011
http://dx.doi.org/10.1103/PhysRevD.78.026005
http://dx.doi.org/10.1103/PhysRevD.78.026005
http://dx.doi.org/10.1088/1126-6708/2008/07/089
http://dx.doi.org/10.1088/1126-6708/2008/11/056
http://dx.doi.org/10.1088/1126-6708/2004/10/029
http://dx.doi.org/10.1088/1126-6708/2004/06/019
http://dx.doi.org/10.1016/0550-3213(79)90031-2
http://dx.doi.org/10.1016/0550-3213(79)90332-8
http://dx.doi.org/10.1103/PhysRevD.49.1666
http://dx.doi.org/10.1016/j.physletb.2005.04.057
http://dx.doi.org/10.1016/j.physletb.2010.04.021
http://dx.doi.org/10.1088/1126-6708/2009/07/105
http://arXiv.org/abs/1504.05414
http://dx.doi.org/10.1016/j.physletb.2014.01.068
http://dx.doi.org/10.1103/PhysRevD.73.112007
http://dx.doi.org/10.1103/PhysRevD.73.112007
http://dx.doi.org/10.1016/j.physletb.2004.12.041
http://dx.doi.org/10.1103/PhysRevD.91.114015
http://arXiv.org/abs/1208.0204
http://dx.doi.org/10.1016/j.physletb.2006.10.004
http://dx.doi.org/10.1016/j.physletb.2006.10.004
http://dx.doi.org/10.1016/S0370-2693(99)00909-0

