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We revisit the U(1), anomaly in the holographic model of low-energy QCD by Witten, Sakai, and
Sugimoto, presenting a new and direct derivation of the Witten-Veneziano mechanism for generating the
mass of the #’ through an anomalous mixing of the Ramond-Ramond C| field with the singlet component
of the pseudoscalar mesons. The latter turns out to have a kinetic mixing with the normalizable modes of
the C, field representing pseudoscalar glueballs, yielding additional vertices for their production and their
decay that dominate over those of the unmixed case considered previously in the Witten-Sakai-Sugimoto
model. The leading channel is predicted to be a decay into two vector mesons, followed in importance by
decay into three pseudoscalar mesons. The issue of production of pseudoscalar glueballs in radiative J /y
decays and in double diffractive processes is also discussed briefly.
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I. INTRODUCTION

In QCD, the U(1),, part of the tree-level flavor symmetry
U(Ny), x U(Ny) is broken by the axial anomaly, leading
to only N} — 1 pseudoscalar Goldstone bosons in the
spontaneous breaking of U(1),, x SU(N); x SU(N,)z —
U(N)y with masses determined by the Gell-Mann-Oakes-
Renner relation, while one isoscalar pseudoscalar boson,
the 77/, is found to be too heavy to be a Goldstone boson [1].
Its mass is determined by nonperturbative effects involving
the axial anomaly, and it was suggested by 't Hooft [2,3]
that these are due to instantons. However, in the limit of
large number of colors N, the effects of a dilute gas of
instantons is exponentially suppressed. A different mecha-
nism was proposed by Veneziano [4] and Witten [5], who
showed that the nontrivial § dependence of large-N,. pure
Yang-Mills theory implies a mass term for the singlet 7,
according to m} = 2N sy,/f2, where y, is the topological
susceptibility of pure Yang-Mills theory.

In [6,7] it was shown that this mechanism is indeed
realized in the AdS/CFT framework. In the Witten model
[8] of low-energy QCD, which is based on a supersymmetry-
breaking circle compactification of N. D4-branes in type-
IIA supergravity, this was initially discussed in a model with
flavor D6-branes [7] and subsequently also in the chiral
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Witten-Sakai-Sugimoto (WSS) model [9,10], which is based
on D8-branes and which realizes a fully non-Abelian chiral
symmetry breaking.

A more detailed discussion of the Witten-Veneziano
mechanism in the WSS model was recently given by
Bartolini et al. in [11]. In the present paper we present
an alternative, more direct derivation, which moreover
allows us to reanalyze the possible mixing of the singlet
1o with the pseudoscalar glueball G. In the bottom-up
V-QCD model of Ref. [12], where the Veneziano limit of
N, — oo with N;/N, fixed is employed, such mixing in
the context of the Witten-Veneziano relation has been
discussed in [13]. In the WSS model, one of us with F.
Briinner has found [14] a vanishing mass mixing of 7, and
G which led to the conclusion of a very narrow pseudo-
scalar state, because to leading order in the WSS model
only vertices involving jointly the scalar glueball and 7,
appeared to be present. Our new derivation reveals the
presence of a kinetic (derivative) mixing which leads to
additional decay modes of pseudoscalar glueballs that are
dominating those considered in Ref. [14] or in the phe-
nomenological model of Ref. [15].

The importance of gluonic contributions for the physics
of 7 mesons is already evidenced by the Witten-Veneziano
mechanism. It has also been emphasized by the analysis of
Ref. [16], who have however left open the question whether
this involves a coupling to physical pseudoscalar glueball
excitations (see also [17-19]). Possible pseudoscalar
glueball-meson mixing scenarios have been discussed
widely in the literature [20-27], but exclusively in the
form of mass mixings. The mixing scenario that we obtain
in the WSS model leads to a dominance of the couplings
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that are induced by the Chern-Simons term, in particular to
two vector mesons. Inclusion of quark masses leads to
additional couplings such as to three pseudoscalar mesons.

Assuming that the couplings obtained in the WSS model
are more reliable than the results for the glueball masses,
which for tensor and pseudoscalar glueballs are much lower
than those predicted by lattice QCD, we consider a range of
pseudoscalar glueball masses, with the result that a pseu-
doscalar glueball of around 2.6 GeV as indicated by
(quenched) lattice QCD [28,29] appears to be a rather
broad resonance instead of a narrow state, which may
hinder its experimental identification. On the other hand, its
relatively strong coupling to vector mesons should enhance
its production cross section in central exclusive production
as well as in radiative J/y decays. The decay patterns
derived in this paper might help to identify a pseudoscalar
glueball in experimental studies.

So far, the experimental search for glueballs in the hadron
spectrum has led to two candidates for the lightest scalar
glueball, f((1500) and f,(1710). Different phenomeno-
logical models are split on the question of which of the two
would have the largest glueball component, and the WSS
results for glueball decay patterns of Refs. [30,31] favor
fo(1710). For the tensor glueball there are several candidates
above 1900 MeV, with the WSS model indicating [32] that it
should be a relatively broad resonance, if the mass is around
2.4 GeV as indicated by both quenched and unquenched
lattice QCD [28,29,33-35]. Prior to the first lattice QCD
studies, where the pseudoscalar glueball has been found to
be heavier than the tensor glueball, the pseudoscalar meson
1(1440), now interpreted as two states 7(1405) and 7(1475)
(see however [36]), was regarded as a strong glueball
candidate; in fact, the 7(1405) is still often considered as
such [37]. In the Witten model, the pseudoscalar glueball is
heavier than the tensor glueball. The kinetic mixing obtained
by us when quarks are included increases the mass of the
pseudoscalar glueball somewhat, while leaving unchanged
(to leading order) the #(’) mesons, which suggests that the
pseudoscalar glueball is still to be discovered with a mass
that is above that of the tensor glueball.

In Sec. 1T we review the WSS model, in particular the
role of the Ramond-Ramond field C; which determines the
0 parameter of the dual theory, and how the U(1), anomaly
and the Witten-Veneziano mechanism is realized. In Sec. I1I
we derive the mixing of 7, and the pseudoscalar glueball
modes contained in the normalizable C; modes, and we
work out its consequences for glueball-meson vertices and
decay patterns of the pseudoscalar glueball in Sec. 1V,
followed by a discussion and an outlook in Sec. V.

II. WITTEN-SAKAI-SUGIMOTO MODEL AND
WITTEN-VENEZIANO MECHANISM

A. The Witten model of low-energy QCD

The WSS model is based on the Witten model of low-
energy QCD [8] provided by the near-horizon geometry of

a large number (N,) of coincident D4-branes in type-IIA
superstring theory wrapped on a circle of circumference
R, = 2zMyg) with antiperiodic boundary conditions for
fermions. Since gauginos are massive at tree level and
adjoint scalars acquire masses through loops, the dual
theory at energies much smaller than Mg is pure non-
supersymmetric Yang-Mills theory at large 't Hooft
coupling 1 = N, g%y In the supergravity approximation,
where the Kaluza-Klein mass scale My is kept finite, the
background can be obtained from the dimensional reduc-
tion of an 11-dimensional doubly Wick-rotated black-hole
geometry in AdS; x $%,

2

dsi) = 12 [f (r)dx; + n,, dx*dx” + dx3|]
L% drr  L*?
- _dgzZ7
+ r? f(r) + 4 4
”61(1(
flr)=1 —7, (1)

where y,v = 0, ..., 3,1, = diag(—1, 1, 1, 1), together with
anonzero 4-form field strength F, = 3(L/2)*w,, where w,
is the volume form of a unit 4-sphere with volume V, =
872 /3. A regular Euclidean black hole is produced by iden-
tifying 7 = x4 ~ x4 + 2R, with Ry =Myl =L*/(3rk).

Dimensional reduction from 11-dimensional supergrav-
ity [38] with «2, = (271,)°/(4x) and [, = gi/*I, through
X1 =X +27[R11, with Rll = gsls’ and

ds?, = Gy pdxdx = e72®B3 g, dxM dxN
+ 43 (dx' + Ay dxM)?, (2)

where ¢® = (r/L)3/? and hatted (unhatted) indices refer to
11 (10) dimensions, leads to type-IIA supergravity with
string-frame action

§ = Sns + Sk + Scss (3)
where
Sns = b d"x\/=ge™®
ZK%O
1
1
Su= =g [ dVxVIRP + IFP),
Ko
1
|F17|2 — EFMFMv
S, ! /B ANFyNF (4)
cS = ~7 3 2 4 4
43,

In order to have a standard form of D-brane actions with
prefactors y, = (27)77 177" for both the Dirac-Born-Infeld
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(DBI) and Chern-Simons (CS) parts, we absorb
the factor g2 originally contained in 2«3, = 2«3,/ (27R,))
by rescaling Fp, = gF)% and e® = gee~®®, upon
which we drop the 10D labels on the fields and
redefine 2«3, = (27)18.

In the coordinates used in [9,10],

the 10-dimensional metric reads

2 u 32 v 2
dsip = | 5— [, dx*dx” + f(U)dx3]

Rpy
Rps\3/2[ dU?
+<7> {fw)wzdg‘z‘] ©)

with f(U) =1- (UKK/U)3 and RD4
and 4-form field strength are given by

= L/2; the dilaton

¢® = g,(U/Rpy)** (7)
and

3R,

F4 = dC3 = 4(1)4. (8)

s

[Here and in the following we stick to the usual normali-
zation of the Ramond-Ramond fields in the string-theory
literature [38]. In [9,10] these fields are rescaled according
to C, = (2z)P~'1{ C35.] The 4-form field strength is related
to the number N_. of D4-branes by

(27)28 /S Fy=2aN,, (9)

The pammetersl of the dual boundary theory, which
upon dimensional reduction through the circle S, with
radius Mgk becomes pure 3 + 1-dimensional Yang-Mills
theory

which implies R}, =

1 0
L= =Tty + 5 TrFyw A Fy, - (10)
29ym 8z

can be identified from the UV limit U — oo of the D4-
brane action

lFollowing the notation of [9,10,39], g%(M differs by a
factor two from the usual particle physics convention so that

qy = g%(M/(Zﬂ:)

d*xdre™®

—

SO = —py Tr —9(5)
1 ! : 2
X 1+§(2mx |Fym|” +...)
+ﬂ4(2ﬂa/)2/clAFYM/\FYM+..., (11)

with g, = (27)7*1;° and o = [2. This gives

1
g%M = 27[gslsMKKv 0 + 2wk = l_/ Cl (12)
S

sJS;

with k an integer.

The Witten background reviewed above has a vanishing
one-form field C, and thus corresponds to the theory with
vanishing § parameter, or sufficiently small /N, such that
the backreaction on the background can be neglected, in the
k = 0 branch. (The fully backreacted case has been worked
out in Ref. [40].)

The holographic dictionary thus relates nonnormalizable
fluctuations of C, to a local, possibly x-dependent O
parameter. Normalizable modes are instead interpreted as
pseudoscalar (JP€ = 0~") glueball excitations [41].

The relevant quadratic action for these fields is

Sg D —

d'Ox\/=g(|F»]*)
_ 27TR4V4 / d4 / dr
64x3,

x<fr(f) w9,C,0,Co+ (ac)>. (13)

The resulting field equations have the nonnormalizable
solution

(0) L
C;’' =
271'R4

f(r)9(x) for OI(x) = 0. (14)

In the Witten model of pure Yang-Mills theory, 9 = 6, but
since this connection will be modified when quarks are
included, we have providently introduced a different
symbol.
Inserting (14) in the action gives
PMy

Xy 42
A d 9 ) == )
2 / s %97 4(3)0

with y, being the topological susceptibility.
The normalizable solutions will be expanded in mass
eigenfunctions, with radial eigenvalue equations

SR:

(15)

7
a,(%a,c&”) ;(L)Wc“ 0, (16)
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subject to boundary conditions C§2)(r =) = ng)(r =

rex) =0, 0,CP(r=rgx) #0. This determines the
mass of the lightest pseudoscalar glueball as Mg; =
1.885... x MKK'

B. Inclusion of quarks and U(1), anomaly

Sakai and Sugimoto have extended the Witten
model by introducing left- and right-handed chiral quarks
through N pairs of D8 and D8 probe branes localized at
separate points on the circle S, at the holographic boundary.
Chiral symmetry breaking U(N;); xU(N;)r=U(Nf); .z
emerges from the fact that the D8- and D8-branes have to
join in the cigar-shaped background geometry. Choosing
antipodal points on S, leads to embedding functions
with constant x, =7 and a joining of the branes at
the tip of the cigar at rgg (or Uky). In this case one can
extend the coordinate Z introduced in (5) to the range
—00...00 in order to cover the radial extent of joined D8-
and D8-branes.

The action for these flavor branes is given by SP8 =
SB8, + S28 with

SPY = —g /)8 e“bfr\/— det(g() + 22’ F + B,), (17)

where Tr denotes symmetrized trace, ug = (27:)‘8[;(9), and
F=dA+ AN A is the field strength tensor for the
non-Abelian flavor gauge fields living on the D8-branes.
[B, is the bulk Kalb-Ramond 2-form field; its normalizable
modes contain the pseudovector (177) glueballs of the dual
gauge theory [41,42].]

The even and odd radial mode functions of A, are
associated with the towers of vector and axial-vector meson
fields, with the lowest mass eigenvalue (m3 ~ 0.669M%y)
being identified as the p meson mass such that Myg =
949 MeV.

The massless pseudoscalar Goldstone bosons are
described by

Ux) = Pexpi</_: 47 A(Z, x)> — exp(il129/ f,),
(18)

where f7 = 55 AN Mgy and 2* are Gell-Mann matrices
supplemented by A° = (N;/2)~!/21. Setting f,, =92.4 MeV
fixes 1 = 16.63 for N, = 3. A smaller value of about 12.55
would be found by matching instead the large-N, lattice
result [43] for the string tension. As in [32] we shall
consider the range 4 = 16.63...12.55 in order to obtain a
theoretical error band for our quantitative predictions.
The 9-dimensional Chern-Simons term of the flavor

brane is given by

SP8 = ﬂgz [)8 \/ A(R)Trexp(2zd F + B) A C,. (19)
q

where the so-called A-roof genus factor involves A(R)=
1+ =TIRAR+ ... with RMY =IRy; "VdxKdx". The
term involving C3 contains the Wess-Zumino-Witten term
of the dual gauge theory because F, = dC; is nonzero in
the background [9,44].

The Chern-Simons term is also involved in the
U(1), anomaly of the dual gauge theory, because the
C- term modifies the equations of motion of the C; field
which is responsible for the € parameter. Using Hodge
duality, dC; = Fg = xF,, and integrating by parts, one
finds that

SCS D ﬂg2ﬂa//

Tr(fz A C7)
D8

= /4827170(’/Tr(.,41) AxFy A w,

=ﬂﬂmf/df%mmﬂaﬂ+5u—ﬂ1
x (Tr(A,)g"g70,C, + ¢ g Tr(A,)0,C,),  (20)

where w, = [6(7) + 6(7 — z)]dr has been introduced to
extend the integration to the entire bulk spacetime. Thus the
flavor probe branes induce a mixing term of the Abelian
part of the flavor gauge field A= NJIlTr.A living on the
D8-brane with the field C,. The linear equations of motion
for C, get an additional term localized on the D8-brane,

1 r’
- . — 27rd —ad” " T
32K%05r<L3 arQ) 7 kg0, (/=99 g7 Tr(A,))

x (6(7) + 6(r —x))

= 27d g0, (# Nfﬁl,>
x (6(r) + 8(r — ), (21)

which we solve by introducing the localized fluctuation

Cg‘s) according to
9,c¥) = 4ﬂa/K%0ﬂ8N‘f¢zlr(6(T) +6(z—n)), (22)

where we have assumed DC&‘S)
Minkowski space coordinates and 6,,21” = 0. Switching

to Z*> = (r/rgx)® — 1 and with

=0 with respect to

Ao~ . @
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we thus obtain

z
) = / dz9,C?
0

= drd'kjous /N

x [6(7) + 6(7 — ﬂ)] (24)

arctan(Z 1o(x)

The ‘“anomalous” part C@ contributes to the 6

parameter,

e_z;'/cl_z—'/ Fz—l‘l/drdra( )+ )
N cigar

2ra 41<10,u8\/7 \ /2Nf’7 )
V2, fo 0T
(25)

=39(x) + =9(x) +

In the presence of flavor branes, the @ parameter is therefore
no longer given by J alone, but also involves 7.

In the remainder of this work we will set the @ para-
meter to 0, which corresponds to nonvanishing 9(x)
according to

9(x) = - V;Nf Mo )- (26)

The meson field 7, therefore also appears in the non-
normalizable mode c£°>, which is a fundamental ingredient
in the realization of the Witten-Veneziano mechanism in the
WSS model.

Note that, in the chiral case, a constant € can be absorbed
simply in a field redefinition 5y — 1o + f,0/+/2N ¢, since
only derivatives of 7, appear in the effective action
produced by SB%,. However, introducing mass terms for
quarks either through world-sheet instantons or non-
normalizable modes of bifundamental fields corresponding
to open-string tachyons [45-50] produces the additional
term

LM« | d*xTr(MU(x) +H.c.), (27)

where such a redefinition changes the phase of the
quark mass matrix M = diag(m,, m,, m,) according to
M = Me0/Nr,

Both, in the chiral limit and in the case with nonzero
quark masses, the singlet 77, receives an extra mass term that
is determined by the topological susceptibility of pure
Yang-Mills theory obtained in (15),

2N
mg :f—zfxg, (28)

in accordance with the Witten-Veneziano formula [4,5].

II1. PSEUDOSCALAR GLUEBALL-MESON
MIXING

With the additional term c@ « 719 we have solved the
anomalous equations of motion.” Now we will determine
the field redefinitions that are necessary to obtain a dia-
gonal action for the Minkowski space fields 7, and G. In
doing this we encounter divergent terms proportional to
5(0) in analogy to the Hotfava-Witten calculation [51]. By
adding to the Lagrangian terms beyond the probe approxi-
mation one would presumably be able to cancel these
divergences. In the following we will however just drop

terms proportional to §(0), i.e., the (C@)2 term in Sg and

the Cgﬁ) term in Scg.
Let us start with the effective kinetic terms coming from
the first part of (13),

3 3
(kin) 7 / ca / . L
SoV =——o—— | dr | d*x—n"9,C,0,C,.
R 12630 Mgk J e fry"
(29)

with C, = + c® + ¢ and cP(r,
write them as

x) « G(x) we

in ~ 1 ~ ~
S — / dx (glaﬂnoaﬂno + £0,m09"G — 28”G8”G> ,
(30)

where we have fixed the normalization of the radial mode

(2)

functions in C;”’ by requiring

7[3 /°° L (2) ) 72 1
—= | ar=—=(c?/G) =-=. 31
12K%OMKK KK f(r) ( ) 2 ( )

For the constant {; which corresponds to a wave function
renormalization of 7, we obtain

3

7 © PL o 0) | 5 A5)y ~0)
’=-— / dr Cy +2CT)C /112
! 1262, My Jre f(r)( ) 0
_Nys
, 32
Ncél (32)

where {, is divergent, since it is obtained by integrating
non-normalizable modes, but {; is suppressed by a factor
N./N; compared to the kinetic term for 7, contained in
SBY;. The constant ¢, which is associated with a kinetic
mixing of 7, and pseudoscalar glueball modes is finite and
given by

2As stated after (22), we had to assume DC@ = 0 with respect
to Minkowski coordinates. With 7 picking up the mass m}, this
assumption is violated, but only at higher order in Ny:
DC( ) ~ Ny I/ 2E|;7 x Ny 32, (With nonzero quark masses, this

seems safe as long as thelr contributions to the masses of the
pseudoscalar mesons are much smaller than my.)
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3

7 © L -
/ dr—— (" + e /(n,G)
KK

== 1262, M f(r)

Ny
—0.011180... /=22 33
N (33)

c

for the lowest pseudoscalar glueball. (The next-to-lightest,
excited pseudoscalar glueball has ¢, = —0.014314...
V/Ny/N:A)

The remaining terms from the background action (13)
and the CS action (20)

7
(mass) 10 Lr 2
N =—— [ d°x\/95 735 (0,C;)
R 43, 243
+ pg2ma / d'"x(8(r) + 6(r — 7))
V1910 Tr(A,) g™ 970, C, (34)

give the effective mass terms

mass 1 1 ~ ~
Sl(z )= —Emgﬂg - EM%;GZ + G316, (35)

with the values already determined above,

N

7
2 Va4 e LT o 0, \2 Y
mgy K%()MKKXKK r24L3( re-t /’70) 27”2Nc KK
(36)

and (for the lightest pseudoscalar glueball mode)

Ve [ 1/ i
M= / dr - (0,c% )6)* = 3.5530M2% .
KK

k2o Myx 2413

(37)

The terms involving a,c&‘”a,[c@ + C@} cancel by the
equation of motion (22) with the CS term. The mass mixing
term 17,G vanishes because

s / ®dr9,c99 c? « / Taro,c? =0, (38)

KK KK

as already pointed out in [14].

However, the term involving Cﬁé) ng) in (33) has
produced a nontrivial kinetic mixing term of order
(N;/N.)'2. To get rid of such mixing terms one has to
perform a nonunitary field redefinition. In the present case,
one has to make the substitutions

no = (1+&)no + &G,

G — (1 +%§§)G, (39)

which yield

£ = 2 (@m) ~ 5 (0,57
+ 5‘,4’103”G<251§2 + %C% - %M%;(l +33)G?
- %m%r]% — m3&aneG + O(N3/Nz)
= =3 @) =3 (0,8 — 3 (1 + )
— w0V N, (40)

where we have taken into account that {, « /N;/N,
while ¢}, m} « N #/N,. The field redefinitions (39) thus
diagonalize the bilinear terms up to and including order
Ny/N,, yielding also a small positive contribution to the
pseudoscalar glueball mass term,

M2 = (1789.0 MeV)? = (1 + (0.011182)2N /N ) M2
= (1819.7...1806.5 MeV)? (41)

for A = 16.63...12.55.

Dropping all terms of order (N;/N,)*? and higher, we
see that the divergent coefficient {; can be ignored and that
(39) reduces to

3 IN, .
o = Mo + &G = 5y +0.01118 ﬁfﬂG,

c

G- G. (42)

Note that this is very different from the mixing scenario
proposed by Rosenzweig et al. in [20,21] and also con-
sidered in [25]. In that scenario it is assumed that the chiral
anomaly is not saturated by 7, alone, but only together with
the pseudoscalar glueball field.> This leads to a non-
diagonal mass matrix for 7, and the pseudoscalar glueball
which can be diagonalized by an orthogonal matrix. The
field redefinition (39), on the other hand, is nonunitary. It is
needed to remove the kinetic mixing term (30), but
originally there is no mass mixing term because of (38);
a mass mixing term appears after the field redefinition in

(40), but only at the order N}/*/N2/* which is beyond the

probe approximation.4

3According to [20], this additional field could however also be
interpreted as a radial excitation of #'.

“In [22,25,26] a unitary mixing of 7 and pseudoscalar glue-
balls has been considered from a phenomenological point of
view, which has an important impact on the determination of the
pseudoscalar mixing angle 6, when there is significant 7/-G
mixing. By contrast, the nonunitary transformation (42) that we
obtained does not have this effect (to leading order).
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In Ref. [14], where (in view of the vanishing mass
mixing term) the interactions of the unmixed pseudoscalar
glueball were considered, it was found that those are given
either by pairs of pseudoscalar glueballs interacting with
scalar or tensor glueballs or by a vertex connecting a
pseudoscalar glueball with 7, and a scalar glueball. The
latter, which is relevant for the decay of a pseudoscalar
glueball, is due to the fact that the integral (38) for the 17,G
mass mixing term no longer vanishes when metric fluctua-
tions dual to a scalar glueball are inserted. Assuming that
this is the dominant vertex, a very narrow pseudoscalar
glueball was predicted whose decays had to involve 7 or 7/
together with the decay products of a scalar glueball.

Through the shift (42) a pseudoscalar glueball acquires
also all types of vertices that the singlet 775 possesses. In the
DBI part of the D8-brane action, such vertices are con-
tained only in terms involving F to fourth and higher
power, which are suppressed by higher powers of . In the
chiral limit, the dominant interactions come from the CS
part of the DS8-brane. With quark masses introduced
according to (27), further interactions arise from (assuming

M = M)
Tr(M(U + U')) > Tr(M(U + U"))
+ilaf7"\/2/NGTr(M(U - U)).
(43)

The addi}ional term in (43) also contains a bilinear term
involving G and 7,

26, [ 1 1 2
Aﬁf,f) = —7§G {% <m%< +5m;2z> Mo — g(m% _m%)n8:| .

(44)

It implies a further mixing of G with 10.s Which turns out to
be negligible as concerns the masses of 7, 1, and G when
the mass matrix of the G-#y-ng sector is diagonalized. Due
to the large mass of the pseudoscalar glueball, the correc-
tions to the masses of 77, 7/, and G are only about —0.015%,
—0.008%, and +0.09%, respectively, and thus can be safely
neglected. Also the vertices induced by the kinetic mixing
of G and 7, receive only small corrections of the order
¢om% /m? < ¢,. However, the small mixing of G with g
gives rise to new types of vertices from the DBI action.

In the next section we shall consider the consequences of
all these additional interactions in turn.

IV. PSEUDOSCALAR GLUEBALL DECAY MODES

A. Decay into two vector mesons

The dominant decay channel of the pseudoscalar glue-
ball turns out to be a decay into two vector mesons. This

TABLE 1. Partial decay widths in MeV for the decay of a
pseudoscalar glueball in two vector mesons with A=
16.63...12.55 and M given by the WSS result (41) and also
when extrapolated to the lattice prediction of 2600 MeV with
reduced mixing (see text).

T,(Mg=1813+7MeV)  T,(Mg = 2600 MeV)

pp 36.8...45.0 190...248
0] 11.4...13.8 62...81
K*K* 2.7...1.8 189...246
PP 29...38
ajag 3.1...4.0
S 51...61 473...618

decay mode arises from the Chern-Simons term and is
mediated by the mixing of 7, with the glueball G according
to (42). Before the field redefinition we have the interaction
term

(2zd')?
3!
(2ra')?
29,

SES O ws

/Tr(}"/\]-"/\]-"/\Q)

s L3”2€ﬂupa/Tr(AZaﬂAvapAg), (45)

with ,le 79, which after the field redefinition yields the
term

SP8 5 kléel‘”p"Trﬁﬂvyﬁpvg, (46)
with the coupling constant

1 (2zd')?
—U

fo KKH8 20,
=, x 877.39273 2N AN P Mgk

= 9.8092M gL N7 A2, (47)

ky =& L37r2/dZ¢0q/%

for the lowest vector meson mode ;. For the lowest axial-
vector mesons with radial mode function y, and mass
square eigenvalue m2 ~ 1.57M%, ~ (1190 MeV)?, which
is quite close to the experimental value of 1230 MeV
of the lightest a; axial-vector meson,5 we obtain instead
ky = 4.8888 ML NZ1 472,

Performing the polarization sums we obtain the ampli-
tude squared

2
Z|M(G - v)|* = 8kIM? (MT - m2>, (48)

€1,€62

’In Table I we ignore the slightly heavier f; and K, axial-
vector mesons, which would start contributing significantly only
for M; well above 2600 MeV.
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TABLE II.

Partial decay widths in MeV for the decay of a pseudoscalar glueball in three pseudoscalar mesons

resulting from (49) with 1 =16.63...12.55. The results for G — KKz do not yet include the decays
G — KK* - KKm) discussed in Sec. IV C, and those for G — PPy() with P a pseudoscalar meson neglect
G — fo(1710)4") — PPy). For comparison, the decay modes for an unmixed pseudoscalar glueball via G —
Sfo(1710)n(") as obtained in Ref. [14] are evaluated in the last entry of the table for the same set of parameters. These
latter results are however incomplete in the mixed case (see text).

I,(Mg = 1813 +7 MeV)

T, (Mg = 2600 MeV)

KKz (wlo KK*) 0.398...0.387 0.558...0.550
KKn (wlo fo(1710)7 etc.) 0.0263...0.0064 0.1092...0.0285
KKy 0.3303...0.3570
N 0.0048...0.0061 0.0049...0.0061
7174 0.0011...0.0007 0.0021...0.0013
nn 0.0039...0.0007 0.0337...0.0064
n’ 0.0564...0.0277
'y 0.0047...0.0048
PPy’) (who f,(1710)n")) 0.036...0.014 0.540...0.431
fo(1710)7") — PPy") [14] 0.0068...0.015 25..43
where M and m are the masses of G and v (and s1m11f1rly for AL, = il fa ETrM(U - UY), (49)
the heavier vector and axial-vector modes when M is large 2\/2Ny
enough). _
The partial widths for decays into the various vector with
mesons are listed in Table I for 4 = 16.63...12.55 and M = diag(m2, m2,2m% — m2) (50)

glueball mass M given alternatively by the WSS result
(41) and by an (admittedly speculative) extrapolation to the
lattice prediction of 2600 MeV, where we have assumed
that the mixing parameter ¢, and thus k; (which has inverse
mass dimension) scales like M! when the glueball mass is
raised. (Keeping the mixing parameter as is, the widths for a
2600 MeV glueball would all be a factor of about 2 larger.)
Also with the assumed reduction of k;, a 2600 MeV
pseudoscalar glueball is thus projected to be a rather broad
resonance.

B. Decay into three pseudoscalar mesons

In Ref. [52], Gounaris and Neufeld have proposed that a
pure pseudoscalar glueball decays predominantly through
an interaction Lagrangian involving iGTr(M(U — UT)) in
order to explain that the pseudoscalar glueball candidate
at the time, 1(1460),° seemed to decay mainly into KKz.
Decays into nzz would thus be suppressed by a factor
(mﬂ/ mg )4'

In Sec. Il we have found that such an interaction
Lagrangian is in fact generated in the WSS model with
nonzero quark masses by the kinetic mixing of 7, and
pseudoscalar glueball modes. Explicitly, it reads

®This is now listed as two states 7(1405) and 7(1475) by the
Data Particle Group [53], of which the lighter one is still
considered occasionally as a glueball candidate [37] in view of
its supernumerary nature with respect to the quark model, while
others question the existence of two separate states and argue for
a single n(1440) [36].

in the isospin symmetric case m, = m,. This contains
vertices of the pseudoscalar glueball with KKz, KKn('),
and 77(")? of the order of {,m% /f2, and vertices with n(')zx
proportional to {ym2/ f2.

In Table II we list the resulting partial decay widths for a
pseudoscalar glueball with mass M = 1813 £7 MeV
according to (41) and, as above, with mass extrapolated
to 2600 MeV as predicted by quenched lattice QCD.

In chiral perturbation theory, a well-known problem
is that the leading-order Lagrangian severely underesti-
mates the decay #' — nzzm whose leading-order ampli-
tude is proportional to m2, to wit, |M(y — nazn)| =
12v/2 cos(20p) — sin(260p)|(m,/f)?/6. This accounts for
only about 3% of the experimental result. Higher-order
terms in chiral perturbation theory which are not present in
the WSS model have been shown to give contributions
which are much larger [54,55]. By the same token, the
partial decay rates of a pseudoscalar glueball into three
pseudoscalar mesons that result from its mixing with 7, can
be expected to be strongly underestimated by (49), in
particular the amplitudes for decay into nzz, which are
proportional to m2. The other decay amplitudes are of the
order of m%, but since my is small compared to mg,
formally higher-order contributions could again be much
more important. However, even if we assume that these
partial decay widths are underestimated by an order of
magnitude, they are still much smaller than the decays into
two vector mesons.
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In Ref. [14], one of us with F. Briinner has calculated the
decays of an unmixed pseudoscalar glueball into three
pseudoscalar mesons in the WSS model, which necessarily
involves 7, and a scalar glueball. If the latter is identified
with f,(1710), which decays predominantly into kaons
(as is predicted [30,31] by the WSS model when scalar
glueballs have no or negligible decay width into #7’), the
dominant channel is G — f,(1710)yn — KKz, whereas
KKn decays are excluded. With mixing, additional
amplitudes for G — PPy(’) arise from G,z and
Gicalar tensor (0,10)* terms in the DBI action and also from

the additional terms involving C\” in Sg. They would

have to be included in a complete calculation of PPr(’)
decays. To give an idea of the magnitude of the contribu-
tions from G — f,(1710)5(") = PPy(’), in Table 11 we
have included the partial widths of these decay modes
as obtained in the unmixed case in [14]. While such
contributions are moderate for the pseudoscalar glueball
mass (41), they become important for M; extrapolated to
the mass predicted by lattice which is well above the
threshold for f,(1710) + 5 decays. However, also these
contributions are always much smaller than those for the
decays G — vw.

C. Decay into one pseudoscalar meson together
with one or two vector mesons

The very small mixing of a pseudoscalar glueball with 7g
that is induced by the quark mass term (44) also gives rise
to vertices with one pseudoscalar meson and one or two
vector mesons due to the terms involving Tr(d,I1, [V¥,1I])
and Tr([V,, IT|[V¥,T1]) in the Yang-Mills part of the effec-
tive action. When the glueball mass is above the respective
threshold, this gives rise to decay modes

G —» KK*,nK*K*, KK*p, KK*w, KK*¢,n()K*K*, (51)

where KK* is short for KK*, KK* etc. The corresponding
amplitudes are proportional to ¢,(m% —m2)/m2 ~ 1072
times a factor g,,, ATV2NTY? or Gppur x ATINZL

TABLE III. Partial decay widths in MeV for the decay of a
pseudoscalar glueball into one pseudoscalar meson and one or
two vector mesons.

T,(Mg=1813+7 MeV) T,(Mg = 2600 MeV)

KK* 0.381...0.288 0.302...0.225
nK*K* 0.0113...0.0112
KK*p (2.50...2.47) x 1073
KK*w (0.799...0.787) x 1073
KK*¢ (0.253...0.249) x 1073
nK*K* (0.097...0.026) x 1073

In Table III the resulting partial decay widths are listed.
While the partial widths for decays of the pseudoscalar
glueball into K*, one further vector meson and one
pseudoscalar meson are rather small, the partial width
for G — KK* (and subsequently — KKr) turns out to be
comparable to that of the direct decay G — K K7 evaluated
above. Since we assume that the latter may be under-
estimated significantly, we have not carried out a full
calculation of G — KKz combining coherently both
amplitudes.

In summary, we are finding a rich pattern of decays of the
pseudoscalar glueball in three or more mesons, which
involve vertices which are proportional to pseudoscalar
meson masses. The by far dominant decay modes are
however given by two vector mesons.

V. DISCUSSION AND OUTLOOK

If the mass of the pseudoscalar glueball is as given by
the WSS model, (41), the pseudoscalar glueball is
predicted to be a rather narrow resonance with relative
width I'/M ~0.03...0.04. However, the WSS model
appears to underestimate significantly the mass of heavier
glueballs. The tensor glueball comes out as 1487 MeV,
while it is predicated as around 2400 MeV by both
quenched and unquenched lattice QCD [28,29,33-35].
Extrapolating our results to a significantly higher pseu-
doscalar glueball mass as indicated by (quenched) lattice
QCD, 2.6 GeV, the prediction is instead that of a very
broad resonance. In Fig. 1 we display two possible
extrapolations, one with unchanged vertices and mixing
when the glueball mass is increased in the final formulas,
which leads to an extremely large total width, and the
somewhat more moderate scenario (underlying the above
tables) where the mixing parameter {, is assumed to be

0.5 v v v T v v v T v v v T v v v T

r’™

M[GeV]

FIG. 1. Relative pseudoscalar glueball decay width I'/M for
A =16.63 (blue) and 12.55 (orange) with two different extrap-
olations to larger masses: same vertices and mixing (full lines) or
when the mixing parameter ¢, is assumed to be decreasing like
Myss/M (dashed lines).
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decreasing like Mygs/M. (The latter extrapolation could
also be interpreted as a corresponding increase of the
mass parameter Mgy which sets the scale of the glueball
masses.7)

The rather large decay width of a pseudoscalar glueball
to two vector mesons that we obtained from the WSS
model also implies a significant coupling to photons
because of the vector meson dominance that is inherent
in the WSS model [10]. This also applies to the scalar and
tensor glueballs studied before in [32]. Radiative glueball
decays will be studied in detail in forthcoming work, as
well as the contribution of glueballs to hadronic light-by-
light scattering, which is of relevance to the theoretical
prediction for the muon g — 2, where holographic QCD has
been argued to provide a promising framework for quanti-
tative predictions [60].

An important implication of the mixing-induced
vertices determined in this work is that contrary to
the unmixed case [32] the WSS model predicts sizeable
vertices for the production of single pseudoscalar glue-
balls in double diffractive scattering. While Regge
regime hadronic scattering requires extensions and
extrapolations of the WSS model [61-63], the structure
of the vertices with Reggeons and Pomerons are
completely determined by the Chern-Simons action
and the mixing of the pseudoscalar glueball with #,.
For Reggeons, the vertices have the form (46), while

"The standard choice [9,10] Mgk = 949 MeV corresponds to
using the p meson mass as input, which leads to a good match of
hadronic decay widths of p and w mesons for the range of 4
considered here [32]. Lattice results for the glueball spectrum
clearly favor larger values of Myy. The early studies of baryons
in the WSS model [56,57] instead seemed to require Mg much
smaller than 949 MeV [57], but more refined treatments [58,59]
have found a good fit of baryon masses with the standard choice
of 949 MeV.

Pomeron vertices can be derived from the A-roof genus
factor in (19) as in [61]. This leads to®

ﬁcs D é’zée’””"[lcaa,,ﬂj’aﬂﬁgﬂ)g
+ Kb€”yp08uaa[pﬂﬂ(aaaﬂlpap - 80811['3'5)} (52)

with ok, Mgy, {okpyMiy o< A7Y/2N72. The results for the
unmixed case of Ref. [32] instead implied that central
exclusive production of pseudoscalar glueballs required the
formation of pairs G G, 7(')G, or G iensor G With vertices
of order A"'NZ2, N}/zNZS/2
The possibility of production of single pseudoscalar glue-
balls of course lowers the threshold significantly.

Similarly, the kinetic mixing of the pseudoscalar glueball
with 7, allows the production of single pseudoscalar glue-
balls in radiative J/y decays with rates of the parametric
order N! times that of the decay rate for J/y — 7.

However, the (semi-)quantitative results that we obtained
within the WSS model suggest that the experimental
identification of the pseudoscalar glueball may be made
difficult by a very large decay width if its mass is around
2.6 GeV as indicated by (quenched) lattice results. In future
work we intend to further explore these predictions in the
context of radiative J/y decays and central exclusive
production in the Regge regime.

, or A7INyNZ3, respectively.
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