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mixing of mass eigenstates★

octet-singlet basis quark-flavour basis
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mixing of decay constants★
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Analogously, in the quark-flavour basis the decay constants are parameterized in terms
of fq, fs and φq,φs: (
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and the non-strange and strange axial-vector currents are defined as
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The divergences of these currents are
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2(muūiγ5u + mdd̄iγ5d) +

√
2

3
3αs

4π
Ga

µνG̃a,µν ,

∂µAs
µ = 2mss̄iγ5s +

1
3

3αs

4π
Ga

µνG̃a,µν , (2.8)

and therefore the matrix elements of the chiral anomaly in this basis are
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3. Experimental values for the θ8,0 and φq,s mixing angles

In order to reach some predictions from our two mixing angle analysis we must first know
the values of θ8 and θ0 preferred by the experimental data. We will use as constraints2 the
experimental decay widths of (η, η′) → γγ [1]

Γ(η → γγ) = (0.510 ± 0.026) keV ,

Γ(η′ → γγ) = (4.29 ± 0.15) keV . (3.1)

Analogously to the π0 → γγ case, one assumes that the interpolating fields η and η ′ can
be related with the axial-vector currents (see e.g. refs. [14, 15]) in the following way:
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2We choose such constrains because those decays are well understood in terms of the electromagnetic

anomaly (see e.g. ref. [20]).
3Note that if one assumes a one mixing angle scheme (θ8 = θ0 ≡ θ) the standard result is obtained (see

e.g. ref. [20]).
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" Introduction

Large Nc ChPT = ChPT + !0 in a combined perturbative expansion
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processes follow the parametrization given in eqs. (2.4) and (2.6), respectively. At the
present accuracy, our results satisfy the approximate relations existing between the two
different sets of mixing parameters5 [18]:
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in the octet-singlet basis and
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in the quark-flavour basis [26]. These expressions are valid at next-to-leading order in the
large Nc χPT expansion where the octet-singlet (and quark-flavour) pseudoscalar decay
constants can be written in terms of the known fπ and fK decay constants and the unknown
OZI-rule violating parameter Λ1. Using the experimental constrain fK = 1.22fπ, one
obtains6 [12]: f8 = 1.28fπ, θ8 = −20.5◦, f0 # 1.25, and θ0 # −4◦. Our results in eq. (5.1)
are quite in agreement with the former values except for the case of f8. Note however
that in ref. [12] the value of f8 is fixed from theory while in our analysis it is fitted from a
direct comparison with experimental data where a positive correlation between f8 and θ0

appears. For f8 = 1.34fπ the results of the fit are in perfect agreement with the predictions
from large Nc χPT even though the quality of the fit is slightly reduced.

As seen from table 2, if the constrain f8 = 1.28fπ is imposed one gets a worse fit.
The same kind of comparison can be performed in the quark-flavour basis. From the
phenomenological analysis [18] the values fq = (1.07 ± 0.02)fπ , fs = (1.34 ± 0.06)fπ and
φ = (39.3 ± 1.0)◦ are obtained. In this case, our results in eq. (5.2) fairly agree with
the exception of fs which clearly disagrees. This difference may be due to the fact that
the analysis in ref. [18] is based on a different set of experimental data not including for
instance the very precise and recent φ → (η, η ′)γ decays which are very dependent on fs

(see eq. (A.5)).

5The relations (5.3) are obtained once the non-strange and strange axial-vector currents are written in

terms of the octet and singlet ones (see eq. (2.7)) and are valid for φq = φs ≡ φ.
6A value of f8 = 1.34fπ is obtained if chiral logs and higher order contributions are also taken into

account [13].
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Table 2. Strong decays of spin-three and spin-four mesons
into pseudoscalar pairs, MJ → PP . As in Table I, a value of
the mixing angle ϕP is obtained from each set of BR’s. The
fit gives also a value for ϕ4, the mixing angle in the spin-four
nonet

decay mode gMJ PP /2g BR(%)

mixing angle(s)

f4 → ππ
√

3 cos ϕ4 17.0 ± 1.5

f4 → KK̄ cos ϕ4 −
√

2 sin ϕ4 0.68+0.34
−0.18

cos ϕ4 cos2 ϕP

f4 → ηη −
√

2 sin ϕ4 sin2 ϕP 0.21 ± 0.08

ϕP = 41.2◦ ± 3.7◦

ϕ4 = 15.7◦ ± 4.4◦

K∗
3 → Kπ

√
3/

√
2 19.3 ± 1.0

K∗
3 → Kη 1√

2
cos ϕP + sin ϕP 8.0 ± 1.5

ϕP = 50◦ ± 26◦

0.41 ± 0.08. This is due to the fact that the theoreti-
cal ratio BR(K∗

J → Kη/K∗
J → Kπ) = 1/3(cos ϕP +

(−)J+1
√

2 sinϕP )2(pη/pπ)2J+1 contains the sign (−)J+1

due to charge conjugation invariance. For the actual val-
ues of ϕP , this sign makes the dependence of this ratio
on ϕP rather smooth for J odd, as we have just seen.
On the contrary, that dependence is much stronger for J
even, but then the ratio has to be very small and no data
are known except for the case of K∗

2 , as discussed in the
previous section.

As a conclusion for this section, we can say that a
pseudoscalar-mixing angle of ϕP $ 41◦ (or θP $ −14◦)
is favoured again from our simple SU(3) analysis of MJ →
PP , J > 2, decays and particularly from those of f4(2050).
This is a new result since these MJ → PP decays were
not considered in previous analyses.

5 Radiative decays V → Pγ, P → V γ

We start this section with the phenomenological lagrang-
ian that conventionally accounts for the amplitudes of the
decay processes V → Pγ and P → V γ

LV Pγ = g εµναβ ∂µAν tr(Q(∂αV βP + P∂αV β)) , (12)

where g is a generic, electromagnetic coupling constant,
εµναβ is the totally antisymmetric Levi-Civita tensor, Aµ

is the photon field, P is the pseudoscalar meson matrix,
Vµ its vector counterpart and Q is the quark-charge ma-
trix Q = diag{2/3,−1/3,−1/3}. From the previous la-
grangian, it is easy to calculate the theoretical decay

Table 3. Radiative decays of light mesons, V → Pγ and
P → V γ. Columns are organized as in the preceding Tables,
but here SU(3)-breaking corrections are introduced in terms
of constituent quark mass differences m̄/ms % 1/1.45. The
small mixing angle ϕV signalling departure of ω and φ from
ideal mixing is not neglected and left as a free parameter in
the fit. The resulting values for ϕP and ϕV are displayed. The
value of the full widths used in the fit are: Γρ = 150.7 ± 1.2
MeV, Γω = 8.43 ± 0.10 MeV, Γφ = 4.43 ± 0.05 MeV and
Γη′ = 0.201 ± 0.016 MeV

decay mode gV Pγ/g BR(%)

mixing angle(s)

ρ0 → ηγ cos ϕP (3.8 ± 0.7) 10−2

ρ0 → π0γ 1/3 (7.9 ± 2.0) 10−2

ρ± → π±γ 1/3 (4.5 ± 0.5) 10−2

1
3 (cos ϕP cos ϕV

ω → ηγ −2 m̄
ms

sin ϕP sin ϕV ) (8.3 ± 2.1) 10−2

ω → π0γ cos ϕV 8.5 ± 0.5
1
3 (cos ϕP sin ϕV

φ → ηγ +2 m̄
ms

sin ϕP cos ϕV ) 1.26 ± 0.06
1
3 (sin ϕP sin ϕV

φ → η′γ −2 m̄
ms

cos ϕP cos ϕV ) < 4.1 10−2 CL=90%

φ → π0γ sin ϕV (1.31 ± 0.13) 10−1

η′ → ργ sin ϕP 30.2 ± 1.3
1
3 (sin ϕP cos ϕV

η′ → ωγ +2 m̄
ms

cos ϕP sin ϕV ) 3.02 ± 0.30

ϕP = 36.5◦ ± 1.4◦

ϕV = 3.4◦ ± 0.2◦

widths

Γ (V → Pγ) =
1
3

g2
V Pγ

4π
|pγ |3 =

1
3
Γ (P → V γ) , (13)

where gV Pγ is the specific coupling constant for each pro-
cess defined in Table 3 and |pγ | is the momentum of the
final photon. We have computed all these transition am-
plitudes in the framework of the quark model with SU(3)
and nonet symmetry broken by constituent quark mass
differences according to a well known and time-honored
prescription. It amounts to a modification in the original
charge quark matrix Q via the introduction of the multi-
plicative SU(3)-breaking term 1−se ≡ m̄/ms $ 1/1.45 in
the s-quark charge entry, as required in these magnetic-
dipolar transitions if one takes into account the well known
differences between the light- and strange-quark magnetic
moments. Contrasting with the two preceding sections,
in the present case we can easily control and compute
the effects of these corrections. Moreover, in our analy-
sis, the apparently negligible effects of non-ideal mixing
in the vector-meson nonet will be taken into account. In-
deed, we introduce the small, but certainly non-vanishing,

SU(3) breaking through ms/m̄
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departure of ω and φ from the ideally mixed states ωNS ≡
(uū + dd̄)/

√
2 and φS ≡ ss̄ by writing the physical states

in the nonstrange-strange basis as

|ω〉 = cos ϕV |ωNS〉 − sinϕV |φS〉 ,

|φ〉 = sinϕV |ωNS〉 + cos ϕV |φS〉 ,
(14)

where ϕV is a small angle signalling departure from ideal
mixing. The absolute value and relative sign of the ω-φ
mixing angle are well known, sinϕV % tanϕV = +0.059±
0.004 or ϕV % +3.4◦, and come from the clearly under-
stood ratio [4,13] Γ (φ → π0γ)/Γ (ω → π0γ) =
tan2 φV (pφ/pω)3 = (8.10±0.94)×10−3 and the ω-φ inter-
ference effects measured in e+e− → π+π−π0 annihilation
data [14,15]. However, in our analysis we have not fixed
this angle to the above value but has been left as a free
parameter to fit.

Table 3 displays all the decay channels involved in our
discussion together with their theoretical amplitudes ex-
tracted from the lagrangian (12), as well as the experimen-
tal values for the respective decay widths taken from [4].
We have performed a global fit to all these decay widths
in order to find out the most suitable η-η′ mixing angle.
In addition, a fitted value of the ω-φ mixing angle is also
obtained. The fit is excellent (χ2/d.o.f = 1.4) and the
data seems to prefer the values ϕP = 36.5◦ ± 1.4◦ (or
θP = −18.2◦ ± 1.4◦) and ϕV = 3.4◦ ± 0.2◦. This value
of ϕP nicely agrees with the ones proposed by Gilman
and Kauffman [1] and by Ball et al. [3], but it is some-
what smaller than the one favoured in [2]. Concerning the
value of ϕV it perfectly agrees with the one coming from
the well known Gell-Mann–Okubo mass formula (ϕV %
39◦ −35.3◦ = +3.7◦, see [4]) and (including the sign) with
the previously mentioned values coming from radiative ω
and φ decays and ω-φ interference in e+e− → π+π−π0

[14,15]. This agreement represents an important test of
the correctness of our treatment.

Another, more crucial test, originally proposed by Ros-
ner [12] and expected to be measured at DAΦNE φ-factory
in the near future, to elucidate the definite value for ϕP

is the measurement of the ratio

Rφ ≡ Γ (φ → η′γ)
Γ (φ → ηγ)

= cot ϕ2
P (1 − ms

m̄

tanϕV

sin 2ϕP
)2

(

pη′
pη

)3

.

(15)
This ratio predicts 7.6 × 10−3 for ϕP = 35◦ (θP % −20◦)
and 5.6 × 10−3 for ϕP = 39.2◦ (θP = −15.5◦), well within
the expected capabilities of DAΦNE. A recent experimen-
tal measurement [16] of the branching ratio BR(φ →
η′γ) = 1.2+0.7

−0.5 ·10−4 yields Rφ = 9.5+5.2
−4.0 ·10−3, with an er-

ror still too large to decide between the previous predicted
values.

6 P 0 → γγ

We begin the discussion giving the well known phenome-
nological lagrangian

LP 0γγ = g εµναβ ∂µAν∂αAβ tr(Q2P ) , (16)

Table 4. Two-photon annihilation decays π0, η, η′ → γγ. As
in the previous Table, SU(3)-breaking effects are introduced
and a new value for ϕP is obtained

decay gP0γγ/g Decay width

mode mixing angle

π0 → γγ 1
3
√

2
7.74 ± 0.55 eV

η → γγ 5
9
√

2
(cos ϕP −

√
2

5
m̄
ms

sin ϕP ) 0.46 ± 0.04 keV

η′ → γγ 5
9
√

2
(sin ϕP +

√
2

5
m̄
ms

cos ϕP ) 4.26 ± 0.19 keV

ϕP = 41.3◦ ± 1.3◦

which describes the annihilation of a neutral pseudoscalar
meson P 0 into two photons. In a straightforward manner
one can extract from the previous lagrangian the theoret-
ical decay rate for the various P 0 → γγ processes

Γ (P 0 → γγ) = g2
Pγγ

1
64π

m3
P , (17)

where gPγγ is the coupling constant for each process pre-
sented in Table 4 and mP is the mass of the decaying
pseudoscalar meson. As in the previous section, SU(3)-
breaking effects driven by the constituent quark mass ratio
m̄/ms can be controlled since they appear through a mod-
ification in the quark charge matrix Q similar to the pre-
vious case. For m̄/ms % 1/1.45, a comparison of the theo-
retical decay rates of the processes π0 → γγ, η → γγ and
η′ → γγ with their experimental values is presented in Ta-
ble 4. The result of the global fit leads to ϕP = 41.3◦±1.3◦

(or θP = −13.4◦ ± 1.3◦).
The quality of the fit is now marginally good (χ2/d.o.f.

= 3.9). The value for ϕP presented here agrees with that
obtained in [2] when quark-mass corrections were taken
into account. However, our present value slightly disagrees
with the one in [1], the main reason being the discrepancy
existing in the ratio Γ (η → γγ)/Γ (π0 → γγ) used in
[1] and its updated value (see [4]) used in our present
discussion which is nearly 20% smaller. The independent
analysis by Pham [17] for these processes lead to θP =
−18.4◦ ± 2.0◦.

In principle, these P → γγ decay modes could also
be studied in the context of ChPT as did, for instance,
in [18], where most of the difficulties originated by the
non-Goldstone nature of the η′-meson were at that time
partially ignored (for a more recent attempt along similar
lines leading to θP = −22.0◦±3.3◦, see [19]). But, as stated
in the Introduction, the use of two mixing angles seems
unavoidable at non-leading orders and already feasible for
these P → γγ annihilations proceeding through FP decay
constants. The marginal quality of our fit seems to con-
firm the need of this two-angle mixing scheme. One then
obtains θ8 % −20◦ and θ0 % −4◦ [7], or θ8 % −22.2◦ and
θ0 % −9.1◦ [10]. At higher orders one also gets θ0 − θ8 %
14◦ [11]. ChPT could also predict θP by means of pseu-
doscalar masses, but the situation is unclear as mentioned

1.24±0.07

(3.4±0.2)º
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Abstract

We have measured the radiative decays φ → ηγ , φ → η′γ selecting π+π−γ γ γ final state in a sample of ∼ 5 × 107 φ-

mesons produced at the Frascati φ-factory DA%NE. We obtain &(φ → η′γ )/&(φ → ηγ ) = (4.70 ± 0.47 ± 0.31) × 10−3.
From this result we derive new accurate values for the branching ratio BR(φ → η′γ ) = (6.10± 0.61± 0.43) × 10−5 and the
mixing angle of pseudoscalar mesons in the flavour basis ϕP = (41.8+1.9−1.6)

◦. ! 2002 Elsevier Science B.V. All rights reserved.

PACS: 13.65.+i; 14.40.Aq

Keywords: e+e− collisions; φ radiative decays; Pseudoscalar mixing angle

Radiative decays of light vector mesons to pseudo-

scalars have been a source of precious information

since the early days of the quark model [1]. They

have been studied in the context of chiral Lagrangians

by several authors [2]. The branching ratio (BR) of

the decay φ → η′γ is particularly interesting since its
value can probe the ss̄ and gluonium contents of the η′

[3] or the amount of nonet symmetry breaking [4]. In

particular, the ratio R = BR(φ → η′γ )/BR(φ → ηγ )

can be related to the η–η′ mixing parameters [5–9]
and determines the pseudoscalar mixing angle. Even

for the case of two mixing angles which appears in

extended chiral perturbation theory [10], as well as

from phenomenological analyses [11], it has been

argued that the two mixing parameters in the flavour

basis are equal apart from terms which violate the

Okubo–Zweig–Iizuka (OZI) rule [12,13]. It is thus

possible to parameterize mixing in a nearly process

independent way by just one mixing angle, ϕP . The

large BR(B → Kη′) value observed [14], as opposed
to theoretical predictions [15], raises also interest [16]

about the gluonium contents of the η′. This can also
be tested from a precise determination of BR(φ →
η′γ ). The BR(φ → η′γ ) measurements available to
date still have rather large uncertainties [17–19]. The

study of φ → η′γ decays presented in the following,

* Corresponding author.

E-mail address: fabio.ambrosino@na.infn.it (F. Ambrosino).

is based on an integrated luminosity of ∼ 16 pb−1

corresponding to some 5× 107 φ decays collected by
the KLOE detector [20] at DA%NE [21], the Frascati

e+e− collider, during the year 2000. All data were

taken at a total energy w = Mφ .

The KLOE detector consists of a large cylindrical

drift chamber (DC), surrounded by a lead-scintillating

fibers electromagnetic calorimeter (EmC). A super-

conducting coil surrounds the EmC and provides a

0.52 T field along the beam axis. The DC [22], 4 m

diameter and 3.3 m long, has 12 582 all-stereo tung-

sten sense wires and 37 746 aluminum field wires.

The chamber shell is made of carbon fiber-epoxy

composite and the gas used is a 90% helium, 10%

isobutane mixture. These choices maximize trans-

parency to photons and reduce KL → KS regenera-

tion as well as multiple scattering. Momentum res-

olution is σ (p⊥)/p⊥ ∼ 0.4%. Position resolution is
σxy ∼ 150 µm and σz ∼ 2 mm. Vertices are recon-

structed with an accuracy of ∼ 3 mm. The EmC [23]

is divided into a barrel and two end-caps, for a to-

tal of 88 modules, and covers 98% of the solid an-

gle. The modules are read out at both ends by photo-

multipliers. Readout granularity is ∼ 4.4 × 4.4 cm2,
for a total of 2 440 “cells”. Arrival times and posi-

tions in three dimensions of energy deposits are deter-

mined from the signals at the two ends. Cells close in

time and space are grouped into a calorimeter cluster.

The cluster energy ECL is the sum of the cell energies.

most precise determination from a single experiment !
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Table 1

Contributions to the systematic error on R. The systematics evaluation on the ratio of analysis efficiencies is obtained from the study of the ηγ

sample and varying the selection cuts. The intermediate BR’s and errors are taken from [17]

Quantity Value Systematic error

Nη′γ /Nηγ 2.39× 10−3 4.2% (background)

Preselection 2.2%

Photon counting 0.8%
εηγ
εη′γ

1.60 Vertex efficiency 0.9%

Prob(χ2) 2.3%

Accidentals 0.5%

BR(η→π+π−π0)BR(π0→γ γ )
BR(η′→π+π−η)BR(η→γ γ )

1.30 3.8%

Total 6.6%

violation and a possible gluonium contents of the η

and η′ mesons. Allowing for gluonium [5] we write:

|η〉 = Xη|uū + dd̄〉/
√
2+ Yη|ss̄〉 + Zη|glue〉,

(3)|η′〉 = Xη′ |uū + dd̄〉/
√
2+ Yη′ |ss̄〉 + Zη′ |glue〉.

A gluonium component of the η′ corresponds to
Z2η′ > 0 or equivalently X2

η′ + Y 2η′ < 1. Constraints

on Xη′ and Yη′ can be obtained in a nearly model-

independent way by using the following relations:

(4)
&(η′ → ργ )

&(ω → π0γ )
' 3

(

m2
η′ − m2

ρ

m2
ω − m2

π

mω

mη′

)3

X2
η′

and

(5)

&(η′ → γ γ )

&(π0 → γ γ )
= 1

9

(

mη′

mπ0

)3(

5Xη′ +
√
2Yη′

fπ

fs

)2

which are based on simple SU(3) ideas, exploiting the

magnetic dipole nature of the transitions V → Pγ
and P → V γ by deriving the two photon couplings

from the Wess–Zumino–Witten term of the chiral La-

grangian [5,8,16]. A consistency check of the assump-

tion of η–η′ mixing without gluonium can be per-

formed as follows: if Zη′ = 0 one has |Yη′ | = cosϕP .

This remains a reasonable approximation if the gluo-

nium component is small. In Fig. 4 we plot in the Xη′ ,

Yη′ plane the allowed bands corresponding to relations
(4), (5) and to our measurement of cosϕP , as well

as the circumference X2
η′ + Y 2η′ = 1, corresponding to

zero gluonium in the η′. We thus find Z2η′ = 0.06+0.09
−0.06,

compatible with zero within 1σ and consistent with a

gluonium fraction below 15%.

Fig. 4. Bounds on Xη′ and Yη′ from SU(3) calculations and

experimental branching fractions. The horizontal band is the KLOE

result in the assumption Zη′ = 0.
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Quantity Value Systematic error
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Photon counting 0.8%
εηγ
εη′γ

1.60 Vertex efficiency 0.9%

Prob(χ2) 2.3%

Accidentals 0.5%

BR(η→π+π−π0)BR(π0→γ γ )
BR(η′→π+π−η)BR(η→γ γ )

1.30 3.8%

Total 6.6%

violation and a possible gluonium contents of the η

and η′ mesons. Allowing for gluonium [5] we write:

|η〉 = Xη|uū + dd̄〉/
√
2+ Yη|ss̄〉 + Zη|glue〉,

(3)|η′〉 = Xη′ |uū + dd̄〉/
√
2+ Yη′ |ss̄〉 + Zη′ |glue〉.

A gluonium component of the η′ corresponds to
Z2η′ > 0 or equivalently X2

η′ + Y 2η′ < 1. Constraints

on Xη′ and Yη′ can be obtained in a nearly model-

independent way by using the following relations:
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which are based on simple SU(3) ideas, exploiting the

magnetic dipole nature of the transitions V → Pγ
and P → V γ by deriving the two photon couplings

from the Wess–Zumino–Witten term of the chiral La-

grangian [5,8,16]. A consistency check of the assump-

tion of η–η′ mixing without gluonium can be per-

formed as follows: if Zη′ = 0 one has |Yη′ | = cosϕP .

This remains a reasonable approximation if the gluo-

nium component is small. In Fig. 4 we plot in the Xη′ ,

Yη′ plane the allowed bands corresponding to relations
(4), (5) and to our measurement of cosϕP , as well

as the circumference X2
η′ + Y 2η′ = 1, corresponding to

zero gluonium in the η′. We thus find Z2η′ = 0.06+0.09
−0.06,

compatible with zero within 1σ and consistent with a

gluonium fraction below 15%.

Fig. 4. Bounds on Xη′ and Yη′ from SU(3) calculations and

experimental branching fractions. The horizontal band is the KLOE

result in the assumption Zη′ = 0.

Acknowledgements

We thank the DA+NE team for their efforts in

maintaining low background running conditions and

their collaboration during all data-taking. We also

thank Giuseppe Fabio Fortugno for his efforts in en-

suring good operations of the KLOE computing fa-

cilities. We thank R. Escribano and N. Paver for

fruitful discussions. This work was supported in part

by DOE grant DE-FG-02-97ER41027; by EURO-

DAPHNE, contract FMRX-CT98-0169; by the Ger-

man Federal Ministry of Education and Research

50 KLOE Collaboration / Physics Letters B 541 (2002) 45–51

Table 1

Contributions to the systematic error on R. The systematics evaluation on the ratio of analysis efficiencies is obtained from the study of the ηγ

sample and varying the selection cuts. The intermediate BR’s and errors are taken from [17]

Quantity Value Systematic error

Nη′γ /Nηγ 2.39× 10−3 4.2% (background)

Preselection 2.2%

Photon counting 0.8%
εηγ
εη′γ

1.60 Vertex efficiency 0.9%

Prob(χ2) 2.3%

Accidentals 0.5%

BR(η→π+π−π0)BR(π0→γ γ )
BR(η′→π+π−η)BR(η→γ γ )

1.30 3.8%

Total 6.6%

violation and a possible gluonium contents of the η

and η′ mesons. Allowing for gluonium [5] we write:

|η〉 = Xη|uū + dd̄〉/
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" Future prospects

to measure as precise as possible the !-!’ mixing angle★

better theoretical determinations of:

φ → π0ηγ

η → π+π−π0/π0π0π0

η → π
0
γγ

to be compared with future KLOE measurements

to establish the gluon admixture of the ! and !’★

to help measuring the mixing parameters in the 
two mixing angle scenario

★
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Short study of the !-! ′ system in the two mixing angle scheme Rafel Escribano

Assumptions Results "2/d.o.f. Assumptions Results "2/d.o.f.

#8 and #0 free #8 = (−22.2±1.4)◦ 40.5/5 #8 = #0 ≡ # # = (−18.9±1.2)◦ 73.7/6

f8 = 1.28 f$ #0 = (−5.5±2.3)◦ f8 = 1.28 f$ f0 = (1.11±0.03) f$
f0 = (1.25±0.04) f$

#8 and #0 free #8 = (−23.8±1.4)◦ 17.9/4 #8 = #0 ≡ # # = (−18.2±1.2)◦ 66.9/5

f8 free #0 = (−1.1±2.3)◦ f8 free f8 = (1.39±0.04) f$
f8 = (1.51±0.05) f$ f0 = (1.13±0.03) f$
f0 = (1.32±0.05) f$

%q and %s free %q = (42.7±2.0)◦ 32.6/5 %q = %s ≡ % % = (41.8±1.2)◦ 32.8/6

fq = f$ %s = (41.6±1.3)◦ fq = f$ fs = (1.68±0.07) f$
fs = (1.69±0.07) f$

%q and %s free %q = (41.6±2.3)◦ 17.9/4 %q = %s ≡ % % = (41.5±1.2)◦ 17.9/5

fq free %s = (41.5±1.4)◦ fq free fq = (1.09±0.03) f$
fq = (1.09±0.03) f$ fs = (1.68±0.07) f$
fs = (1.68±0.07) f$

Table 1: Results for the !-! ′ mixing parameters in the octet-singlet basis (upper part) and the quark-flavour

basis (down part) of the two mixing angle scheme (left) and the one mixing angle scheme (right).

and the non-strange and strange axial-vector currents are defined as A
q
µ = 1√

3
(A8µ +

√
2A0µ) and

Asµ = 1√
3
(A0µ−

√
2A8µ). The parametrization of the decay widths &(! ,! ′ → '') in the quark-flavour

basis and the vertex couplings gVP' in both basis are found in Ref. [2].

2. Results

In order to test our theoretical predictions with the most recent experimental information ac-

counting for (! ,! ′ → '') and the radiative vector decays V → P' and P→ V ' [4] we must first

know the values of the mixing parameters (decay constants and mixing angles) preferred by the

data. Therefore, we have performed various fits to this set of experimental data assuming, or not,

the two mixing angle scheme of the !-! ′ system. The results for the octet-singlet basis are pre-

sented in the upper part of Table 1. The theoretical constraint f8 = 1.28 f$ is relaxed in order

to test the dependence of the result on the value of this parameter. The experimental constrain

#V = (38.7±0.2)◦ is kept fixed in all the fits. As seen from Table 1, a significant improvement in
the "2/d.o.f. is achieved when the constrain #8 = #0 ≡ # is relaxed (in the most favorable case the

"2/d.o.f. is reduced by a factor of 3), allowing us to show explicitly in the octet-singlet basis the im-

provement of our analysis using the two mixing angle scheme with respect to the one using the one

mixing angle scheme. Concerning the two mixing angle scheme, the #8 and #0 mixing angle values
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best measurement of the !-!’ mixing angle
from a single experiment
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Abstract

We have measured the radiative decays φ → ηγ , φ → η′γ selecting π+π−γ γ γ final state in a sample of ∼ 5 × 107 φ-

mesons produced at the Frascati φ-factory DA%NE. We obtain &(φ → η′γ )/&(φ → ηγ ) = (4.70 ± 0.47 ± 0.31) × 10−3.
From this result we derive new accurate values for the branching ratio BR(φ → η′γ ) = (6.10± 0.61± 0.43) × 10−5 and the
mixing angle of pseudoscalar mesons in the flavour basis ϕP = (41.8+1.9−1.6)

◦. ! 2002 Elsevier Science B.V. All rights reserved.

PACS: 13.65.+i; 14.40.Aq

Keywords: e+e− collisions; φ radiative decays; Pseudoscalar mixing angle

Radiative decays of light vector mesons to pseudo-

scalars have been a source of precious information

since the early days of the quark model [1]. They

have been studied in the context of chiral Lagrangians

by several authors [2]. The branching ratio (BR) of

the decay φ → η′γ is particularly interesting since its
value can probe the ss̄ and gluonium contents of the η′

[3] or the amount of nonet symmetry breaking [4]. In

particular, the ratio R = BR(φ → η′γ )/BR(φ → ηγ )

can be related to the η–η′ mixing parameters [5–9]
and determines the pseudoscalar mixing angle. Even

for the case of two mixing angles which appears in

extended chiral perturbation theory [10], as well as

from phenomenological analyses [11], it has been

argued that the two mixing parameters in the flavour

basis are equal apart from terms which violate the

Okubo–Zweig–Iizuka (OZI) rule [12,13]. It is thus

possible to parameterize mixing in a nearly process

independent way by just one mixing angle, ϕP . The

large BR(B → Kη′) value observed [14], as opposed
to theoretical predictions [15], raises also interest [16]

about the gluonium contents of the η′. This can also
be tested from a precise determination of BR(φ →
η′γ ). The BR(φ → η′γ ) measurements available to
date still have rather large uncertainties [17–19]. The

study of φ → η′γ decays presented in the following,

* Corresponding author.

E-mail address: fabio.ambrosino@na.infn.it (F. Ambrosino).

is based on an integrated luminosity of ∼ 16 pb−1

corresponding to some 5× 107 φ decays collected by
the KLOE detector [20] at DA%NE [21], the Frascati

e+e− collider, during the year 2000. All data were

taken at a total energy w = Mφ .

The KLOE detector consists of a large cylindrical

drift chamber (DC), surrounded by a lead-scintillating

fibers electromagnetic calorimeter (EmC). A super-

conducting coil surrounds the EmC and provides a

0.52 T field along the beam axis. The DC [22], 4 m

diameter and 3.3 m long, has 12 582 all-stereo tung-

sten sense wires and 37 746 aluminum field wires.

The chamber shell is made of carbon fiber-epoxy

composite and the gas used is a 90% helium, 10%

isobutane mixture. These choices maximize trans-

parency to photons and reduce KL → KS regenera-

tion as well as multiple scattering. Momentum res-

olution is σ (p⊥)/p⊥ ∼ 0.4%. Position resolution is
σxy ∼ 150 µm and σz ∼ 2 mm. Vertices are recon-

structed with an accuracy of ∼ 3 mm. The EmC [23]

is divided into a barrel and two end-caps, for a to-

tal of 88 modules, and covers 98% of the solid an-

gle. The modules are read out at both ends by photo-

multipliers. Readout granularity is ∼ 4.4 × 4.4 cm2,
for a total of 2 440 “cells”. Arrival times and posi-

tions in three dimensions of energy deposits are deter-

mined from the signals at the two ends. Cells close in

time and space are grouped into a calorimeter cluster.

The cluster energy ECL is the sum of the cell energies.

precise measurement of the gluon admixture
of the !’ (Gluonium fraction below 15%)

★
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Table 1

Contributions to the systematic error on R. The systematics evaluation on the ratio of analysis efficiencies is obtained from the study of the ηγ

sample and varying the selection cuts. The intermediate BR’s and errors are taken from [17]

Quantity Value Systematic error

Nη′γ /Nηγ 2.39× 10−3 4.2% (background)

Preselection 2.2%

Photon counting 0.8%
εηγ
εη′γ

1.60 Vertex efficiency 0.9%

Prob(χ2) 2.3%

Accidentals 0.5%

BR(η→π+π−π0)BR(π0→γ γ )
BR(η′→π+π−η)BR(η→γ γ )

1.30 3.8%

Total 6.6%

violation and a possible gluonium contents of the η

and η′ mesons. Allowing for gluonium [5] we write:

|η〉 = Xη|uū + dd̄〉/
√
2+ Yη|ss̄〉 + Zη|glue〉,

(3)|η′〉 = Xη′ |uū + dd̄〉/
√
2+ Yη′ |ss̄〉 + Zη′ |glue〉.

A gluonium component of the η′ corresponds to
Z2η′ > 0 or equivalently X2

η′ + Y 2η′ < 1. Constraints

on Xη′ and Yη′ can be obtained in a nearly model-

independent way by using the following relations:

(4)
&(η′ → ργ )
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which are based on simple SU(3) ideas, exploiting the

magnetic dipole nature of the transitions V → Pγ
and P → V γ by deriving the two photon couplings

from the Wess–Zumino–Witten term of the chiral La-

grangian [5,8,16]. A consistency check of the assump-

tion of η–η′ mixing without gluonium can be per-

formed as follows: if Zη′ = 0 one has |Yη′ | = cosϕP .

This remains a reasonable approximation if the gluo-

nium component is small. In Fig. 4 we plot in the Xη′ ,

Yη′ plane the allowed bands corresponding to relations
(4), (5) and to our measurement of cosϕP , as well

as the circumference X2
η′ + Y 2η′ = 1, corresponding to

zero gluonium in the η′. We thus find Z2η′ = 0.06+0.09
−0.06,

compatible with zero within 1σ and consistent with a

gluonium fraction below 15%.

Fig. 4. Bounds on Xη′ and Yη′ from SU(3) calculations and

experimental branching fractions. The horizontal band is the KLOE

result in the assumption Zη′ = 0.
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