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pendix A. The vector meson propagators DV are

DV (Q
2) = [Q2 −M2

V + i
√

Q2Γtot,V (Q
2)]−1. (5)

In this paper we consider only the data in the space-like
region of photon virtuality, thus the modeling of the vec-
tor resonance energy dependent widths Γtot,V (Q2) is not
relevant as the widths are equal to zero. We take the val-
ues of the masses of all particles according to PDG [42].
We require that the form factors Fγ∗γ∗P(t1, t2) given

in (2), (3) and (4) vanish when the photon virtuality t1
goes to infinity for any value of t2:

lim
t1→−∞

Fγ∗γ∗P(t1, t2)
∣

∣

∣

t2=const
= 0. (6)

Notice, that in this case the conditions

lim
t→−∞

Fγ∗γ∗P (t, t) = 0, (7)

lim
t→−∞

Fγ∗γ∗P(t, 0) = 0 (8)

are automatically satisfied, which is considered as a cor-
rect short-distance behavior of the form factors (see, for
example, discussion in [24]). The constraint (6) leads to
the following relations for the couplings:

√
2hVi

fVi
− σVi

f2
Vi

= 0, i = 1, . . . , n , (9)

−
Nc

4π2
+ 8

√
2

n
∑

i=1

hVi
fVi

= 0 . (10)

Therefore, for an ansatz with n vector resonance octets
the two-photon form factors Fγ∗γ∗P(t1, t2) are deter-
mined by 2n parameters (i.e., the products of the cou-
plings: fVi

hVi
and σVi

f2
Vi
, i = 1, . . . , n), from which n−1

are to be determined by experiment and the rest n+1 are
fixed by (9) and (10). For the one octet ansatz there are
no free parameters and in case of the two octets ansatz
there is one free parameter.
One of the main objectives of this paper was to de-

velop a reliable model for the γ∗γ∗P (P = π0, η, η′) tran-
sition form factors in the space-like region reflecting the
experimental data and theoretical constrains and in the
same time being as simple as possible. Even if we know
that the SU(3) flavor symmetry is broken we start our
investigations using an SU(3)-symmetric model (apart
from the masses of the mesons, which are fixed at their
PDG [42] values) and try to see how many resonance
octets we have to include in order to describe the data
well. The existing data for the transition form factors in
space-like region [1, 2, 45, 46] come from single-tag exper-
iments, where one of the invariants is very close to zero
(the one associated with the “untagged” lepton), thus we
have information only about Fγ∗γ∗P (t, 0). It is common
to define the γ∗γP form factor FP (Q2, 0) ≡ Fγ∗γ∗P(t, 0)
with Q2 ≡ −t (associated with the “tagged” lepton).
From Eqs. (2), (3) and (4) we see that FP(Q2, 0) is
driven by n parameters (i.e., the products of the cou-
plings: fVi

hVi
, i = 1, . . . , n) and there is always only one
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FIG. 2: Transition form factor γ∗γπ0 compared to the data.
The Brodsky-Lepage [23] high-Q2 limit (BL) is shown as a
bold solid straight line at 2× fπ = 2×0.0924 GeV. The high-
Q2 limit in our 1 octet ansatz and and 2 octets ansatz are
marked as (1) and (2), correspondingly.

constraint (10) for any n. Therefore, the number of pa-
rameters in FP(Q2, 0) to be determined by experiment
(“free parameters”) equals to n− 1 (similarly to the case
of the Fγ∗γ∗P(t1, t2)). In case of the one octet ansatz
there are no free parameters and in the two octets case
there is one free parameter.

B. The one octet ansatz for the form factors

Let us consider first the one octet ansatz. In this case

fV1hV1 =
3

32π2
√
2
, (11)

and the model gives a prediction for the form factors
FP(Q2, 0) without any possibility for adjustment. The
predictions of this model are compared with experimen-
tal data in Figs. 2-4 (dotted line). To quantify the qual-
ity of the agreement of the model predictions we have
calculated the χ2 values for each data set. For the pion
transition form factor the model agrees with CELLO [45]
and CLEO [46] and disagrees with the BaBar data [1], as
can be seen from Table I, which shows the χ2 values per
experiment. For the η and η′ transition form factor the
model is in a perfect agreement with CELLO, however
for CLEO and BaBar the χ2 is not good. In total, for the
one octet ansatz we obtain χ2 ≈ 358 for 116 experimental
points.
Even though the overall agreement of this simple model

with the data is not bad, there is a way to improve it, as
will be discussed below.
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I. INTRODUCTION

Low energy Quantum Chromodynamics (QCD) is responsible for the binding of hadrons and for the mass of the
visible universe. A unique way to explore low energy QCD is by measuring the decays of light mesons, specifically
the ⇤0, ⇥ and ⇥⇤ pseudoscalar mesons. In particular, the ⇥ and ⇥⇤ mesons present important information on the
low energy dynamics of QCD: the mechanism of spontaneous chiral symmetry breaking and the UA(1) anomaly.
The importance of this topic is shown by the number of experiments performed at an impressive array of facilities
including KLOE, CLEO, BES, MAMI, Bonn, COSY, BABAR, BELLE, and CERN. We have recently shown that
CLAS photoproduction data has superior statistics in many channels, exceeding that of published results by a factor
of up to ten.

Close to the zero-energy limit of the spontaneous breaking of chiral symmetry, chiral perturbation theory (ChPT)
and, more generally, e�ective field theories, incorporate the symmetries of QCD while avoiding the tremendous
calculational di⇥culties of the full theory in the non-perturbative regime. Comparisons of ChPT predictions with
high statistics data on the branching ratios and decay distributions of light mesons will provide insight into the
non-perturbative regime of strong interactions and provide important information for a firmer foundation of hadronic
physics rooted in the standard model.

II. PSEUDOSCALAR MESONS

Below we outline a physics program to explore light meson decays measured in the CLAS g11 and g12 hydrogen
photoproduction experiments. Preliminary analyses of these data show that CLAS data can have a major impact on
studies of light meson decays measured in other facilities and is independent of the production vertex. Experimental
data are presented with emphasis on the photoproduction reactions

� + p ⇥ p+

�
⇤

⇥

⇤0

⇥
⇥⇤

(1)

collected in the following decay modes:

• Dalitz decays: ⇤0, ⇥, or ⇥⇤ ⇥ e+e��

• Radiative decays: ⇥ or ⇥⇤ ⇥ ⇤+⇤��

• Hadronic decays: ⇥ or ⇥⇤ ⇥ ⇤+⇤�⇤0 and ⇥⇤ ⇥ ⇤+⇤�⇥

In order to fully exploit this rich vein of data and to cast more light on low energy QCD, dedicated e�orts and
su⇥cient manpower is needed to complete the analyses and publish these results.

1. Dalitz decays

The branching ratios for radiative decay of pseudoscalar mesons ⇤0 and ⇥ have been measured and are recorded by
the PDG [1], however there is only an upper limit quoted for ⇥⇤ ⇥ e+e��.

In this proposal we briefly present our preliminary distribution of the e+e�� invariant mass from CLAS photo-
production data. This is a H(�, pe+e��)X four-fold coincidence event sample with an upper bound on the missing
energy.

Peaks of ⇤0, ⇥ and ⇥⇤ are shown separately, with fitted positions corresponding to their PDG values. In addition,
there is a clear signal in the ⌅-⌃ region, and a small peak at the ⇧-mass. With a branching ratio of (1.174± 0.035)%
, the three body decay ⇤0 ⇥ e+e�� is the second most important decay channel of the neutral pion and is deeply
connected to the main decay mode ⇤0 ⇥ �� (Br = 98.823± 0.034%) with anomalous ⇤0 � � � � vertex. Significant
interest to the Dalitz decay of ⇤0 lies in the fact that it provides information on the semi o�-shell ⇤0����⇥ transition
form factor F⇥0���(q2) in the time-like region, and more specifically on its slope parameter a⇥. The determinations
of a⇥ obtained from the di�erential decay rate of Dalitz decay

a⇥ = �0.11± 0.03± 0.08 [2]

a⇥ = +0.026± 0.024± 0.0048 [3]

a⇥ = +0.025± 0.014± 0.026 [4]
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Here a� is defined from the following expression for the decay rate [5]

d�(⌅0 ⇤ e+e�⇥)

dx�(⌅0 ⇤ ⇥⇥)
= (

d�

dx
)QED ⇥ |F (x)|2

(
d�

dx
)QED =

2�

3⌅

1

x
(1� x)3(1 +

r

2x
)(1� r

x
)1/2

F (x) = 1 + a�x

where x = m2
e+e�/m

2
�0 , r = 4m2

e/m
2
�0 , and F (x) is ⌅0 transition form factor.

These measurements have large error bars, as compared to the values extracted from the extrapolation of data at
higher energies in the space-like region, Q2 = �q2 > 0.5GeV 2, obtained by CELL0 and CLEO collaborations,

a� = +0.0326± 0.0026± 0.0026 [6]

a� = +0.0303± 0.0008± 0.0009± 0.0012 [7]

Experimental data from CELLO [6] , CLEO [7] and BABAR [8] experiments are presented in Fig. 1. Extraction
of a� from these data is model dependent and a direct and accurate determination of a� from the decay ⌅0 ⇤ e+e�⇥
would o⇥er very important source of information to understand transition form factor of neutral pion. Another
reason for the importance of this information is related to the precise determination of the most uncertain light-by-
light radiative corrections to the anomalous magnetic moment of the muon, aµ, measured in g-2 experiment [9].3

pendix A. The vector meson propagators DV are

DV (Q
2) = [Q2 �M2

V + i
⇤
Q2�tot,V (Q

2)]�1. (5)

In this paper we consider only the data in the space-like
region of photon virtuality, thus the modeling of the vec-
tor resonance energy dependent widths �tot,V (Q2) is not
relevant as the widths are equal to zero. We take the val-
ues of the masses of all particles according to PDG [42].
We require that the form factors F����P(t1, t2) given

in (2), (3) and (4) vanish when the photon virtuality t1
goes to infinity for any value of t2:

lim
t1⇤�⇧

F����P(t1, t2)
���
t2=const

= 0. (6)

Notice, that in this case the conditions

lim
t⇤�⇧

F����P (t, t) = 0, (7)

lim
t⇤�⇧

F����P(t, 0) = 0 (8)

are automatically satisfied, which is considered as a cor-
rect short-distance behavior of the form factors (see, for
example, discussion in [24]). The constraint (6) leads to
the following relations for the couplings:

⌅
2hVifVi � ⌅Vif

2
Vi

= 0, i = 1, . . . , n , (9)

� Nc

4⇤2
+ 8

⌅
2

n⇥

i=1

hVifVi = 0 . (10)

Therefore, for an ansatz with n vector resonance octets
the two-photon form factors F����P(t1, t2) are deter-
mined by 2n parameters (i.e., the products of the cou-
plings: fVihVi and ⌅Vif

2
Vi
, i = 1, . . . , n), from which n�1

are to be determined by experiment and the rest n+1 are
fixed by (9) and (10). For the one octet ansatz there are
no free parameters and in case of the two octets ansatz
there is one free parameter.
One of the main objectives of this paper was to de-

velop a reliable model for the �⇥�⇥P (P = ⇤0, ⇥, ⇥⌅) tran-
sition form factors in the space-like region reflecting the
experimental data and theoretical constrains and in the
same time being as simple as possible. Even if we know
that the SU(3) flavor symmetry is broken we start our
investigations using an SU(3)-symmetric model (apart
from the masses of the mesons, which are fixed at their
PDG [42] values) and try to see how many resonance
octets we have to include in order to describe the data
well. The existing data for the transition form factors in
space-like region [1, 2, 45, 46] come from single-tag exper-
iments, where one of the invariants is very close to zero
(the one associated with the “untagged” lepton), thus we
have information only about F����P (t, 0). It is common
to define the �⇥�P form factor FP (Q2, 0) ⇥ F����P(t, 0)
with Q2 ⇥ �t (associated with the “tagged” lepton).
From Eqs. (2), (3) and (4) we see that FP(Q2, 0) is
driven by n parameters (i.e., the products of the cou-
plings: fVihVi , i = 1, . . . , n) and there is always only one
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FIG. 2: Transition form factor ���⇥0 compared to the data.
The Brodsky-Lepage [23] high-Q2 limit (BL) is shown as a
bold solid straight line at 2� f� = 2�0.0924 GeV. The high-
Q2 limit in our 1 octet ansatz and and 2 octets ansatz are
marked as (1) and (2), correspondingly.

constraint (10) for any n. Therefore, the number of pa-
rameters in FP(Q2, 0) to be determined by experiment
(“free parameters”) equals to n� 1 (similarly to the case
of the F����P(t1, t2)). In case of the one octet ansatz
there are no free parameters and in the two octets case
there is one free parameter.

B. The one octet ansatz for the form factors

Let us consider first the one octet ansatz. In this case

fV1hV1 =
3

32⇤2
⌅
2
, (11)

and the model gives a prediction for the form factors
FP(Q2, 0) without any possibility for adjustment. The
predictions of this model are compared with experimen-
tal data in Figs. 2-4 (dotted line). To quantify the qual-
ity of the agreement of the model predictions we have
calculated the ⇧2 values for each data set. For the pion
transition form factor the model agrees with CELLO [45]
and CLEO [46] and disagrees with the BaBar data [1], as
can be seen from Table I, which shows the ⇧2 values per
experiment. For the ⇥ and ⇥⌅ transition form factor the
model is in a perfect agreement with CELLO, however
for CLEO and BaBar the ⇧2 is not good. In total, for the
one octet ansatz we obtain ⇧2 ⇤ 358 for 116 experimental
points.
Even though the overall agreement of this simple model

with the data is not bad, there is a way to improve it, as
will be discussed below.

FIG. 1: Experimental data on F (Q2, 0) from the reaction e+e� � �0 obtained by CELLO, CLEO and BABAR experiments

with one of recent theoretical prediction from [10].

In Fig. 2 we present invariant mass M(e+e�⇥) from the reaction ⇥p ⇤ pe+e�⇥ on hydrogen target obtained from
data collected by the g12 experiment. One can see clear peaks of ⌅0, ⇤, ⇤⇥, but also peaks of ⌃ and ⇧ vector mesons
from the decay e+e�⌅0, when one of photons from ⌅0 decay was missing. This spectrum is obtained by cutting on
the missing mass and missing energy of all detected particles restricting possibility of ⌅0 production, however due to
the detector resolution it can not be completely suppressed. In Fig. 3 we show each of ⌅0, ⇤, ⇤⇥ peaks from Fig. 2
with a fit with Gaussian and second order polynomial function. As one can see we have very clean signal of ⌅0 and ⇤
mesons. The reconstructed for the first time ⇤⇥ peak in this decay mode will allow to measure relative branching ratio
of this mode to ⇤⇥ ⇤ ⇤⌅+⌅�. Systematic error of such a measurement has to be evaluated in detail at more advanced
stage of the analysis, however there is no reason to expect this to be significantly di⇥erent from the systematic errors
of a few per cent in the measurement of photoproduction cross section of ⇤⇥ measured by the CLAS collaboration.

New experiment is proposed in KLOE-2 [10] to measure F�0(Q2, 0) with statistical precision shown in Fig. 4 (left
panel). Statistically significant data are already collected with CLAS. The CLAS g12 raw data under the ⌅0 peak
in e+e�⇥ decay mode are presented in Fig. 4 (right panel), which will allow to extract the slope of Q2 dependence,
a�0 , in the time-like region at very low Q2 with statistical accuracy for the first time comparable or better than that
extracted from e+e� ⇤ ⌅0 data at higher Q2 in space-like region.

(Kroll-­‐Wada)	
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in Fig. 3. Thus, for the KLOE-2 case the possible effect
of the photon virtualities which can influence the accu-
racy of eq. (4) is negligible. Our simulation shows that
the uncertainty in the measurement of Γ (π0 → γγ) due
to the form factor parametrization in the generator is
expected to be less than 0.1 %.
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Fig. 3 Distribution of the photon virtuality in γ∗γ∗ → π0.
The lepton double tagging (HET-HET) selects the events (red
diamonds) with small virtuality of the photons.

4 Feasibility of the γ
∗
γπ

0 transition form

factor measurement

By requiring one lepton inside the KLOE detector (20◦ <
θ < 160◦, corresponding to 0.01 < |q21 | < 0.1GeV2) and
the other lepton in the HET detector (corresponding to
|q22 | ! 10−4GeV2 for most of the events) one can mea-
sure the differential cross section (dσ/dQ2)data, where
Q2 ≡ −q21 . Using eq. (5), the form factor |F (Q2)| can
be extracted from this cross section.

The simulation has been performed using a low-
est meson dominance ansatz with two vector multiplets
(LMD+V) for the form factor Fπ0γ∗γ∗ , which is avail-
able in EKHARA. The LMD+V ansatz is based on
large-NC QCD matched to short-distance constraints
from the operator-product expansion (OPE), see the
Ref. [39]. In the following we use the definition of the
LMD+V parameters h̄5 = h5 + h3m2

π and h̄7 = h7 +
h6m2

π + h4m4
π. Figure 4 shows the expected experi-

mental uncertainty (statistical) on F (Q2) achievable at
KLOE-2 with an integrated luminosity of 5 fb−1. In this
measurement the detection efficiency is different and is
estimated to be about 20%. From our simulation we
conclude that a statistical uncertainty of less than 6%
for every bin is feasible.

Having measured the form factor, one can evaluate
also the slope parameter a of the form factor at the

origin1

a ≡ m2
π

1

Fπ0γ∗γ∗(0, 0)

dFπ0γ∗γ∗(q2, 0)

d q2

∣

∣

∣

∣

q2=0

. (7)

Though for time-like photon virtualities (q2 > 0), the
slope can be measured directly in the rare decay π0 →
e+e−γ, the current experimental uncertainty is very
big [40,41]. The PDG average value of the slope pa-
rameter is quite precise, a = 0.032 ± 0.004 [8], and it
is dominated by the CELLO result [14]. In the latter,
a simple vector-meson dominance (VMD) form factor
parametrization was fitted to the data [14] and then
the slope was calculated according to eq. (7). Thus the
CELLO procedure for the slope calculation suffers from
model dependence not accounted for in the error esti-
mation. The validity of such a procedure has never been
verified, because there were no data at Q2 < 0.5 GeV2.
Therefore, filling of this gap in Q2 by the KLOE-2 ex-
periment can provide a valuable test of the form factor
parametrizations.
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Fig. 4 Simulation of KLOE-2 measurement of F (Q2) (red
triangles) with statistical errors for 5 fb−1. Dashed line is
the F (Q2) form factor according to LMD+V model [39],
solid line is F (0) given by Wess-Zumino-Witten term, eq. (8).
CELLO [14] (black crosses) and CLEO [15] (blue stars) data
at high Q2 are also shown for illustration.

When the normalization of the form factor is fixed
to the decay width π0 → γγ or to some effective pion
decay constant Fπ, the VMD and (on-shell) LMD+V
models have only one free parameter2. For VMD this
parameter is the vector-meson mass MV (sometimes

1 We would like to stress that the q2 range of KLOE-2 mea-
surement is not small enough to use the linear approxima-
tion Fπ0γ∗γ∗(q2, 0) = Fπ0γ∗γ∗(0, 0)(1 + q2 a/m2

π) because
the higher order terms are not negligible.
2In the Brodsky-Lepage ansatz [42,43,44] the parameter Fπ

fixes the normalization and the asymptotic behavior at the
same time. Comparison with data from CELLO and CLEO
shows that the asymptotic behavior is off by about 20%, once
the normalization is fixed from π0 → γγ.
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Figure 3: The reconstructed e+e− invariant mass q = IM(e+e−): a) before and b) after
the cuts for reducing the conversion background. The experimental data are denoted by
black points. Results of simulations for π0 → γγ (blue line) and π0 → e+e−γ (green line)
decays are normalized according to the known branching ratios. The normalization of random
coincidences (dotted line) was fitted in order to reproduce the IM(e+e−) > 150 MeV range.
The sum of all simulated contributions is given by the red line.

3. Data analysis

The first stage of data analysis is to extract a clean signal of π0 → e+e−γ
decays. The results shown in the previous section suggest that at this en-
ergy electron-positron pairs come nearly exclusively from the π0 meson decays.
Therefore, in order to maximize the yield of the π0 → γe+e− events we use
an inclusive data sample requesting events with (i) at least one proton iden-
tified in the FD, (ii) an e+e− pair identified in the CD. There is no request
of an additional photon cluster and we have included events from both trig-
gers corresponding to phase space regions (1) and (2). The distribution of the
reconstructed invariant mass of the electron-positron pair, q = IM(e+e−), is
shown in Fig. 3a. This spectrum is well described by the sum of π0 → e+e−γ
and π0 → γγ (with photon conversion). The data sample contains 1.8×106

reconstructed events.
The π0 → γγ events are efficiently removed by a condition on the recon-
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Fig. 4. (Color online) Exclusion plot at 90% CL on ϵ2 as
function of MU from the analyses of HADES in the reactions
p(3.5 GeV) + Nb , as well as Ar (1.756GeV/u ) + KCl. Also
shown is the combined UL computed with Eq. (8).

median while staying indeed within the expected

corridors with roughly the expected rate.
The inserts in Fig. 3 show, as a function of mass,

the pair efficiency and acceptance correction factor,
eff × acc, obtained from detailed simulations. Af-
ter having corrected the median UL for this factor,
Eq. (7) was used to compute a corresponding upper
limit UL(ϵ2) on the relative coupling strength ϵ2 of
a hypothetical dark vector boson. Figure 4 shows
the UL(ϵ2) as a function of MU obtained from the
three data sets separately. Evidently, the p+Nb data
provide the strongest constraint. However, as the
three data sets are of comparable statistical qual-
ity and result hence in upper limits of similar mag-
nitude, it is natural to join them into a combined
upper limit [46]. Since all experiments having been
executed under very similar conditions, we use the
following statistics-driven ansatz:

UL(1+2+3) =
√

(UL−2
(1) + UL−2

(2) + UL−2
(3))

−1. (8)

The combined upper limit UL(1+2+3) is overall
about 10 to 20% lower than the p+Nb value taken
alone. This is indeed expected from the moderate
increase in pair statistics achieved by cumulating the
data from all experiments and is consistent with a
UL ∝ 1/

√
N behavior.

]2 [GeV/cUM
-110 1

2 !

-610

-510

-410

KLOEKLOE

WASA

HADES
APEX MAMI

BaBar

ele
ctr

on
 g-

2
)"

muons g
-2 (+

/-2

Fig. 5. (Color online) The 90% CL upper limit on ϵ2 versus
the U -boson mass obtained from the combined analysis of
HADES data (solid black curve). This result is compared
with existing limits from the MAMI/A1, APEX, BaBar,
WASA, and KLOE-2 experiments, as well as with the g − 2
constraints (see the text for citations).

Finally, in Fig. 5 we show the HADES result
together with a compilation of limits from the
searches conducted by BaBar [47,18,20], KLOE-
2 [26,27], APEX [23], WASA at COSY [25], and A1
at MAMI [22]. At low masses (MU < 0.1 GeV/c2)
we clearly improve on the recent result obtained
by WASA [25], excluding now to a large degree
the parameter range allowed by the muon g − 2
anomaly (preediction with 2σ interval is shown on
the Fig. 5). At higher masses, the sensitivity of our
search is compatible with, albeit somewhat lower
than the combined KLOE-2 analysis of φ decays.
Our data probe, however, the U -boson coupling in η
decays and add hence complementary information.
At masses above the η mass, the inclusive dilepton
spectrum is fed by ∆ (and to some extent heavier
baryon resonance) decays which offer only small
sensistivity, partly due to the small electromagnetic
branching ratio (BRNγ ≃ 10−3 − 10−2) and partly
due to the decreasing BRU→ee at high MU .

5. UL on the rare decay η → e+e−

The direct decay of the η meson into a lepton
pair (e+e− or µ+µ−) can only proceed through a
2-photon intermediate state. The e+e− decay is fur-
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Eq. (7) was used to compute a corresponding upper
limit UL(ϵ2) on the relative coupling strength ϵ2 of
a hypothetical dark vector boson. Figure 4 shows
the UL(ϵ2) as a function of MU obtained from the
three data sets separately. Evidently, the p+Nb data
provide the strongest constraint. However, as the
three data sets are of comparable statistical qual-
ity and result hence in upper limits of similar mag-
nitude, it is natural to join them into a combined
upper limit [46]. Since all experiments having been
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Finally, in Fig. 5 we show the HADES result
together with a compilation of limits from the
searches conducted by BaBar [47,18,20], KLOE-
2 [26,27], APEX [23], WASA at COSY [25], and A1
at MAMI [22]. At low masses (MU < 0.1 GeV/c2)
we clearly improve on the recent result obtained
by WASA [25], excluding now to a large degree
the parameter range allowed by the muon g − 2
anomaly (preediction with 2σ interval is shown on
the Fig. 5). At higher masses, the sensitivity of our
search is compatible with, albeit somewhat lower
than the combined KLOE-2 analysis of φ decays.
Our data probe, however, the U -boson coupling in η
decays and add hence complementary information.
At masses above the η mass, the inclusive dilepton
spectrum is fed by ∆ (and to some extent heavier
baryon resonance) decays which offer only small
sensistivity, partly due to the small electromagnetic
branching ratio (BRNγ ≃ 10−3 − 10−2) and partly
due to the decreasing BRU→ee at high MU .

5. UL on the rare decay η → e+e−

The direct decay of the η meson into a lepton
pair (e+e− or µ+µ−) can only proceed through a
2-photon intermediate state. The e+e− decay is fur-
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6. Results
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Fig. 6.10: Experimental spectrum of the squared transition form factor,
|Fη|2, as a function of the Ml+l−. The green, solid line is the fit to all
experimental points. The black, solid line is the QED model assumption
of a point-like meson.

one of the CODATA compilation of physical constants, < r2P >1/2= (0.8768±
0.0069) fm [73]. The CODATA values of the radius of the proton are deter-
mined via the Lamb shift in electronic [73] hydrogen and via unpolarized [74]
and polarized [75] electron scattering. The discrepancy between the CODATA
and the value extracted using the Lamb shift method in muonic [72] hydro-
gen is under a world-wide discussion with a tendency to see the cause of the
problem in a not sufficiently exact QED calculations [76].
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Chapter 3

Anomalous decays

In the following Chapter we will discuss the decays of the neutral pseudoscalar mesons
P ∈ {π0, η, η′} that are induced by the chiral anomaly. We differentiate between the ones
which are governed by the triangle anomaly and the ones resulting from the box anomaly,
because the structure of the pertinent form factors will be quite similar in the respective
cases.

P

γ(⋆)

γ(⋆)

Figure 3.1: triangle anomaly

P

π+

π−

γ(∗)

Figure 3.2: box anomaly

The leading decays induced by the triangle anomaly are discussed next. We add here
the qualifier ’leading’ in order to discriminate these decays from those which involve sub-
leading sequential decays as, e.g., Bremsstrahlung corrections etc. The discussed decays are

P → γγ,

P → l+l−γ,

P → l+l−l+l−,

P → l+l−,

where l+l− are lepton-antilepton pairs. Obviously only electrons and muons are involved,
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explored at CEBAF will be mostly in the s channel, and the amplitudes themselves
have a weak dependence on the virtuality of π−, so we take p23 ≈ m2

π. Now s+ t+u =
m2

π, and we also fix t = −m2
π.

Quarks are not confined in our model, so there are possible spurious contributions to the

FIG. 6: (color online) The form factors F̃ 3π
γ (s, t, u) from various approaches are depicted as

functions of t, the invariant mass of the outgoing pion pair π0(p2), π−(p3), as in the
Serpukhov and COMPASS experiments, where all pions are on shell. We fix u = m2

π for
definiteness. The upper shaded stripe covers the results of our CQL–VMD approach for

constituent masses between Mq = 360 MeV (corresponding to the solid black curve
marking the upper edge of that stripe) and Mq equal to the DS scale Λ = 565.69 MeV of
Ref. [29] (corresponding to the lower edge of that stripe). The lower shaded stripe (blue
online) covers the results of the “pure” CQL model [30] for the same Mq interval. That is,
the (blue) dashed curve depicts the CQL model form factor for Mq = 360 MeV, while the

lower edge of that stripe is the very slowly varying CQL form factor for the high
Mq = Λ = 565.69 MeV, the DS scale of Ref. [29]. A comparison is made with results of the
“modified” VMD [32, 39] (green dotted curve) and of DS (in GIA) [29] (red dash-dotted
curve). Again, the exhibited Serpukhov point [7] is actually the average value extracted
from the total cross-section – see Subsec. IVB for the comparison with experiment.
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Fig. 2. Experimental data and error weighted fits for η (left, data are from Ref. [17]
(filled squares) and Ref. [18] (open circles)) and η′ (right, data are from Ref. [20])
to π+π−γ according to Eqs. (1) and (2) with sππ = mη(′)(mη(′) − 2Eγ).

uncertainty of the α′ value should include both statistical and systematic un-
certainties.

We also studied other data sets for η and η′. Concerning the former decay,
Gormley et al. [18] provides α = (1.7±0.4) GeV−2 while Layter et al. [19] gives
α = (−1.0± 0.1) GeV−2. The acceptance correction of these old experiments
was derived from the specified dΓ/dEγ distributions, respectively, under the
assumption that the pertinent matrix element is the simplest gauge invariant
one (corresponding here to P (sππ) and FV (sππ) equal to one). The Layter
et al. result seems to be inconsistent both with WASA [17] and Gormley et
al. [18]. However, from the information provided in those old experimental
papers it is impossible to evaluate systematic uncertainties. In case of the η′,
we obtain α′ = (3± 1) GeV−2 from the data of the GAMS-200 collaboration
[21], which is larger, but within error bars consistent with the value listed
above. Hence, in the following, we use the values given in Eq. (8).

Instead of looking at the data themselves it is illustrative to extract from data
directly the polynomials P (sππ). These are shown for both radiative η and η′

decay in the left and right panel of Fig. 3, respectively. Here one clearly sees
that the residual sππ dependence for both transition amplitudes — once the
pion form factor and the phase space are divided out — has a linear behavior to
a very good approximation. The statement is further corroborated by the fact
that any additional quadratic term to the linear polynomial with coefficients
as specified in Eq. (8) is compatible with zero: β = (0.07 ± 0.65) GeV−4 and
β ′ = (0.10 ± 0.38) GeV−4. This appears reassuring, although it came as a
surprise that even for the η′ a first-order polynomial is sufficient. The origin
of this might be in the current quality of the data which is best in the region
of large values of Eγ which corresponds to moderate values of sππ — this is
the region where the chiral expansion is expected to converge (once resonance
effects are taken out). This can also be seen in Fig. 3, right panel: clearly
the fit is dominated by values of sππ ≤ 0.6GeV2 (this corresponds to pion

6
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branching ratio is known to 15% precision, only an upper bound for the ⇧ is quoted in the PDG [1]. This channel
may also yield new results, in particular a measurement of ⇧ ⌅ ⇤+⇤�� branching ratio.

3. Hadronic decays

In this section we present experimental data for the reaction

� + p ⌅ p⇤+⇤�
⇤

⇤0

⇥
. (5)

The ⇤0 or ⇥ is identified via missing mass of the H(�, p⇤+⇤�)X reaction.
In Fig. 9 (left panel) a distribution of missing mass of the proton in the � + p ⌅ p⇤+⇤�⇤0 reaction is presented

showing clear peaks for the ⇥ and ⇧ mesons with ⇤2M and ⇤20M events in the peaks, respectively. Our Dalitz plot
distribution for the decay ⇥ ⌅ ⇤+⇤�⇤0 is seen in Fig. 10

There are also hints of ⇥⇥ and ⌅ mesons. To see the ⇥⇥ and ⌅ signals, in Fig. 9 (right panel) we plot a zoom of the
same distribution in the mass range above the ⇧ meson. We clearly observe one of the rare decays ⇥⇥ ⌅ ⇤+⇤�⇤0

(Br = 3.6± 0.1⇥ 10�3) and the OZI violating decay ⌅ ⌅ ⇤+⇤�⇤0 (Br=15.3%). This is the first observation of these
decays in photoproduction. According to Gross, Treiman, and Wilczek [16], the decay width ratio:

�(⇥⇥ ⌅ ⇤0⇤+⇤�)

�(⇥⇥ ⌅ ⇥⇤+⇤�)
⇧

�
md �mu

ms

⇥2
(6)

is sensitive to the quark mass di⇥erence md�mu, where md. mu, and ms are masses of u, d and s quarks respectively.

FIG. 9: Left panel: distribution of missing mass of the proton in the reaction � + p � p⇥+⇥�⇥0. Right panel: the same for

the range of invariant mass above ⇤ meson production. Experimental data are from CLAS g11 experiment.

In Fig. 11 (left panel) we present the distribution of missing mass of the proton in the reaction � + p ⌅ p⇤+⇤�⇥,
where ⇥ is reconstructed in the missing mass of the p⇤+⇤� system, i.e. �(1H, p⇤+⇤�)X. As one can see there is a
clear peak of ⇥⇥ with ⇤300K events, which is almost an order of magnitude higher than the recent BES [17] data. In
Fig. 12 we show our Dalitz plot distribution for the decay ⇥⇥ ⌅ ⇤+⇤�⇥.

The internal dynamics of the decay ⇥ ⌅ ⇤+⇤�⇤0 and ⇥⇥ ⌅ ⇤+⇤�⇥ can be described by two degrees of freedom
since all particles involved have spin zero. The Dalitz plot distribution for the decay ⇥ ⌅ ⇤+⇤�⇤0 is described by the
following two variables:

X =

⌃
3

Q
(T�+ � T��), Y =

3T�0

Q
� 1, (7)
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branching ratio is known to 15% precision, only an upper bound for the ⇧ is quoted in the PDG [1]. This channel
may also yield new results, in particular a measurement of ⇧ ⌅ ⇤+⇤�� branching ratio.

3. Hadronic decays

In this section we present experimental data for the reaction

� + p ⌅ p⇤+⇤�
⇤

⇤0

⇥
. (5)

The ⇤0 or ⇥ is identified via missing mass of the H(�, p⇤+⇤�)X reaction.
In Fig. 9 (left panel) a distribution of missing mass of the proton in the � + p ⌅ p⇤+⇤�⇤0 reaction is presented

showing clear peaks for the ⇥ and ⇧ mesons with ⇤2M and ⇤20M events in the peaks, respectively. Our Dalitz plot
distribution for the decay ⇥ ⌅ ⇤+⇤�⇤0 is seen in Fig. 10

There are also hints of ⇥⇥ and ⌅ mesons. To see the ⇥⇥ and ⌅ signals, in Fig. 9 (right panel) we plot a zoom of the
same distribution in the mass range above the ⇧ meson. We clearly observe one of the rare decays ⇥⇥ ⌅ ⇤+⇤�⇤0

(Br = 3.6± 0.1⇥ 10�3) and the OZI violating decay ⌅ ⌅ ⇤+⇤�⇤0 (Br=15.3%). This is the first observation of these
decays in photoproduction. According to Gross, Treiman, and Wilczek [16], the decay width ratio:

�(⇥⇥ ⌅ ⇤0⇤+⇤�)

�(⇥⇥ ⌅ ⇥⇤+⇤�)
⇧

�
md �mu

ms

⇥2
(6)

is sensitive to the quark mass di⇥erence md�mu, where md. mu, and ms are masses of u, d and s quarks respectively.

FIG. 9: Left panel: distribution of missing mass of the proton in the reaction � + p � p⇥+⇥�⇥0. Right panel: the same for

the range of invariant mass above ⇤ meson production. Experimental data are from CLAS g11 experiment.

In Fig. 11 (left panel) we present the distribution of missing mass of the proton in the reaction � + p ⌅ p⇤+⇤�⇥,
where ⇥ is reconstructed in the missing mass of the p⇤+⇤� system, i.e. �(1H, p⇤+⇤�)X. As one can see there is a
clear peak of ⇥⇥ with ⇤300K events, which is almost an order of magnitude higher than the recent BES [17] data. In
Fig. 12 we show our Dalitz plot distribution for the decay ⇥⇥ ⌅ ⇤+⇤�⇥.

The internal dynamics of the decay ⇥ ⌅ ⇤+⇤�⇤0 and ⇥⇥ ⌅ ⇤+⇤�⇥ can be described by two degrees of freedom
since all particles involved have spin zero. The Dalitz plot distribution for the decay ⇥ ⌅ ⇤+⇤�⇤0 is described by the
following two variables:

X =

⌃
3

Q
(T�+ � T��), Y =

3T�0

Q
� 1, (7)
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Figure 2: The Dalitz plot for ⇥ ⇥ ⇤0⇤+⇤� normalised to 1 for X = Y = 0. The dimensionless Dalitz plot
variables X and Y are defined in the text.

Figure 3: A selection of results for Q. Our result is 22.3±0.4 and is indicated by the grey band. The error
is only due to the experimental uncertainty on the decay width. The other results are taken from Leutwyler’s
talk at this conference [25], from a dispersive analysis in ref. [9], from a two-loop calculation in �PT [21],
from Weinberg’s quark mass ratios [2] and from an analysis including Dashen violation [3]. The last value
we calculated from the MILC quark mass ratios presented by Heller at this conference [26].
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Fig. 1.Comparison of obtained values of asymmetries [7] with results determined by previous experiments [3,4,5],
and a value given by PDG [6].

3 Results

The asymmetry parameters were determined by dividing the Dalitz plot into regions according to the
formulas (5), (6) and (7). The events were summed up separately for odd and even regions and a corre-
sponding missing mass for the pp→ ppη reaction was reconstructed for each region. Furthermore, to
determine the number of events corresponding to the η→ π+π−π0 decay in each region the background
was subtracted using the polynomial fit method, and the correction for acceptance and efficiency ob-
tained based on the simulations of signal reaction, was applied. The preliminary estimated values of
the asymmetries are shown in Fig. 1. Established values of the asymmetry parameters are consistent
with zero within the range of the statistical and systematic uncertainty, which allows to conclude that
the charge conjugation symmetry C is conserved in strong interactions on the level of the achieved ac-
curacy. Obtained results are also in agreement with previously measured values [3,4,5] and the average
of the Particle Data Group [6] (see Fig.1).

4 Outlook

The WASA-at-COSY currently collected around 109 η mesons in proton-proton collisions, which is
one of the world’s largest data sample for the η meson, therefore the studies on the charge conjuga-
tion invariance in the pp interactions will be continued. Available statistics should enable to lower the
statistical uncertainties for the determination of the asymmetry parameters by a factor of five in future
analysis.
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Table 13: Comparison of the measured couplings to the SU(3) predictions for different quark-structure hypotheses.

KLOE SU(3)
4q qq̄ f0 = ss̄ qq̄ f0 = (uū+ dd̄)/

√
2

(ga0K+K−/ga0ηπ)
2 0.6 - 0.7 1.2-1.7 0.4 0.4

(gf0K+K−/gf0π+π− )2 4.6 - 4.8 >> 1 >> 1 1/4
(gf0K+K−/ga0K+K− )2 4 - 5 1 2 1
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Fig. 18: The mπ+π− distribution in the η′ → ηπ+π− de-
cay with the σ meson (right–centered distribution) and
without (left–centered distribution) contribution.

4.3.3 φ → K0K̄0γ

The φ meson can decay to the a0(980) and f0(980) scalars
with the emission of one photon. Both of them couples
to K+K− and K0K̄0, so that the decay φ → K0K̄0γ
is expected to proceed through an [f0(980) + a0(980)]γ
intermediate state. SU(2) relates the coupling constant
to the pseudoscalars in a clean way: gf0π+π− = 2gf0π0π0 ,
gf0K0K̄0 = gf0K+K− , ga0K0K̄0 = −ga0K+K− . Due to the
opposite sign in gf0K0K̄0 ·gf0K+K− and ga0K0K̄0 ·ga0K+K− ,
destructive interference between f0(980) and a0(980) is
expected. The scalars decay in an even combination of
∣
∣K0

〉 ∣
∣K̄0

〉

: |K0>K̄0>+|K̄0>K0>√
2

= |KS>|KS>+|KL>KL>√
2

. The

channel with two KS in the final state can be easily iden-
tified through the KS → π+π− decay, looking for 4 tracks
pointing to the IP. The main background comes from φ →
KSKL events with a CP–violating decay KL → π+π−. In
KLOE, the KS decay path is 6 mm, while for the KL

is ∼ 3.4 m. Therefore the KL vertices are uniformly dis-
tribuited in a small region around the IP. Cuts on the ver-
tex position are the most effective way to remove KSKL

background. KLOE [302] has already analyzed a sample of
2.2 fb−1 of data, observing 5 events with 3.2±0.7 expected
background. The result is BR(φ → K0K̄0γ) < 1.9×10−8,
at 90% C.L.. Scaling these numbers with the KLOE-2

statistics we expect to reach a sensitivity of BR(φ →
K0K̄0γ) < 1× 10−8. The inner tracker will provide in the
second phase of the experiment three times better vertex
resolution which is beneficial for the rejection capability
and together with 20 fb−1 of integrated luminosity could
lead to first observation of the decay.

5 Physics in the Continuum: σhad

In this section we discuss the physics reach of the DAΦNE
running outside the φ–meson peak. We consider a maxi-
mal energy of

√
s = 2.5 GeV with a luminosity of ∼1032

cm−2 s−1 already exceeded by DAΦNE at the φ peak.
With such a machine one can collect an integrated lu-
minosity of O(10) fb−1 between 1 and 2.5 GeV in a few
years of data taking. This high statistics, much larger than
what collected at any collider in this energy range, would
allow major improvements in physics, with relevant im-
plications for the precision tests of the SM, such as the
g−2 of the muon and the effective fine-structure constant
at the MZ scale, αem(M2

Z). The only direct competitor is
VEPP-2000 at Novosibirsk, which will cover the center-of-
mass energy range between 1 and 2 GeV with two experi-
ments. VEPP-2000 is expected to start by year 2010 with
a luminosity from 1031cm−2s−1 at 1 GeV to 1032cm−2s−1

at 2 GeV, as presented in more detail in Sect. 5.6. Other
indirect competitors are the higher–energy e+e− colliders
(τ -charm and B-factories) which in principle can cover the
same energy range by means of radiative return. However,
due to the photon emission, the “equivalent” luminosity
produced by these machines in the region between 1 and
2.5 GeV is much less than what proposed in the KLOE-2
programme.

In the following subsections we present the main physics
motivations for the off-peak running. We start with the
improvements on the cross sections σ(e+e− → hadrons) in
a wide center-of-mass energy range, from the ππ thresh-
old up to 2.5 GeV discussing the implications for precision
tests of the SM (Sect. 5.1) and vector–meson spectroscopy
(Sect. 5.5). The physics reach with the study of γγ pro-
cesses is presented in Sect. 6.

5.1 SM precision tests and σhad at low energy

The comparison of the SM predictions with precision data
served in the last few decades as an invaluable tool to test
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The pole parameter of the electromagnetic transi-
tion form factor of the Dalitz decay η → µ+µ−γ

is measured to be Λ−2η =1.95±0.17(stat.)±0.05(syst.)
GeV−2. It perfectly agrees with the previous mea-
surement of the Lepton-G experiment Λ−2η =1.90±0.40
GeV−2 as well as with predictions from VMD, Λ−2η =1.8
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Figure 4: Experimental data on the η-meson electromagnetic transi-
tion form factor (red triangles), compared to the previous measure-
ment by the Lepton-G experiment (open circles) and to the expecta-
tion from VMD (blue dashed line). The solid red and black dashed-
dotted lines are results of fitting the experimental data with the pole
dependence Eq. (1). The normalization is such that |Fη(M = 0)|=1.

GeV−2 [2]. The characteristic mass Λ is equal to
Λη=0.716±0.031(stat.)±0.009(syst.) GeV, as compared
to the value from Lepton-G of Λη=0.724±0.076 GeV
or to the VMD value of Λη=0.745 GeV. Our result im-
proves the Lepton-G error by a factor of 2.3, equivalent
to a factor of 5 larger statistics. The error improvement
to be expected from the difference in sample sizes (9 000
vs. 600) would have been larger (a factor of 3.8), but
this is only found if the ω Dalitz decay is frozen in the
fit [18].
The pole parameter of the electromagnetic transi-

tion form factor of the Dalitz decay ω → µ+µ−π0

is measured to be Λ−2ω = 2.24±0.06(stat.)±0.02(syst.)
GeV−2. Within errors, it agrees with the Lepton-
G value of Λ−2ω =2.36±0.21 GeV−2. Both experimen-

tal results differ from the expectation of VMD of
Λ−2ω =1.68 GeV−2 [2]. The anomaly is therefore fully
confirmed. The characteristic mass Λ is found to be
Λω=0.668±0.009(stat.)±0.003(syst.) GeV, as compared
to the value from Lepton-G ofΛω=0.65±0.03GeV or to
the VMD value of Λω=Mρ=0.770 GeV. The confirma-
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tion form factor (red triangles), compared to the previous measure-
ment by the Lepton-G experiment (open circles) and to the expecta-
tion from VMD (blue dashed line). The solid red and black dashed-
dotted lines are results of fitting the experimental data with the pole
dependence Eq. (1). The normalization is such that |Fω(M = 0)|=1.

tion of the anomaly receives particular weight through
the fact that the statistical errors are improved by a fac-
tor of nearly 4, equivalent to a statistics larger by a factor
of >10. Referred to Λ−2, the previous measurement dif-
fered by three standard deviations (3σ) from the VMD
expectation, while our newmeasurement differs by 10σ.
The error improvement to be expected from the differ-
ence in sample sizes (3 000 vs. 60) would have been
still larger (by a factor of 7), but this is only found if the
η Dalitz decay is frozen in the fit [18].
The branching ratio of the ω Dalitz decay BR(ω →
µ+µ−π0) is found to be larger by a factor of
1.79±0.26(stat.)±0.15(syst.) than that of the PDG [16],
i.e. Lepton-G [6], corresponding to a new absolute
value of (1.72±0.25(stat.)±0.14(syst.))·10−4. Taking ac-
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Table 3
Summary of the systematic uncertainties on the branching ratio.

Source of uncertainty σ(BR)

Free/fixed scale factors 0.18 × 10−5

Sidebands range 0.05 × 10−5

Binning 0.02 × 10−5

Analysis selection 0.55 × 10−5

Normalization 0.42 × 10−5

Total 0.72 × 10−5

e+

e-

!+

!-

"

z

Fig. 5. Definition of the angle φ between the pion and electron decay planes.

and the electron planes in the η rest frame (figure 5):

Aφ =
Nsin φ cos φ>0 − Nsinφ cos φ<0

Nsin φ cos φ>0 + Nsin φ cos φ<0
. (4)

The quantity sin φ cosφ is given by (n̂ee × n̂ππ)ẑ(n̂ee · n̂ππ), where the n̂’s are
the unit normals to the electron and pion planes and ẑ is the unit vector along
the axis defined by the intersection of the two planes. The distribution of the
sin φ cos φ variable in the signal region is shown in figure 6. We remind that
the signal MC has been produced with Aφ = 0.
While the analysis efficiency is completely flat in the sin φ cosφ distribution,
some distortion is introduced by the reconstruction, because of events with
wrong mass assignment. The correction to this distortion has been evaluated
by MC, fitting with a linear function the ratio between the generated and re-
constructed sin φ cosφ distributions. The resulting slope is -0.032 ± 0.016. The
use of higher polynomials does not improve the fit. The origin of this slope has
been investigated by MC and it is completely due to the 14% of signal events
with wrong particle identification. This because the particle identification al-
gorithm forces the mass assignment in case of ambiguities without discarding
events. The aim is to preserve the statistics, which completely dominates the
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Fig. 2. φ → η e+e−, η → π0π0π0 events: data-MC comparison for Mee (top) and
cosΨ∗ distributions (bottom) after the Mrecoil(ee) cut.

timing capabilities of the calorimeter. When an energy cluster is associated
to a track, the time of flight (ToF) to the calorimeter is evaluated both using
the track trajectory (Ttrack = Ltrack/βc) and the calorimeter timing (Tcluster).
The ∆T = Ttrack−Tcluster variable is then evaluated in the electron hypothesis
(∆Te). In order to be fully efficient on signal, events with either an e+ or an
e− candidate inside a 3σ window around ∆Te = 0 are retained for further
analysis.

At the end of the analysis chain, 30577 events are selected, with ∼ 3% back-
ground contamination (Fig. 3). The analysis efficiency, defined as the ratio
between events surviving analysis cuts and generated events, is ∼ 15% at low
e+e− invariant masses, increasing up to 30% at higher Mee values.

The analysis of the decay channel η → π+π−π0 is the same as described in
[10], with the addition of a cut on the recoil mass to the e+e−π+π− system,
which is expected to be equal to the π0 mass for signal events. In Fig. 4 top,
data-MC comparison shows some residual background contamination in the
tails of the distribution, which are not well described by our simulation. A cut
100 < Mrecoil(eeππ) < 160 MeV is then applied. The effect of this cut on the
Mee variable is shown in Fig. 4 bottom. The total number of selected events
is 13254, with ∼ 2% background contamination.
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Dark	
  Maser,	
  Hidden	
  Sector	
  and	
  Heavy	
  Photons	
  

-­‐A	
  key	
  problem	
  in	
  modern	
  physics	
  is	
  nature	
  of	
  dark	
  maser	
  
	
  -­‐There	
  is	
  no	
  doubt	
  that	
  much	
  of	
  the	
  mass-­‐energy	
  content	
  
	
  of	
  universe	
  is	
  in	
  the	
  form	
  of	
  yet	
  unknown	
  Dark	
  Maser	
  
	
  
The	
  current	
  evidence	
  is	
  based	
  on	
  disjoint	
  astronomical	
  	
  
observaAons:	
  
-­‐AcousAc	
  oscillaAons	
  of	
  the	
  power	
  spectrum	
  of	
  CMB	
  
-­‐The	
  relaAve	
  strength	
  and	
  shape	
  of	
  galaxy-­‐distribuAon	
  	
  
	
  	
  power	
  spectrum	
  at	
  large	
  wave	
  numbers	
  
-­‐ObservaAons	
  of	
  galacAc	
  rotaAon	
  curves	
  at	
  distances	
  for	
  	
  
	
  which	
  lisle	
  luminous	
  maser	
  is	
  present	
  

The	
  cosmological	
  evidence,	
  taken	
  collecAvely	
  implies	
  
that	
  some	
  ~25%	
  of	
  the	
  mass	
  of	
  Universe	
  is	
  in	
  the	
  form	
  	
  
of	
  Dark	
  Maser	
  with	
  amazising	
  accuracy	
  of	
  few	
  percent!	
  



Figure 4: An illustration of the manner in which a hidden gauge boson A�µ can participate
in a fixed-target experiment, figure reprinted with permission from Ref. [206].

massive gauge bosons — a ⇤ and ⇤�, both with isospin 1. The appearance of the ⇤� is hidden under
hadronization uncertainties, but one can hope to detect its presence through its possible CP-violating
e�ects, as through the study of pseudo-T-odd momentum correlations in radiative � decay of neutrons
and nuclei [202, 203], which can be studied at existing and future radioactive beam facilities. More
generally we can think of the ⇤� as a mediator in realizing a di�erence in the radiative n and n̄ � decay
rates, motivating a measurement of the n̄ lifetime. If there were a U(1)Y portal as well, we would have a
composite dark-matter candidate with a magnetic moment, which could be detected through its elastic
scattering from nuclei [204] or through a laser experiment, such as through detection of a magnetic
Faraday e�ect [88].

These discussions naturally lead us to our final topic: of asymmetric dark matter, in which baryons
and dark matter share a common origin. A key take-away message of the observations is that the
baryonic rest mass contribution to closure is roughly 20% of the overall dark matter contribution.
This is not a small fraction, and its magnitude begs the question of why, e.g., the baryon and CDM
contributions to closure are so close in size. In these models dark matter is a fermion, and thus
it possesses its own particle asymmetry, which can discovered through a measurement of a non-zero
magnetic Faraday e�ect [87, 88]. For detailed models we simply note the review of Ref. [162]. From
the viewpoint of low-energy physics, it is worth noting that interesting features such as dark-matter
particle-antiparticle oscillations can appear in such models [205].

7 Sterile Neutrinos

The advances in experimental neutrino physics in the last decade have been unprecedented. The
laboratory measurements have given us the neutrino mass-squared di�erences and three (⇥12, ⇥23, ⇥13)
of the four parameters which characterize the unitary transformation between neutrino energy states
(“mass” states) and the weak interaction eigenstates (flavor states) in vacuum. All we are missing is
the fourth parameter, the CP-violating phase, though we note that there are potentially also additional
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Figure 1: Feynman diagrams for a) the lowest order electromagnetic π0 → e+e−γ decay and
a possible contribution of U vector boson to: b) π0 → e+e−γ and c) lepton g − 2.

1. Introduction

Decays of neutral pseudoscalar mesons into a lepton-antilepton pair and a
photon, P → l+l−γ, are among the processes to search for a new light vector
boson connected with dark gauge forces [1, 2, 3]. An extra U(1) boson is pos-
tulated in most extensions of the Standard Model. Recent interest in searches
of a light vector boson, in the O(MeV–GeV) mass range, is motivated by astro-
physics observations such as the positron and/or electron excesses observed by
PAMELA [4], ATIC [5] and H.E.S.S. [6] as well as the narrow 0.511 MeV γ ray
emission from the galactic bulge observed by INTEGRAL [7].

In one of the simplest scenarios dark matter particles belonging to an addi-
tional abelian gauge symmetry are added to the Standard Model (SM). The new
symmetry leaves the SM particles unchanged [8, 9, 3, 10]. The associated gauge
boson can communicate with the SM through a small mixing in the kinetic term
of the QED Lagrangian [11]:

Lmix = −
ϵ

2
FQED
µν Fµν

dark (1)

where ϵ is the mixing parameter. The gauge boson U (also A′, γ′ or Z ′
d) is often

called a dark photon since it can mix with the photon in all processes (examples
are shown in Figs. 1b and 1c). Phenomenological arguments [12, 13, 14] suggest
that the ϵ parameter must be of the order of 10−4−10−2 and the boson massMU
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Fig. 4. (Color online) Exclusion plot at 90% CL on ϵ2 as
function of MU from the analyses of HADES in the reactions
p(3.5 GeV) + Nb , as well as Ar (1.756GeV/u ) + KCl. Also
shown is the combined UL computed with Eq. (8).

median while staying indeed within the expected

corridors with roughly the expected rate.
The inserts in Fig. 3 show, as a function of mass,

the pair efficiency and acceptance correction factor,
eff × acc, obtained from detailed simulations. Af-
ter having corrected the median UL for this factor,
Eq. (7) was used to compute a corresponding upper
limit UL(ϵ2) on the relative coupling strength ϵ2 of
a hypothetical dark vector boson. Figure 4 shows
the UL(ϵ2) as a function of MU obtained from the
three data sets separately. Evidently, the p+Nb data
provide the strongest constraint. However, as the
three data sets are of comparable statistical qual-
ity and result hence in upper limits of similar mag-
nitude, it is natural to join them into a combined
upper limit [46]. Since all experiments having been
executed under very similar conditions, we use the
following statistics-driven ansatz:

UL(1+2+3) =
√

(UL−2
(1) + UL−2

(2) + UL−2
(3))

−1. (8)

The combined upper limit UL(1+2+3) is overall
about 10 to 20% lower than the p+Nb value taken
alone. This is indeed expected from the moderate
increase in pair statistics achieved by cumulating the
data from all experiments and is consistent with a
UL ∝ 1/

√
N behavior.
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Fig. 5. (Color online) The 90% CL upper limit on ϵ2 versus
the U -boson mass obtained from the combined analysis of
HADES data (solid black curve). This result is compared
with existing limits from the MAMI/A1, APEX, BaBar,
WASA, and KLOE-2 experiments, as well as with the g − 2
constraints (see the text for citations).

Finally, in Fig. 5 we show the HADES result
together with a compilation of limits from the
searches conducted by BaBar [47,18,20], KLOE-
2 [26,27], APEX [23], WASA at COSY [25], and A1
at MAMI [22]. At low masses (MU < 0.1 GeV/c2)
we clearly improve on the recent result obtained
by WASA [25], excluding now to a large degree
the parameter range allowed by the muon g − 2
anomaly (preediction with 2σ interval is shown on
the Fig. 5). At higher masses, the sensitivity of our
search is compatible with, albeit somewhat lower
than the combined KLOE-2 analysis of φ decays.
Our data probe, however, the U -boson coupling in η
decays and add hence complementary information.
At masses above the η mass, the inclusive dilepton
spectrum is fed by ∆ (and to some extent heavier
baryon resonance) decays which offer only small
sensistivity, partly due to the small electromagnetic
branching ratio (BRNγ ≃ 10−3 − 10−2) and partly
due to the decreasing BRU→ee at high MU .

5. UL on the rare decay η → e+e−

The direct decay of the η meson into a lepton
pair (e+e− or µ+µ−) can only proceed through a
2-photon intermediate state. The e+e− decay is fur-
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Figure 5: Constraints on the hidden-sector fine-structure constant �� as a function of the A�

mass MA0 , figure reprinted with permission from Ref. [207]. Shaded regions show the limits
at 90% CL which emerge from the beam dump experiments E137, E141, E774, from KLOE
and BaBar, and from the test run results reported by APEX (JLAB) and A1 (MAMI). The
limits from the muon and electron anomalous magnetic moments, aµ and ae, are shown as
well. The shaded band labelled “aµ favored” shows the regio in which the A� can resolve the
observed discrepancy in g�2 of the muon at 90% CL [195]. The improved thtical computation
of ae [208] sharpens the interpretaton of its measurement [209, 210] and removes some of the
“aµ favored” region, see Ref. [211] for an illustration. Projected sensitivities of the APEX,
DarkLight, HPS, and VEPP3 experiments are shown as well. We refer to Ref. [207] for all
details.

Majorana CP phases. Of course we are also ignorant of the actual vacuum neutrino mass eigenvalues
and the way these are ordered, i.e., the neutrino mass hierarchy.

However, even absent this missing information there are two overwhelming standout features of the
experimental results: the neutrinos have rest masses; and these are very small compared to the rest
masses of the other elementary particles in their respective families. Once an active neutrino has a
nonzero mass it could flip its spin from left- to right-handed. Right-handed Dirac neutrinos and left-
handed Dirac antineutrinos do not interact via the weak force. These particles really would be sterile.
However, models can be made where these particles mix in vacuum with ordinary active neutrinos which
can be either Majorana or Dirac in character. The designation “sterile,” was inspired by how a massless
Dirac right-handed neutrino or left-handed antineutrino would behave. But by sterile neutrino here we
shall mean any chargeless spin-1/2 fermion which has su�ciently sub-weak interaction coupling that it
is not ruled out by the Z0 width limits, e.g., from LEP.
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Summary	
  

CLAS	
  Collabora^on	
  collected	
  huge	
  amount	
  of	
  sta^s^cs	
  in	
  	
  
photoproduc^on	
  and	
  decay	
  of	
  light	
  mesons	
  including:	
  

-­‐Dalitz	
  Decays	
  	
  	
  
-­‐Radia^ve	
  Decays	
  
-­‐Hadronic	
  decays	
  

-­‐This	
  will	
  allow	
  to	
  measure	
  Transi^on	
  Form	
  Factors	
  	
  
of	
  light	
  mesons	
  
-­‐Make	
  Experimental	
  test	
  of	
  Box	
  Anomaly	
  Term	
  
-­‐Measure	
  Quark	
  Mass	
  Ra^o	
  
-­‐Test	
  fundamental	
  	
  C	
  and	
  CP	
  symmetries	
  
-­‐Search	
  for	
  Dark	
  Photon	
  
-­‐Search	
  for	
  invisible	
  decays	
  

Some	
  of	
  these	
  results	
  will	
  be	
  released	
  very	
  soon	
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