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Abstract. The Standard Model (SM) represents our best description of the subatomic world
and it has been very successful in explaining how elementary particles interact under the
influence of the fundamental forces. Despite its far reaching success in describing the building
blocks of matter, the SM is still incomplete; falling short to explain dark matter, baryogenesis,
neutrino masses and much more. The E36 experiment conducted at J-PARC in Japan, allows
for sensitivity to search for light U(1) gauge bosons, in the muonic K+ decay channel. Such U(1)
bosons could be associated with dark matter or explain established muon-related anomalies such
as the muon gµ − 2 value, and the proton radius puzzle. A scintillating fiber target was used
to stop a beam of positively charged K mesons. The K+ products were detected with a large-
acceptance toroidal spectrometer capable of tracking charged particles with high resolution,
combined with a large solid angle CsI(TI) photon detector and particle ID systems. A realistic
simulation was employed to search for these rare decays in the mass range of 20−100 MeV/c2.
Preliminary results of the upper limits for the A′ branching ratio Br(A′) extracted at 95% CL,
will be discussed.

1. Introduction
The primary goal of the TREK/E36 experiment was to provide a high precision electroweak
measurement in order to test lepton universality, which is expressed as an identical coupling
constant of the charged lepton family (e, µ, and τ). Lepton universality is a staple of the Standard
Model (SM) and any violation of this would be clear evidence of New Physics (NP) beyond the
SM. E36 was designed to measure the ratio of the two-body decay widths RK = Ke2/Kµ2 with
high precision. In the SM, the value of RK is very precise because to a first approximation the
strong interaction dynamics cancel, leaving behind the expression 1 [1, 2]

RSM
K =

Γ(K+ → e+νe)

Γ(K+ → µ+νµ)

=
m2

e

m2
µ

(
m2

K −m2
e

m2
K −m2

µ

)2

(1 + δr)

= (2.477± 0.001)× 10−5 (1)

where mK , me and mµ are the masses of the K+, e+ and µ+, respectively, and δr represents
radiative corrections corresponding to IB. Detailed calculations have been carried out in [3].
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This makes the SM value of RSM
K = 2.477 × 10−5 very accurate and enhanced sensitivity

through helicity suppression makes it possible to search for NP effects by conducting a precise
measurement of RK [1].

Additionally, the TREK/E36 experiment is sensitive to searches for light neutral particles
in the exotic kaon decay modes of K+ → µ+νµA

′ and/or K+ → π+A′, followed by a prompt
decay of the A′ → e+e−. The former decay mode is of interest. This A′, often dubbed a dark
photon, could also be considered as a light neutral U(1) boson, and might be a hidden force
carrier of the dark sector associated with dark matter [4]. An A′ that is weakly coupled to the
SM and is sufficiently light could decay into observable electron-positron pairs, which can be
used to reconstruct its invariant mass. Furthermore, the A′ could help resolve, simultaneously,
the proton radius puzzle and anomalous magnetic moment of the muon gµ − 2 [5–8]. Such
hypothetic particles can also be conceived without violating existing constraints if they are fine-
tuned and non-universally coupled [6–11]. In this case there would be a pronounced signal over
the calculable SM leptonic radiative mode K+ → µ+νµe

+e− [7,8]. Figure 1 shows the Feynman
diagram of muonic kaon decay involving an A′ K+ → µ+νµA

′ followed promptly by A′ → e+e−.
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The possibility to explain anomalies in astrophysics and
particle physics [1–3] by extending the Standard Model of
particle physics (SM) by an additional Uð1ÞD gauge group
manifesting itself in a massive gauge boson A0 (‘‘dark
photon’’) in the MeV to GeV mass range [4–6] motivated
a strong activity in theoretical as well as in experimental
physics [7–16]. In a recent work [15], where new physics
scenarios were explored as a possible explanation of the
proton charge radius problem, the constraints from rare
kaon decays were examined. In the present work, we will
use these rare kaon decays to find constraints on the A0
parameters. The A0 couples to the electromagnetic current
via kinetic mixing giving rise to a QED-like vertex term

i"e��;

where " is the kinetic mixing parameter describing
the coupling strength to the electromagnetic current by
"2 ¼ �0

D=�QED with �QED � e2=4� [9].

In the following we will study the process Kþ !
�þ��A

0 as a possible signal from the dark sector (see

Feynman diagram in Fig. 1) within the mentioned frame-
work of kinetic mixing (model I) as well as in a model
where the A0 couples only to the muon assuming an explicit
breaking of gauge invariance applied in Ref. [14] (model
II). In the pioneering experiment [17] of the decay Kþ !
�þþ neutrals, only the charged muon is detected, exclud-
ing further charged particles or photons in the final state.
Therefore this process cannot be distinguished from the
Kþ ! �þ���l ��l decay (Feynman diagrams in Fig. 2),

making it crucial to obtain a precise understanding of the
background. This analysis will allow us to compute bounds
on the effective A0 coupling strength " as a function of its
mass parameter mA0 .

In calculating the decays of Figs. 1 and 2 wewill use that
the largest external momentum scale of the considered
processes, the kaon mass mK, is far below the weak
gauge boson masses mW and mZ allowing us to approxi-
mate the weak interaction processes by point processes,

respectively. Furthermore we parametrize the hadronic
weak Kþ decay current by h0j �vs��ð1� �5ÞuujKþðkÞi ¼
fKk�, where fK is the kaon decay constant.
Since the Kþ is assumed to decay in rest the analysis

will be performed in the Kþ rest frame where the kaon

four-vector is given as k ¼ ðmK; ~0Þ. Furthermore we use

the momentum four-vectors l ¼ ðE�; 0; 0; j~ljÞ for the

muon, q ¼ ðE�; E� sin��; 0; E� cos��Þ for the neutrino,
and q0 ¼ k� l� q for the A0, where we choose the z
axis along the muon 3-momentum. All other 3-momenta
and all angles associated with other particles are not
observable and therefore these decays have isotropic
muon angular distributions.
The A0 production amplitude derived from Fig. 1(a) is

given by

MA0;a ¼ GFfK"e sin�cffiffiffi
2

p ððk� qÞ2 �m2
�Þ

"��ðq0Þ

� ½ �uðqÞð1þ �5Þð�ðk� qÞ2 þm�� � kÞ��vðlÞ�;
(1)

FIG. 1. Feynman diagram for the process Kþ ! �þ��A
0.

PHYSICAL REVIEW D 87, 015024 (2013)

1550-7998=2013=87(1)=015024(5) 015024-1 � 2013 American Physical Society

Constraints on the dark photon parameter space from leptonic rare kaon decays

T. Beranek and M. Vanderhaeghen

Institut für Kernphysik, Johannes Gutenberg-Universität, D-55099 Mainz, Germany
(Received 15 November 2012; published 24 January 2013)

With anomalies found in cosmic ray observations and unsolved questions of the Standard Model of

particle physics like the discrepancy in the muon’s anomalous magnetic moment, the idea of an Uð1Þ
extension of the Standard Model arose. This extension allows for the interaction of dark matter by

exchange of a photonlike massive force carrier A0 not included in the Standard Model. We discuss the

possibility to constrain the dark photon parameter space by using data taken from rare kaon decays.

Therefore we analyze the decay K ! ��A0 as a signal process and calculate the expected Standard Model

background. Using these results we calculate new limits on the A0 parameter space, providing motivations

for new rare kaon decay experiments to extend the existing A0 bounds.

DOI: 10.1103/PhysRevD.87.015024 PACS numbers: 14.70.Pw, 12.60.Cn, 13.20.Eb

The possibility to explain anomalies in astrophysics and
particle physics [1–3] by extending the Standard Model of
particle physics (SM) by an additional Uð1ÞD gauge group
manifesting itself in a massive gauge boson A0 (‘‘dark
photon’’) in the MeV to GeV mass range [4–6] motivated
a strong activity in theoretical as well as in experimental
physics [7–16]. In a recent work [15], where new physics
scenarios were explored as a possible explanation of the
proton charge radius problem, the constraints from rare
kaon decays were examined. In the present work, we will
use these rare kaon decays to find constraints on the A0
parameters. The A0 couples to the electromagnetic current
via kinetic mixing giving rise to a QED-like vertex term

i"e��;

where " is the kinetic mixing parameter describing
the coupling strength to the electromagnetic current by
"2 ¼ �0

D=�QED with �QED � e2=4� [9].

In the following we will study the process Kþ !
�þ��A

0 as a possible signal from the dark sector (see

Feynman diagram in Fig. 1) within the mentioned frame-
work of kinetic mixing (model I) as well as in a model
where the A0 couples only to the muon assuming an explicit
breaking of gauge invariance applied in Ref. [14] (model
II). In the pioneering experiment [17] of the decay Kþ !
�þþ neutrals, only the charged muon is detected, exclud-
ing further charged particles or photons in the final state.
Therefore this process cannot be distinguished from the
Kþ ! �þ���l ��l decay (Feynman diagrams in Fig. 2),

making it crucial to obtain a precise understanding of the
background. This analysis will allow us to compute bounds
on the effective A0 coupling strength " as a function of its
mass parameter mA0 .

In calculating the decays of Figs. 1 and 2 wewill use that
the largest external momentum scale of the considered
processes, the kaon mass mK, is far below the weak
gauge boson masses mW and mZ allowing us to approxi-
mate the weak interaction processes by point processes,

respectively. Furthermore we parametrize the hadronic
weak Kþ decay current by h0j �vs��ð1� �5ÞuujKþðkÞi ¼
fKk�, where fK is the kaon decay constant.
Since the Kþ is assumed to decay in rest the analysis

will be performed in the Kþ rest frame where the kaon

four-vector is given as k ¼ ðmK; ~0Þ. Furthermore we use

the momentum four-vectors l ¼ ðE�; 0; 0; j~ljÞ for the

muon, q ¼ ðE�; E� sin��; 0; E� cos��Þ for the neutrino,
and q0 ¼ k� l� q for the A0, where we choose the z
axis along the muon 3-momentum. All other 3-momenta
and all angles associated with other particles are not
observable and therefore these decays have isotropic
muon angular distributions.
The A0 production amplitude derived from Fig. 1(a) is

given by

MA0;a ¼ GFfK"e sin�cffiffiffi
2

p ððk� qÞ2 �m2
�Þ

"��ðq0Þ

� ½ �uðqÞð1þ �5Þð�ðk� qÞ2 þm�� � kÞ��vðlÞ�;
(1)

FIG. 1. Feynman diagram for the process Kþ ! �þ��A
0.

PHYSICAL REVIEW D 87, 015024 (2013)

1550-7998=2013=87(1)=015024(5) 015024-1 � 2013 American Physical Society

Figure 1: A′ production amplitude. Feynman diagrams showing the channel of interest
K+ → µ+νµA

′ [12].

Carlson and Rislow have calculated the branching ratio Br(K+ → µ+νµA
′) to be of order

10−5 for polar and axial vector couplings. Their prediction of the aforementioned branching
ratio as a function of mee indicates that a strong signal peak over the SM background would be
observed experimentally in the invariant mass of the e+e− par, mee, as shown in Figure 2 [8] for
an assumed mass mA′ = 30 MeV/c2.

the detector and is small enough that the decay width is
narrower than the experimental resolution, the size of the
bump that may be seen in the eþe− spectrum is independent
of its value. The allowed range of couplings is rather wide.
To account for this particle’s contribution to the ampli-

tude Kþ → μþ þ νμ þ eþ þ e−, the photon’s propagator
and charged fermion couplings are modified to

−i
q2

→
−i

q2 −m2
A0 þ imA0Γ

; (12)

−ieγμ → −iγμεðCVðmA0 Þ þ CAðmA0 Þγ5Þ; (13)

where CVðmA0 Þ and CAðmA0 Þ are the polar and axial vector
couplings to muons calculated in [9]. The CV;A are chosen,
as described in [9], so that the muonic Lamb shift is lowered
by the correct amount, and so that the ðg − 2Þμ discrepancy
is at its known value. The values depend on the mass mA0.
The parameter ε ¼ 1 for the muon and is the square root of
Eq. (11) for the electron.We assume the electron’s value of ϵ
can also be applied to the kaon. See Fig. 4 for the prediction
of a 30 MeV particle. As mentioned in Sec. II, Hρν is very
small andwe only consider the IB contributions. The peak is
so large that omittingHρν will not affect the conclusion that
this new particle will be detectable at JPARC. The overall

K → μνA0 → μνeþe− branching ratio is a few times 10−5
for polar/axial vector A0 and this mass.
The new particle may instead have scalar and pseudo-

scalar couplings to the muon and proton, and we also model

bin width 1 MeV
mass 10 MeV

0.0015
gR 0.01
N 103

7 8 9 10 11 12 13
0.000

0.001

0.002

0.003

0.004

mee MeV

m
ee2

to
t

K

d
K

ee

dm
ee

M
eV

bin width 1 MeV

mass 50 MeV

0.0075

gR 0.05

N 103

47 48 49 50 51 52 53
0.00

0.02

0.04

0.06

0.08

0.10

mee MeV

m
ee2

to
t

K

d
K

ee

dm
ee

M
eV

bin width 1 MeV
mass 100 MeV

0.02
gR 0.07
N 103

97 98 99 100 101 102 103
0.00

0.05

0.10

0.15

mee MeV

m
ee2

to
t

K

d
K

ee

dm
ee

M
eV

FIG. 3 (color online). QED prediction for Kþ → μþ þ νμ þ eþ þ e− (red dashed curve) and the prediction with the additional lepton-
universality violating particle of Batell et al. (black curve). Simulated data points with error bars accounting for the statistical
uncertainty, anticipating N ¼ 1000 events per bin, are smaller than the width of the red line; κ and gR are couplings in the Batell et al.
model [8].
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FIG. 4 (color online). QED prediction for Kþ → μþ þ νμ þ
eþ þ e− (red dashed curve) and the prediction with the additional
30 MeV lepton-universality violating polar/axial vector particle
of our model [9] (black curve). Simulated data points with error
bars accounting for the statistical uncertainty are smaller than the
width of the red line. The couplings to the new exchanged particle
are chosen to fit the muonic Lamb shift and δðg − 2Þμ; for this
mass, CV ¼ 4.6 × 10−3 and CA ¼ 6 × 10−4 are the geometric
means of the proton and muon couplings [with the electron
coupling limited by the square root of Eq. (11)].

CARL E. CARLSON AND BENJAMIN C. RISLOW PHYSICAL REVIEW D 89, 035003 (2014)

035003-4

Figure 2: Strong signal to background prediction of the differential branching ratio as a function
of mee. The QED background prediction for K+ → µ+νµe

+e− (red dashed curve) and the
prediction with a 30 MeV/c2 lepton universality violating A′ of the Carlson model [8].

Given the strong signal to background expectation of the Carlson model, the TREK/E36
experiment which is sensitive to light neutral bosons below 300 MeV would be able to test the
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efficacy of the Carlson model. The search would include a charged µ+ that is detected in the
spectrometer gap and two clusters in the CsI barrel from e+e− pairs, from which a peak search
can be conducted in the invariant mass spectrum mee.

2. Light Neutral Boson Search with the TREK/E36 Detector Apparatus
TREK/E36 was conducted at the K1.1BR kaon beamline in the hadron hall facility at J-
PARC using a stopped K+ beam in conjunction with a 12-sector superconducting toroidal
spectrometer [13, 14]. Figure 3 shows the end and side view of the E36 detector apparatus.
Details of the experimental method and detector configuration have been described in Ref. [15].
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FIG. 1. Schematic cross sectional side view (right) and end view (left) of the E36 detector con-

figuration [9], which was originally constructed for the KEK-PS E246/470 experiments [22–28].

The radiative photons from KSD
e2γ(γ) were detected by GSC. Charged particles from the K+ stop-

ping target were momentum-analyzed by reconstructing the particle trajectory using the toroidal

spectrometer system. Particle identification to accept e+s and to reject µ+s was carried out using

aerogel (AC), lead glass counters (PGC), and by measuring the time-of-flight between the TOF1

and TOF2 scintillator counters. The SD events were observed with high-energy photon emission

in the mainly opposite direction to the e+ motion.

dots (black) in Fig. 2 show the p spectrum with the e+ selection condition, and a peak57

structure due to the predominant Ke2(γ) decay is seen at 247 MeV/c.58

The CsI(Tl) calorimeter, an assembly of 768 CsI(Tl) crystals, covered 70% of the total59

solid angle. There were 12 holes for the outgoing charged particles to enter the spectrometer60

and 2 holes for the beam entrance and exit, thus not all of the radiated photons from61

K+ decays can be detected by the calorimeter. However, some photons pass through the62

holes of the CsI(Tl) calorimeter, and a fraction of these escaping photons enter the GSC63

counters, which were located in each sector at the outer radius of the magnet pole, as shown64

in Fig. 1. The GSC were constructed with four layers of Pb and plastic, respectively. The65

size of each layer was 900 mm×196 mm and the thickness was 3.7 mm (10 mm) for Pb66

(plastic) corresponding to 2.7 radiation lengths. The solid angle of each CsI(Tl) hole was67

Figure 3: TREK/E36 apparatus. General end and side views of the detector system.

The incoming K+ was tagged with a Fitch Čerenkov detector [13] in order to distinguish
it from a π+, before being slowed down by a BeO degrader and stopped in the active target
(TGT). Charged K+ decay products were tracked by using the spiral fiber tracker (SFT) [16]
which surrounded the target, and three multi-wire proportional chamber (C2, C3, C4) in each
spectrometer sector. The C2, and C3/C4 were placed at the entrance and exit of the magnet
gaps, respectively. To suppress µ+/e+ mis-identification, redundancy was introduced into the
particle identification detectors which was provided by time of flight detectors (TOF1, TOF2),
aerogel Čerenkov, and lead glass Čerenkov counters (PGC). A highly segmented and large
acceptance CsI(Tl) calorimeter barrel which consisted of 768 crystals and covered about 70% of
4π [17] was used to identify and correct for structure dependent (SD) background events and
also to search for light neutral bosons A′. The A′ search necessitated that a µ+ is tracked in
the gap, whose primary vertex lies within the fiducial volume of the target (good gap event) and
two-clusters in the CsI calorimeter to detect the e+e− pair, along with at least 3 TOF1 counters
that registered a charged particle hit.

3. Analysis and Preliminary Results
The aforementioned A′ signal search required a TOF1 multiplicity of of at least 3, implying that
three charged particles have passed through the TOF1 counters. Specifically the µ+ is tracked
in the magnet gap and the e+e− form clusters in the CsI(Tl) calorimeter, and an invariant
mass mee distribution was reconstructed from the clusters. A Geant4 Monte Carlo was used to
generate and reconstruct A′ mass MA′ , whose reconstructed widths, corresponding to 2σ, were
used as the search window in the mee spectrum, shown in Figure 4 [18].
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Figure 4: MC reconstructed invariant mass mee vs. generated A′ mass. The horizontal bars
represent a 2σ search window for a given A′ mass. [18].

This analysis considered masses in the range of 20-110 MeV/c2, in incremental step-sizes of
5 MeV/c2. Several cut conditions in addition to the TOF1 multiplicity were employed in order
to suppress the reducible background:

i. a momentum endpoint cut as a function of the generated MA′

ii. a correlated angle cut between fired TOF1 counter and corresponding CsI(Tl) cluster
iii. a muon mass squared M2

µ cut for the charged particle in the gap.

A polynomial fit to the resulting invariant mass mee data can be seen in Figure 4 below. The
bottom panel of Figure 5 shows the residual, which is defined as the relative difference between
data and fit, normalized to the data.
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Figure 5: Invariant mass mee distribution with fit to data. The normalized residual is shown in
the bottom plot.

The fit function from Figure 5 and the total number of stopped kaons NK were used to
extract the upper limits. The total number of stopped K+ in the fiducial region of the active
target was computed as follows
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NK =
Nµ2

Br(Kµ2)Aµ2

= 2.81× 109 (2)

where Nµ2 is the number of tracked data candidates satisfying the Kµ2 decay momentum, Aµ2

is the acceptance fraction of the Kµ2 muons evaluated with the MC simulations and Br(Kµ2) is
the nominal branching ratio of the Kµ2 decay mode. Upper limits at 95% CL on the branching
ratio of Br(K+ → µ+νµA

′) for each A′ mass corresponding to a 2σ limit for not observing the A′

was computed for each aforementioned mass and corresponding search window of the invariant
spectrum using the following relation

Br(K+ → µ+νµA
′) <

2
√
Nµνee

NKAA′ · LT . (3)

where Nµνee is the number of candidate events within a given search window after applying all
cuts to suppress the reducible background, AA′ is the fractional acceptance of the signal process
K+ → µ+νµA

′, A′ → ee, and LT is the livetime fraction for candidate events. The upper limit
as a function of the invariant mass mee is shown in Figure 6 (a). With ∼ 20% of the data
analyzed, the upper limit was found to be at O(10−6).
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Figure 6: Upper limit extraction (a) as a function of reconstructed invariant mass mee. Data
(blue) and theory comparisons (b) on particles with scalar and pseudoscalar (squares), and polar
and axial vector (stars) couplings. Particles with both polar and axial vector couplings appear
to be excluded for masses below 80 MeV/c2.

Experimental limits for the Carlson model for new light neutral bosons with polar (scalar) and
axial vector (pseudoscalar) couplings are O(10−6). Whereas Figure 6 (b), shows the comparison
between data and theory prediction of particles with scalar and pseudoscalar (green), and polar
and axial vector (orange) couplings [7]. An A′ particle with both polar and axial vector couplings,
appears to be already excluded for masses below 80 MeV/c2 with only ∼ 20% of the data
analyzed. However, an A′ with scalar and pseudoscalar couplings is not yet excluded. With
further development in reducible background suppression, and more data analysis, we are hoping
to enhance the sensitivity and experimental reach. Presently PID cuts to suppress e/µ/π mis-
identification have not been applied. These cuts would further reduce the reducible background,
and would enhance our sensitivity to particles with scalar and pseudoscalar couplings.
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