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We have searched for a light vector boson U , the possible carrier of a “dark force”, with the KLOE detector 
at the DA�NE e+e− collider, motivated by astrophysical evidence for the presence of dark matter in the 
Universe. Using e+e− collisions collected with an integrated luminosity of 239.3 pb−1, we look for a 
dimuon mass peak in the reaction e+e− → μ+μ−γ , corresponding to the decay U → μ+μ−. We find 
no evidence for a U vector boson signal. We set a 90% CL upper limit for the mixing parameter squared 
between the photon and the U boson of 1.6 × 10−5 to 8.6 × 10−7 for the mass region 520 < mU <

980 MeV.
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1. Introduction

Gravitational anomalies observed in large astronomical bodies 
are experimentally well established and are often interpreted as 
an excess in mass over the visible matter by more than a factor of 
five. Dark matter (DM) is at present detected only by these grav-
itational effects and in the cosmic microwave background and its 
nature remains as yet unknown. It is also well established that 
baryons can only contribute minutely to DM [1]. There are several 
well motivated models in which DM consists of new particles be-
longing to a secluded gauge sector under which the SM particles 
are uncharged [2–6]. In the minimal setup, the new interaction is 
mediated by a new gauge vector boson, the U boson,2 which can 
kinetically mix with the ordinary photon through high-order di-
agrams, providing therefore a small coupling between the U and 
SM particles [2–6]. This mechanism can be parametrized by a sin-
gle mixing parameter, ε , equal to the ratio of dark and standard 
model electromagnetic couplings [2]. Recently, the existence of a 
U boson of mass O(1 GeV) and ε in the range 10−2–10−7, has 
been advocated to explain several puzzling effects observed in as-
trophysics experiments, which fail standard astrophysical interpre-
tations [7–19].

High luminosity e+e− colliders are ideal tools for the search of 
the U boson [20–23] because they provide a clean environment 
and good understanding of background. A particularly clean chan-
nel is the reaction e+e− → Uγ followed by the decay U → �+�− , 
where � = e, μ. Production of U boson would result in a peak 
in the dilepton invariant mass spectrum. Currently, the Uγ pro-
duction process allows one to reach a sensitivity of the mixing 
parameter ε in the range 10−3–10−2, for U -boson masses, MU, up 
to a few GeV [3–6,23].

The search for a U -boson signal described in the following em-
ploys data collected in 2002 with the KLOE detector at DA�NE, 
running at the φ-meson peak, with an integrated luminosity of 
239.3 pb−1. We limit our search to the muon channel, searching 
for a peak in the dimuon mass spectrum. The process e+e− →
μ+μ−γ receives a very large contribution from the reaction 
e+e− → μ+μ− with additional photon emission by electrons or 
muons, usually called initial and final state radiation or ISR and 
FSR. Kinematical and geometrical cuts strongly suppress the FSR 
contribution. The ISR contribution can be written as

dσμμγ

dMμμ
= σ

(
e+e− → μ+μ−, Mμμ

) · H, (1)

where dσμμγ /dMμμ is the differential cross section for e+e− →
μ+μ−γ as a function of the dimuon invariant mass Mμμ , and H
is the radiator function. H has been obtained from QED includ-
ing NLO corrections [24–28]. Comparison with the measured cross 
section allows the extraction of a limit for ε .
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2. The KLOE detector

The KLOE detector operates at DA�NE, the Frascati φ-factory. 
DA�NE is an e+e− collider usually operated at a center of mass 
energy, W ∼ mφ ∼ 1.019 GeV. Positron and electron beams col-
lide at an angle of π − 25 mrad, producing φ mesons nearly at 
rest. The KLOE detector consists of a large cylindrical drift chamber 
(DC) [29], surrounded by a lead scintillating-fiber electromagnetic 
calorimeter (EMC) [30]. A superconducting coil around the EMC 
provides a 0.52 T magnetic field along the bisector of the colliding 
beams. The bisector is taken as the z axis of our coordinate sys-
tem. The x axis is horizontal, pointing to the center of the collider 
rings and the y axis is vertical, directed upwards.

The EMC barrel and end-caps cover 98% of the solid angle. 
Calorimeter modules are read out at both ends by 4880 photomul-
tipliers. Energy and time resolutions are σE/E = 0.057/

√
E(GeV)

and σt = 57 ps/
√

E(GeV) ⊕ 100 ps, respectively. The drift chamber 
has only stereo sense wires and is 4 m in diameter, 3.3 m long. It 
is built out of carbon-fibers and operates with a low-Z gas mixture 
(helium with 10% isobutane). Spatial resolutions are σxy ∼ 150 μm
and σz ∼ 2 mm. The momentum resolution for large angle tracks is 
σ(p⊥)/p⊥ ∼ 0.4%. The trigger uses both EMC and DC information. 
Events used in this analysis are triggered by at least two energy 
deposits larger than 50 MeV in two sectors of the barrel calorime-
ter [31].

3. Event selection

A μμγ candidate must have two tracks of opposite charge, 
with the point of closest approach to the z axis within a cylinder 
of radius 8 cm and length 15 cm centered at the interaction point. 
We require two tracks to be emitted at large polar angle, 50◦ <

θ < 130◦ , and an undetected photon whose momentum, computed 
from the two track values according to the μμγ kinematics, points 
at small angle (θ < 15◦, > 165◦) [32]. These requirements limit 
the range of Mμμ to be larger than 500 MeV. This separation be-
tween the tracks and photon-emission regions greatly reduces the 
contamination from the resonant process e+e− → φ → π+π−π0, 
where charged pions are misidentified as muons and the π0 mim-
ics the missing momentum of the photon(s), and from the FSR 
processes e+e− → π+π−γFSR and e+e− → μ+μ−γFSR. ISR pho-
tons are strongly peaked along the beam line. The above re-
quirements are also satisfied by e+e− → e+e−γ radiative Bhabha 
events. A particle identification estimator (Li ), based on a pseudo-
likelihood function using time-of-flight and calorimeter informa-
tion (size and shape of the energy deposit) is used to obtain addi-
tional separation between electrons and pions or muons [33,34].

Events with both tracks satisfying Li < 0 are rejected as e+e−γ . 
The signal loss due to this requirement is less than 0.05%, as evalu-
ated using μ+μ− samples obtained from both measured data and 
from Monte Carlo (MC) simulation. Pions and muons are identified 
by means of the variable Mtrk which is the mass of particles x+ , 
x− in the e+e− → x+x−γ process. We assume the presence of an 
unobserved photon and that the tracks belong to particles of the 
same mass and momentum equal to the observed value. The Mtrk
ranges 80–115 and > 130 MeV identify muons and pions.

The accuracy of the Mtrk determination depends on the qual-
ity of the fitted tracks in the DC. A variable σMtrk , which repre-
sents the uncertainty on Mtrk determination, can be constructed. 
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Fig. 1. Data scatter plot in the Mμμ , σMtrk plane. Events above the solid line are 
rejected.

By selecting events with a small σMtrk , we were able to cre-
ate narrower pion and muon peaks in the Mtrk distribution thus 
improving the π/μ separation. The σMtrk distribution is corre-
lated with Mμμ , therefore we apply an Mμμ-dependent Mtrk-cut 
(whose efficiency varies between 70 and 80% as function of Mμμ). 
Fig. 1 shows the cut in the Mμμ , σMtrk plane. The σMtrk distribution 
for the slice 0.8 < Mμμ < 0.82 GeV is shown in Fig. 2 (left). Fig. 2
(right) shows the effect of this cut on the Mtrk distribution, in the 
same Mμμ slice. There is a clear reduction of the left tail of the 
Mtrk distribution for ππγ , resulting in a suppression of the ππγ
background in the μμγ region, depending at the percent level on 
the Mμμ interval. Fig. 2 also shows a good agreement between 
data and Monte Carlo simulation in both σMtrk and Mtrk variables.

After all the analysis cuts, residual backgrounds consisting of 
e+e− → e+e−γ , e+e− → π+π−γ and e+e− → φ → π+π−π0

are still present. The residual background is obtained by fitting 
the observed Mtrk spectrum with a superposition of MC simu-
lated distributions describing signal plus π+π−γ , π+π−π0 back-
grounds, and a distribution obtained from data for the e+e−γ [32]. 
Additional background from e+e− → e+e−μ+μ− and e+e− →
e+e−π+π− has been evaluated. The e+e− → e+e−π+π− con-
tribution is negligible while e+e− → e+e−μ+μ− is at the per-
cent level below 0.54 GeV and decreases with Mμμ . Fig. 3 shows 
the fractions of the background processes, FBG, contributing non-
negligibly (only statistical errors are shown), as a function of Mμμ

after all selection criteria are applied. It’s worth noting that no 
peaking component is seen in the background.
Fig. 3. Fractional backgrounds to the μμγ signal from the π+π−γ , π+π−π0, 
e+e−γ , and e+e−μ+μ− channels after all selection criteria, see insert for symbols.

At the end of μμγ selection criteria, the Mμμ spectrum 
consists of about 5.35 × 105 events. By correcting it for mea-
surement/simulation difference in tracking and trigger efficiencies 
(ranging from 0.2 to 1% as function of Mμμ), subtracting the 
backgrounds and dividing by the efficiency and integrated lumi-
nosity [27], we obtain the differential cross section dσμμγ /dMμμ . 
Fig. 4 (left) shows the measured μμγ cross section compared with 
the NLO QED calculations, using the MC code PHOKHARA [27]. 
Fig. 4 (right) shows the ratio between the two differential cross 
sections fitted with a constant function. The agreement between 
measurement and the PHOKHARA simulation of the cross section 
is excellent.

3.1. Systematic errors and efficiencies

Several sources of systematic uncertainty contributing to the 
μ+μ−γ event yield estimate have been evaluated.

Background subtraction: the systematic uncertainty is due to 
the background fit normalization parameters and the uncertainty 
on the e+e−μ+μ− residual background. The total fractional sys-
tematic uncertainty, obtained by adding in quadrature the two 
contributions, ranges from 0.1 to 0.5%, decreasing with Mμμ .

M trk cut: the Mtrk selection region for μ+μ−γ is 80 < Mtrk <

115 MeV. We varied the region boundaries by 5 MeV, and com-
puted the ratio of the measured cross sections in the new region 
and in the region of standard cuts. The systematic uncertainty 
(constant in Mμμ) is 0.4%.
Fig. 2. Left: Distribution of σMtrk for one Mμμ slice for data, π+π−γ , μ+μ−γ and the sum of π+π−γ and μ+μ−γ . The σMtrk cut is also shown. Right: Effect of the σMtrk

cut on Mtrk distributions for the same slice of Mμμ for the π+π−γ and μ+μ−γ , Mtrk distributions without σMtrk cut. The corresponding thin lines show the effect of the 
σMtrk cut. All symbols are defined in the figures inserts.
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Fig. 4. Left: Comparison of data (full circles) and simulation (open circles) for μ+μ−γ cross section. Right: Ratio of the two spectra fitted with a constant function.

Fig. 5. Left: Global analysis efficiency. Right: Total fractional systematic uncertainty on the expected μμγ yield (solid line), the contribution due to the σMtrk cut only is 
shown by the dash-dotted line.
σ Mtrk cut: the systematic uncertainty has been evaluated as the 
maximum difference between the μμγ normalization parameters 
of the background fitting procedure, obtained with standard cuts, 
and those obtained by shifting σMtrk by ±5%. The systematic con-
tribution reaches the percent level (up to a maximum of 1.2%) at 
low Mμμ and decreases below 1% for Mμμ > 0.76 GeV.

Acceptance: we estimate the uncertainty resulting from the an-
gular acceptance cut for muons and photon to range from 0.1 up 
to 0.6%, by varying the limits by 1◦ .

Tracking: the single muon tracking efficiency, as function of the 
particle momentum and polar angle is obtained by a high purity 
μ+μ−γ sample using one muon to tag the presence of the other. 
The combined efficiency is about 99%, almost constant in Mμμ . The 
systematic uncertainty on tracking efficiency is evaluated changing 
the purity of the control sample and ranges from 0.3 to 0.6% as a 
function of Mμμ .

Trigger: the trigger efficiency has been obtained from a sample 
of μ+μ−γ events where a single muon satisfies the trigger re-
quirement. Trigger response for the other muon is parameterized 
as a function of its momentum and direction. The efficiency as a 
function of Mμμ is obtained using the MC event distribution and 
differs from one by less than 10−3 for Mμμ < 0.6 GeV and less 
than 10−4 for Mμμ > 0.6 GeV.

Radiator function: we take as systematic uncertainty on H the 
value of 0.5%, as quoted in Refs. [24–27].

Luminosity: we calculated the luminosity using large-angle 
Bhabha scattering events [27], and evaluated the related system-
atic uncertainty to be 0.3%.

The dependence of the reconstruction efficiency, εeff , on Mμμ

is shown in Fig. 5 (left). In Fig. 5 (right) we show the dependence 
of the total systematic uncertainty on the μ+μ−γ yield.
The largest contribution to total systematic error comes from 
the uncertainty on σMtrk cut, as shown by the dash dotted line in 
the figure.

4. Upper limit on U -boson coupling

U -boson decays into μ+μ− would appear as a peak over 
the smooth μ+μ−γ QED contribution. We extract the limit 
on the number of U -boson candidates by using the CLS tech-
nique [35–37]. As data input for the limit extraction procedure, 
we use the observed invariant mass distribution. As background in-
put, we used the μ+μ−γ events simulated with PHOKHARA with 
the addition of the background sources reviewed in Section 3. The 
U -boson signal is generated, for each MU value, through a toy 
MC with a gaussian shape. The signal width takes into account 
the resolution in Mμμ which varies from 1.5 MeV to 1.8 MeV, as 
Mμμ increases. The mass resolution has been checked by com-
paring momenta, track mass, and the error of the track mass 
distributions of data and MC simulation. The related uncertainty 
on the U -boson mass shape is negligible due to the bin width 
(2 MeV).

Fig. 6 shows the upper limit on the number of signal events 
(NCLS) at 90% confidence level (CL), computed in steps of 2 MeV. 
A total systematic uncertainty between 1.4 and 1.8%, as shown in 
Fig. 5, has been applied to the background. We find no evidence for 
a signal and we therefore set an upper limit on the kinetic mixing 
parameter ε2 at 90% CL. We extract the limit on the kinetic mixing 
parameter according to

ε2 = NCLS/(εeff · L)
, (2)
H · I
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Fig. 6. Upper limit on the number of signal events at the 90% CL as function of the 
U -boson mass MU.

Fig. 7. 90% CL exclusion plot for ε2 as a function of the U -boson mass (blue). The 
limits from the A1 [38,39] (dashed double dotted) and Apex [40] (green) fixed-
target experiments, the KLOE limit from φ → e+e−γ [43] (cyan), the WASA [41]
(magenta) and HADES [45] limits (dashed line) are also shown. The dash-dotted 
line is an estimate using BaBar data [22,44]. The solid lines are the limits from the 
muon and electron anomaly [46], respectively. The gray line shows the U -boson 
parameters that could explain the observed aμ discrepancy with a 2σ error band 
(gray-dashed lines) [46]. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

where εeff represents the overall efficiency, L is the integrated lu-
minosity, H is the radiator function and I is the effective cross 
section [4] for e+e− → U → μ+μ− integrated on a single mass 
bin with ε = 1. The U → μ+μ− branching fraction uncertainty 
ranges from 0.5% at 500 MeV to 2% at the ρ − ω peak and 
has been included in the UL extraction on ε2. In the present 
analysis we assume that the U boson decays into SM particles 
only.

The resulting exclusion plot on the kinetic mixing parameter ε2, 
in the 520–980 MeV mass range, is shown in Fig. 7. The sensitiv-
ity loss due to the ρ meson around 770 MeV is visible. In the 
same plot, other limits in the mass range below 1 GeV are also 
shown [22,38–44]. The solid black lines are the limits from the 
muon and electron g − 2 [46]. The gray line shows the U -boson 
parameters that could explain the observed aμ discrepancy with 
a 2σ error band (gray-dashed lines) [46]. Our 90% CL limit is 
between 1.6 × 10−5 and 8.6 × 10−7 in the 520–980 MeV mass 
range.
5. Conclusions

We have searched for a light, dark vector boson in the e+e− →
μ+μ−γ channel in a sample of 5.35 × 105 events recorded 
with the KLOE detector for a total integrated luminosity of 
239.3 pb−1. We find no evidence for a U boson in the mass range 
520–980 MeV. We set an upper limit at 90% CL on the kinetic mix-
ing parameter ε2 between 1.6 × 10−5 and 8.6 × 10−7. The limit is 
derived through a study of the μ+μ−γ ISR process and signifi-
cantly improves the current limit on ε in this mass range.
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[27] H. Czyż, A. Grzelinska, J.H. Kühn, G. Rodrigo, Eur. Phys. J. C 39 (2005) 411.
[28] S. Actis, et al., Working Group on Radiative Corrections and Monte Carlo Gen-

erators for Low Energies Collaboration, Eur. Phys. J. C 66 (2010) 585.
[29] M. Adinolfi, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 488 (2002) 51.

http://refhub.elsevier.com/S0370-2693(14)00572-3/bib504447s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib504447s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib486F6C646F6Ds1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib555F746831s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4661796574s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib555F746832s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib555F746836s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib555F746833s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib555F746834s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib555F746835s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib50616D656C61s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib414D53s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib496E74656772616Cs1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib41746963s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib48657373s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4665726D69s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib44616D612F4C69627261s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib43444D53s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib43444D53s2
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib434F47454E54s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib434F47454E54s2
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib435245535354s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib435245535354s2
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4573736967s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib426174656C6Cs1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib5265656365s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib62616261796167615F61727469636C65s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib48s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib485F31s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib485F32s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib50484F4B48415241s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib485F33s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib485F33s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F455F4443s1


464 KLOE-2 Collaboration / Physics Letters B 736 (2014) 459–464
[30] M. Adinolfi, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 482 (2002) 364.
[31] M. Adinolfi, et al., Nucl. Instrum. Methods Phys. Res., Sect. A 492 (2002) 134.
[32] D. Babusci, et al., KLOE–KLOE2 Collaboration, Phys. Lett. B 720 (2013) 336.
[33] F. Ambrosino, et al., KLOE Collaboration, Phys. Lett. B 670 (2009) 285.
[34] F. Ambrosino, et al., KLOE Collaboration, Phys. Lett. B 700 (2011) 102.
[35] G.C. Feldman, R.D. Cousins, Phys. Rev. D 57 (1998) 3873.
[36] T. Junk, Nucl. Instrum. Methods Phys. Res., Sect. A 434 (1999) 435.
[37] A.L. Read, J. Phys. G, Nucl. Part. Phys. 28 (2002) 2693.
[38] H. Merkel, et al., Phys. Rev. Lett. 106 (2011) 251802.
[39] H. Merkel, et al., Phys. Rev. Lett. 112 (2014) 221802.
[40] S. Abrahamyan, et al., Phys. Rev. Lett. 107 (2011) 191804.
[41] P. Adlarson, et al., WASA-at-COSY Collaboration, Phys. Lett. B 726 (2013) 187.
[42] F. Archilli, et al., Phys. Lett. B 706 (2012) 251.
[43] D. Babusci, et al., KLOE–KLOE2 Collaboration, Phys. Lett. B 720 (2013) 111.
[44] B. Aubert, et al., BaBar Collaboration, Phys. Rev. Lett. 103 (2009) 081803;

J.D. Bjorken, R. Essig, P. Schuster, N. Toro, Phys. Rev. D 80 (2009) 075018.
[45] G. Agakishiev, et al., HADES Collaboration, Phys. Lett. B 731 (2014) 265.
[46] M. Pospelov, Phys. Rev. D 80 (2009) 095002.

http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F455F454D43s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F455F74726967s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F455F70695F4646s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F4531s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F4532s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib434C535F546563686E69717565s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4A756E6Bs1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib526561645F636C73s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4D616D69s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4D616D6931s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib41706578s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib57415341s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F455F554C31s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4B4C4F455F554C32s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4261426172s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4261426172s2
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib4841444553s1
http://refhub.elsevier.com/S0370-2693(14)00572-3/bib615F6D75s1

	Search for light vector boson production in e+e- ->μ+ μ- γ interactions with the KLOE experiment
	1 Introduction
	2 The KLOE detector
	3 Event selection
	3.1 Systematic errors and efﬁciencies

	4 Upper limit on U-boson coupling
	5 Conclusions
	Acknowledgements
	References


