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Abstract. The existence of a light dark force mediator has been tested with the KLOE
detector at DA®NE. This particle, the so called dark photon U, has been searched for in three
different processes and four different final states: a) ® — nU, with U — eTe™, n — n7n 7°
and n — 7°7°7% b) ete™ — Uy with U — uTu™; ¢) ete™ — UR' (dark Higgsstrahlung),
U — pt ™, where b’ is a Higgs-like particle responsible for the breaking of the hidden symmetry.

We did not find any evidence of the processes above and set upper limits on the parameters

of the model, for different My (and Mp/) mass ranges, depending on the considered final state.

1. Introduction

In recent years, several unexpected astrophysical observations have failed to find a common
interpretation in terms of standard astrophysical or particle physics sources. A non exhaustive
list of these observations include the 511 keV gamma-ray signal from the galactic center observed
by the INTEGRAL satellite [1], the excess in cosmic ray postirons reported by PAMELA [2], the
total electron and positron flux measured by ATIC [3], Fermi [4], and HESS [5, 6], the annual
modulation of the DAMA /LIBRA signal [7, 8] and the low energy spectrum of nuclear recoil
candidate events observed by CoGeNT [9].

Although there are alternative explanations for some of these anomalies, they could be all
explained with the existence of a dark matter weakly interacting massive particle, WIMP,
belonging to a secluded gauge sector under which the Standard Model (SM) particles are
uncharged [10, 11, 12, 13, 14]. An abelian gauge field, the U boson with mass near the GeV
scale, couples the secluded sector to the SM through its kinetic mixing with the SM hyper-
charge gauge field. The kinetic mixing parameter € is expected to be of the order 10~% — 1072
[11, 12, 13, 14, 15], so that observable effects can be induced in O(GeV)-energy ete™ colliders
[15, 16, 17] and fixed target experiments [18, 19, 20].
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The U boson can be produced at eTe™ colliders via different processes: V — PU decays,
where V and P are vector and pseudoscalar mesons, respectively (® and 7 in the case of KLOE),
ete” — Uyand ete™ — U’ (dark Higgsstrahlung), where 1’ is a Higgs-like particle responsible
for the breaking of the hidden symmetry.

KLOE is in a very good position to probe the existence of a dark light sector at the GeV
scale because a) it operates on DA®NE exactly at the GeV scale; b) most of the interesting
dark process cross sections scale as 1/s, i.e. a factor ~100 with respect to the B factories; c) it
is a unique place to study the rare ® meson decays.

2. The KLOE detector

The KLOE experiment operated from 2000 to 2006 at DA®NE, the Frascati ® factory. DA®NE
is an eTe™ collider running mainly at a center-of-mass energy of ~1019 MeV, the mass of
the ® meson. Equal energy positron and electron beams collide at an angle of ~ 25 mrad,
producing ® mesons nearly at rest. The detector consists of a large cylindrical Drift Chamber
(DC) [21], which provides a momentum resolution o, /p; ~ 0.4, surrounded by a lead-
scintillating fiber electromagnetic calorimeter (EMC) [21], with energy and time resolutions
og/E =57%/E(GeV) and o, = 57 ps/\/E(GeV )& 100 ps, respectively. A superconducting
coil around the EMC provides a 0.52 T field.

3. U boson search in ® — nU decay

We study the process & — nU using a sample of & mesons produced resonantly at the DA®PNE
collider. The U boson can be observed by its decay into a lepton pair, while the 1 can be tagged
by one of its main decays. The best U decay channel in KLOE to look for is U — eTe™, since a
wider range of U boson masses can be tested and et are easily identified using a time-of-flight
(ToF) techinique. As far as the n decays are concerned, we used both the three pion decay
modes: n — 7ta~ 7% and n — 7%7%7%. An irreducible background due to the Dalitz decay
of the ® meson, ® — nete™, is present. This is expected to have a cross section of the order
of ~0.7 nb, to be compared with the signal cross section which, for ¢ = 1073, is predicted to
be ~40 fb. Despite the small ratio between the ® — nU and the overall ® — nete™, their
different dilepton invariant mass distribution allows to test the parameter ¢ down to 1073, with
the KLOE data set of 1.5 fb~! (corresponding to ~ 5 x 10° ®). The Monte Carlo simulation of
the irreducible Dalitz & decay background has been produced with a Vector Meson Dominace
model [23]. Different preselections cuts are chosen depending on the selected 7 decay channel.
For n — ntn~ 7" decay:

e two positive and two negative tracks with points of closest approach to the beam line inside
a 4x20 cm cylinder around the interaction point;

e two prompt photon candidates, i.e. two energy clusters with £ >7 MeV not associated to
any track, in an angular acceptance |cosf,| <0.92 and in the expected time window for a
photon |T, — R, /c| < min(50r, 2ns;

e best 777 vy match to the n mass in the pion hypothesis (the other two tracks are then
assigned to e™)

e loose cuts of about +40’s on 7 and 7¥ invariant masses (495< M, < 600 MeV,

70 < M,y < 200 MeV);

e a cut on the recoil mass to the ete 77~ system, which is expected to be equal to the 7°
mass for signal events: 100< M, .cqoii(eemm) <160 MeV.

Ty

+

For n — 7%79%7Y decay:

e two opposite charge tracks with points of closest approach to the beam line inside a 4x20
cm cylinder around the interaction point;
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e six prompt photon candidates, i.e. energy clusters with £ >7 MeV not associated to any
track, in an angular acceptance |cosf.,| <0.92 and in the expected time window for a photon
Ty — Ry/c| < min(30r,2ns);

e a loose cut on the six photon invariant mass 400 < Mg, < 700 MeV).

After these selections, a clear peak corresponding to the n mass is observed in the distribution
of the recoil mass against the eTe™ pair, in both samples. Residual contaminations due to
® — 7y events with photon conversion on beam pipe or drift chamber walls are strongly rejected
by tracing back the tracks of the et candidates, reconstructing their invariant mass and their
distance at the conversion surfaces and cutting on these variables. Further selections, aimed
at applying some particle identification (PID) requirement to electrons, are implemented. This
is achieved by exploiting the 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 (Tirack = Ltrack/c¢) and the calorimeter timing (Tyster). The AT = Tyracr — Tetuster
variable is then evaluated in the electron hypothesis (AT.). In order to be fully efficient on
the signal, events with either an e™ or an e~ candidate inside a 30 window around AT.=0 are
retained for further analysis.

At the end of the analysis chains, the background contaminations were evaluated to be 3% and
2% for the n — mT7~ 7% and n — 7770 channels respectively. The analysis signal efficiencies
ranged between 10% and 20%, depending on M,., for the n — 7+t7~ 7% sample, and between
15% and 30% for the n — 707%7° sample.

The upper limit on the U boson production in the ® — nU process is obtained by combining
the two 7 decay channels. The resolution of the eTe™ invariant mass has been found to be
below 2 MeV over the full mass range. The determination of the limit is done by varying
the My mass with 1 MeV step, in the range between 5 and 470 MeV. For each channel, the
irreducible background is extracted directly from data after applying a bin by bin subtraction of
the non-irreducible backgrounds and correcting for the analysis efficiency. The M., distribution
is then fitted with a parametrized function (representing the transition form factor) excluding
the bins used in the upper limit evaluation. The exclusion limit on the number of events for
the ® — nU signal as a function of My is obtained with the CLS technique [24], using the M.,
spectra before background subtraction. The limit is extracted both for each n decay channel
and in a combined way. In fig. 1 top, the upper limit at 90% CL on the number of events for the
decay chain ® — nU, U — ete™, is shown for both n — 77~ 7% and n — 79770, separately
evaluated.
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In fig.1 bottom, the smoothed upper limit on the branching fraction for the process ® — nU,
U — ete™, obtained for the combined method is compared with evaluations from each of
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the two decay channels. In the combined result, the upper limit on the product BR(® —
nU) x BR(U — ete™) varies from 1076 at small My to ~ 3 x 1078 at 450 MeV. The exclusion
plot in the o/ /a = €2 vs My plane, where o is the coupling of the U bosons to electrons and
« is the fine structure constant, has been finally derived for two different transition form factor
hypotheses. In fig. 2 the smoothed exclusion plot at 90% CL on o'/« is compared with existing
limits in the same region of interest. This result reduces the region of the U boson parameters
that could explain the observed discrepancy between the Standard Model prediction of the muon
anomalous magnetic moment, a,, ruling out masses in the range 60-435 MeV

Figure 2. Exclusion plot at 90%
CL for the parameter o'/a =
€2, compared with existing limits
from the muon anomalous magnetic
moment and from MAMI/A1 and
APEX experiments. The gray line
represents the expected values of
the U boson parameters needed to
explain the observed discrepancy
B KLOE-b,=10Gev? between measured and calculated
. B KLOE-b,;=3.8 GeV a, values. The dotted line is
10 6100 200 300 400 500 the previous KLOE result obtained
M, (Mev) with the n — 77~ 70 channel only.
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4. U boson search in e™ +e~ — uTpu~y

The expected signal here is the appearance of a Breit-Wigner peak in the invariant mass
distribution of the u*p~ pair. The analysis described in the following is based on the KLOE
pion form factor measurement[25]. The data sample consists of 239.29 pb~! of KLOE data taken
during the year 2002. The event selection requires:

e two charged tracks with 50° < 6, < 130°;

e one photon within a cone of 6, < 15° (#, > 165°) around the beamline.

The photon is not detected and its direction is reconstructed from event kinematics:
Py =~ DPmiss = —Puu = —(Py+ + Py,~). This selection greatly reduces the contamination from
the resonant process ete™ — & — w77 70, where the 7° mimics the missing momentum
of the photon(s), and from the final state radiation processes: ete™ — 7ntn Apsr and
ete”™ — putpu yrsr. The My variable is computed from energy and momentum conservation,
assuming the presence of an unobserved photon and in the assumption of equal mass charged
particles.

Background contributions coming from efe™ — ntr=v(y), ete™ — ® — 7F7 7% and
efe™ — ete y(y) were separated applying kinematical cuts in the M, — M2_ plane. A
particle identification estimator (PID), based on a pseudo-likelihood function using the time-of-
flight and calorimeter information, was used to suppress radiative Bhabha events. Finally pions
and muons are separated by cuts on the trackmass variable M;,:

e muons: 80 < M, < 115 MeV,
e pions: M, > 130 MeV.

The contributions of the three background channels surviving the p™pu~~ selections are
obtained by fitting in slices of M 3u the My, distributions for data as a superposition of signal and
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background distributions. The M,;, distributions for pu*pu=y, 7ta~y, 7t7 70 were extracted
by Monte Carlo calculation. A further separation between pions and muons was performed by
a cut on the o4 variable, which parametrizes the quality of the fit of the tracks. Once the
Data/MC corrections have been applied, the u™ = cross section was extracted by subtracting
the residual background to the observed spectra and dividing it by efficiency and luminosity.
The absolute cross section is in good agreement with the PHOKHARA prediction[26], as shown
in Fig. 3.
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No signal is observed (fig. 3 top). To extract the upper limit on £? the CLS technique[24] was
used, with the observed spectrum and the PHOKHARA spectrum as input and background to
the procedure. A systematic error of ~ 2% on background was also applied. The 90% CL upper
limits in terms of number of events were then extracted, in the energy range between 600 and
1000 MeV. They were later converted in terms of the mixing parameter 2 by using the analysis
selection efficiency, the integrated luminosity, the ete™ — uTp~ differential cross section and
the predicted U boson production cross section. In Fig.4 the kinetic mixing parameter 2 in the
600-1000 MeV range and the other existing limits are presented. The blue area is the present
measurement, with 90% CL exclusion limits between 2.6 x 107 and 3.5 x 107, and with the
clearly visible reduction of sensitivity in the p meson region. The red and dark green areas
represent the Mami results[27], and the Apex measurements[28] respectively. The black line
represents the 2 values consistent with a U boson contribution to the muon magnetic moment
anomaly a,,.
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5. U boson search through the dark Higgsstrahlung process

The process eTe™ — UM is one of the most interesting reactions to study at an ete™ collider
because, differently from the other final states above, is suppressed by a single factor of €. There
are two very different scenarios depending on the masses of the dark photon and of the dark
Higgs boson. For Higgs boson mass Mj, larger than two dark photon masses My, the dark
Higgs boson would decay dominantly and promptly to a U boson pair, thus giving rise to a six
charged particle final state (this case was recently investigated by the BaBar experiment [29]);
while Higgs bosons lighter than the dark photon would have, in most of the parameter space
region, such a large lifetime to escape undetected, showing up as a missing energy signature.
Here we study only the so called “invisible” dark Higgs scenario, thus confining the search to
the case My < My.

The lifetime of the dark Higgs boson depends on the kinetic mixing parameter ¢, the boson
masses My, and My and the dark coupling constant ap. For masses of the order of 100 MeV
and ap = a the dark Higgs boson lifetime would be ~ 5us for € ~ 1073, corresponding, for
KLOE energies, to a decay length of ~ 100 m. The dark Higgs boson would be invisible up to
€~ 1072 = 107!, depending on the A’ mass.

We limit our search to the decay of the U boson in a muon pair: our final state signature is
then a couple of opposite charge muons plus missing energy. The measurement is thus performed
in the range 2M,, < My < 1000 MeV with the constraint M, < M.

The production cross section of the dark Higgsstrahlung process is proportional to the product
ap x €2 and depends on the boson masses [16]. Values as high as hundreds of fb are reachable
in the hypothesis ¢ = 1072 and ap = «a.

The analysis of the process has been performed on a data sample of 1.65 fb~! collected
during the 2004-2005 KLOE data taking campaign at a center of mass energy of ~ 1019 MeV,
corresponding to the mass of the ® meson (on peak sample), and on a data sample of 0.2 fb~!
at a center of mass energy of ~ 1000 MeV (off peak sample), well below the ® resonance.

The mass resolution was found to be between 0.5 and 2 MeV for My (invariant mass of the
muon pair) and between 3 and 17 MeV for M}y, (missing mass). The signature of the process
would thus be the appearance of a sharp peak in the bidimensional distribution M, - M;ss.
Contrarily to most of the dominant QED background processes, the signal is predicted to show
a large angle production in 6, with two dominant terms proportional to sinf and sin36 [16].

As a first step of the analysis, a preselection was performed by requiring;:

e events with only two opposite charge tracks, with a reconstructed vertex inside a 4x30 cm
cylinder around the interaction point;

e each track must have an associated EMC cluster;

the visible momentum direction has to be in the barrel: |cosf| < 0.75;

the momenta of the two tracks must be individually below 460 MeV;

the modulus of the missing momentum must exceed 40 MeV.

After this selections (mostly aimed at rejecting QED backgrounds), the hermeticity and tightness
of the electromagnetic calorimeter was used as a veto to avoid the presence of photons in the
event. It was required to have no unassociated energy deposition with E>15 MeV on EMC.
The event selection then proceeded by applying particle identification (PID) algorithms to the
two charged tracks. These were almost entirely based on the excellent energy and time resolution
of the EMC, through a set of neural networks, organised for different values of track momentum
and polar angle. The PID performances, checked on selected data samples of eTe™ — eTe™ |
ete™ — utp~, efe” — w71~ were found to be excellent: the fraction of ete™ — putp~
events, in which both tracks were required to be identified as muons, was measured to be 85%,
while the fraction of residual ete™ — ete™ events was 10™% and the fraction of doubly tagged
ete”™ — 't~ was ~ 50% (muon and pion induced showers look very similar at KLOE energies).
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After the missing energy and the PID selections, a huge background from & — K™K,
K* — u*v events survives in the on peak sample. This corresponds to the fraction of doubly
early leptonically decaying charged kaons in the IP region. Cuts on the radial and z projections
of the distance between the reconstructed vertex and the IP and on the x? of the fit allowed to
reduce by a factor ~ 35 the ® — Kt*K~, K* — p*v background.

Events surviving all the described selections were organized in bidimensional histograms with
the muon pair mass M, and the event missing mass M,,;ss on the two axes. The binning was
chosen such as to keep most of the signal in one bin only. In M, a 5 MeV bin width was
enough over all the plane; while for M,,;ss a variable binning of 15, 30 and 50 MeV widths was
chosen. The selection efficiency, estimated from Monte Carlo, was found to be between 15%
and 25%, depending on the masses, with most frequent values ~20%. A total +10% systematic
uncertainty on the selection efficiency was conservatively estimated.

Results are shown in fig. 5 for the on peak and off peak samples. In the left plot of fig. 5 (on
peak sample) several sources of backgrounds are easily distinguishable: ® — KT K~, K* — p*v
(triangular region at the left of the populated part of the distribution), ® — a7~ 70 (mostly
horizontal band, corresponding to events in which both photons from 7 decay are undetected),
continuum backgrounds ee™ — putu~ and ete” — 7w~ (diagonal bands starting from the
right-bottom part of the distribution), ete™ — ete " putp™ and ete™ — ete " nt 7~ (two photon
events, top part of the distribution, for M,,;ss > 350MeV). In the distribution in the right plot
of fig. 5 (off peak sample) all the backgrounds from the ® decays are strongly suppressed.

Moae (MeV)

Figure 5. Results for on peak sam-

ple (left plot, 1.65 fb=' integrated

luminosity) and off peak sample

S o s, (T90 Dlot, 0.2 o1 integrated lu-
M (MeV) ) minosity).

The background was evaluated directly on the data, by counting populations in bins adjacent
to the one in which the signal is looked for. No evidence of the dark Higgsstrahlung process
was found (see fig. 5). Using uniform prior distributions, 90% confidence level Bayesian upper
limits on the number of events were derived, separately for the on peak and off peak samples.
These results were then converted in terms of the dark Higgstrahlung production cross section
parameters ap x €2 by using the integrated luminosity information, the signal efficiency, the
predicted dark Higgsstralung cross section and the branching fraction of the U boson decay into
muon pairs as in reference [16]. The on peak and off peak limits were combined and projected
in the M), and M,;ss directions (slightly smoothed, just to make them more readable). They
are shown in fig. 6. Values as low as 1079+1078 in ape? are excluded at 90% CL for a large
range of the dark photon and dark Higgs masses.

These results are numerically comparable with those of Babar [29] and complement them as
they refer to the same process in a different final state and in a different region of the phase
space.

At KLOE2/DA®NE2 the larger integrated luminosity and the presence of a high resolution
Inner Tracker detector are expected to improve these results at least by a factor 2, thus allowing
a study deep inside the € ~10~* parameter space region.
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Conclusions

KLOE searched for a dark gauge U boson in three different processes and four different final
states: a) ® — nU, with U — ete™, n — 777 7% and n — 7%%7%; b) efe™ — Uy with
U— putu;c)ete” — UR (dark Higgsstrahlung), U — p*pu~. We found no evidence and set
upper limits on the mixing parameter €2 with the Standard Model, as a function of the U mass,
in the range 107 + 1077, depending on the process. The upgraded DA®NE2 luminosity and
the insertion of new detectors in KLOE2 are expected to improve these limits by a factor 2+4.
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