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Abstract. The KLOE-2 experiment is currently collecting
data at DA®NE the INFN ete~ collider located in the Frascati
National Laboratories. In the two DA®NE main rings, electrons
and positrons are stored to collide at a center of mass energy
of 1.02 GeV, the ¢ mass resonance. The KLOE-2 have already
collected 2.4 fb~! integrated luminosity that corresponds to 7.4
billion of ¢ decays recorded. The goal of the KLOE-2 physics
run is to collect at least 5 fb~before the end of 2017.

The KLOE-2 experiment has a wide physics program ranging
from discrete symmetries test to the study of light unflavored
mesons produced by the radiative decay of the ¢ mesons while
searching for light mass exotic candidates for the dark matter
problem. In order to face this huge program a deep revision of
the original KLOE apparatus has been performed.

In this contribution the upgrade of the detector will be
briefly discussed before starting a more detailed presentation
on some results concerning: CPT and Lorentz Invariance tests
with neutral kaons, dark forces massive boson mediator searches,
hadron structure and low energy mesons interaction.

1. Present status

The KLOE-2 experiment [1] is currently taking data
at DA®NE collider [2, 3], the ete™ accelerator of
the Frascati National Laboratory running at the ¢
resonance peak. DAPNE began operations for KLOE-
2 experiment in November, 2014 with a new interaction
region [4]. Several consolidation intervention [5, 6, 7]
allowed to deliver 3.0 fb™* of integrated luminosity to
the KLOE-2 experiment that collected 2.4 fb~'on mass
storage system. The progression along the time of the
data delivery is shown in fig. 1.

A record peak-luminosity of 2.21 x 1032 ¢cm
has been achieved. The daily best luminosity delivered
has been 13.4 pb~! and a weekly best integrated
luminosity of 76.3 pb™has been observed.
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2. KLOE-2 experimental apparatus

The KLOE-2 experiment is an upgraded version of the
previous KLOE apparatus with the inclusion of new

1 on behalf of KLOE-2 Collaboration

3500
WKLOE-2 Delivered
mKLOE-2 Acquired
mKLOE-2 Target
3000y
Total delivery: 3015.2
A
-
)
‘éZSDO
Z
G
£ 2000,
E
3
81500
Jd
=
2
= 1000
500
1{}/14 03/15 06/15 10/15 02/16 05/16 09/16
KLOE-2 Run time (Month/Year)
Figure 1. The time evolution of the DA®PNE data delivery

since November, 2014. The blue line represent the integrated
luminosity delivered, while the red curve is the corresponding
amount of integrated luminosity acquired. The black line
represent the target luminosity fixed to achieve the KLOE-
2 goal of 5 fb~! by the end of KLOE-2 physics run. The
black line is horizontal during DA®NE planned shut-downs
(maintenance/laboratory closure).

sub-detectors allowing for larger physics program with
increased reconstruction performance.

The original KLOE detector consists of a large
cylindrical drift chamber (DC) surrounded by a lead-
scintillating fiber electromagnetic calorimeter (EMC).
A super-conducting coil around the EMC provides a
0.52 T axial field.

The DC [8] is 4 m in diameter and 3.3 m long and
has 12,582 all-stereo cells properly arranged in 58 layers
to ensure homogeneous detector response. Time and
amplitude of signals from cells are read-out to measure
hit positions and energy loss. The position resolutions
for single hits are o, 4~150 pm and o.,~2 mm in
the transverse and longitudinal plane, respectively and
are almost homogeneous in the active volume. The
momentum resolution is o(p1)/p. ~ 0.4% for polar
angles in the range 40° — 130°.

The EMC [9] is divided into a barrel and two
end-caps covering 98% of the solid angle. Signals
from impinging particles are read out by photo-
multipliers and amplitudes and time of the signals are
recorded. Energy and time resolutions are og/FEqy =
5.7%/+/ Ecu(GeV) and or,, = 57ps/+/Ecu(GeV) @
100 ps, respectively.

The KLOE-2 experimental program [1] implies
several detector improvements in order to increase the
physics results outcomes.

For the gamma-gamma physics two pairs of
electron-positron taggers have been installed: a small
LYSO crystal calorimeter matrix, the Low Energy
Tagger [10] inside the KLOE apparatus and a plastic



scintillator hodoscope, the High Energy Tagger (HET)
[11], along the beam lines outside the KLOE detector.
The fig. 2 shows the status of the HET commissioning.
The observed counting rate of HET stations have
been described in terms of beam loss due to Toushek
scattering and beam-beam effective scattering in the
interaction region.
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Figure 2. HET electron (left) and positron (right) counts

as a function of the time (2 hr total) during collisions. The
observed shapes have been described in terms of background
due to Toushek scattering inside the beam and KLOE-2 trigger
components. In the electron case the background accounts for

20-30% of the total observed rate while for positrons is below
8%.

To improve the acceptance and the angular
coverage two new calorimeters have been developed. A
pair of LYSO crystal calorimeters (CCALT) [12] have
been installed near the interaction region to improve
the angular acceptance for low-6 particles.  This
calorimeter will be also useful to provide fast signals for
luminosity measurement and beam instability feedback
to help DAFNE tune-up.

A pair of tile calorimeters (QCALT) [13], covers
the quadrupoles inside the KLOE detector and along
the beam pipe. These calorimeters are made of
tungsten slabs and singly read-out scintillator tiles to
improve the angular coverage for particles coming from
the active volume of the DC (e.g. Ky, decay).

In order to increase the resolution on the vertex
reconstruction for decay in the vicinity of the primary
interaction point a small and light inner tracker (IT)
[14] made of four planes of cylindrical GEM have
been designed. The alignment and calibration of this
detector is shown in fig. 3

During data taking the DA®NE beam conditions
and detector calibrations are constantly monitored in
order to guarantee the highest quality of the collected
data.
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Figure 3. Residuals between observed and projected impact
point with Bhabha scattering events on the outermost plane of
the IT. The width of this distribution is the convolution of the
IT and DCH resolutions.

3. Kaon interferometry

The ¢ mesons produced at the DA®NE ¢-factory have
a small residual momentum in the horizontal plane
and the branching fraction for the ¢ decay in neutral
kaon pair is 34%. This decay preserves the ¢ quantum
numbers (JF¢ = 177) resulting in a anti-symmetric
combination of the two kaon mass eigenstate:

|¢> S8 |stﬁ>‘KL,*ﬁ> - |K57 7ﬁ>|KL7ﬁ>

The time evolution of the kaon system preserves the
initial correlation. Labelling f; and f; the final
decay channels for the two kaons and evaluating the
probability of a decay into |fi, fo) final state as a
function of the difference of decay times (At) the
following equation can be obtained [15]:
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where 1y, = (fj|Kp)/(fjIKs), T = T's + 'y and
Al' =T's — I',. Eq. 1 shows a time interference term
characteristic of the so-called EPR correlation [16].

Choosing the same final state for both kaons in
the event a fully destructive interference is expected
for equal decay times (|JA¢| = 0). The ratio of neutral
kaon decay amplitudes (7;) becomes:

(7~ |T|KL)
- = - VI 2
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where e is the CP violation parameter in the
mixing, ¢’ is the direct CP violation parameter and § g
stands for the amount of CPT violation in the kaon
system. According to the Standard Model Extension
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(SME) framework [17] and Greenberg theorem [18], the
0k parameter is expressed as:

S0 ~ isin ¢5wei¢SW’yK(Aao — BK - Ad)/Am, (3)

where vx and S are the usual Lorentz factors for the
kaon, ¢sw is the super-weak phase and Aa, are the
SME parameters for the kaon system that explicitly
violates Lorentz endurance and triggers CPT violation.

Eq. 3 shows that Jx is modulated by the
kaon momentum modulus (yx and |Bk|) and by
its spatial direction (EK) In the KLOE case the
two kaons are produced almost back-to-back in the
¢ decay and therefore evolve with two different dg
(6x (P1) # 6k (P3)). Additional angular dependence in
the eq. 1 through eq. 3 is induced by the Earth motion
(sidereal time variation) and residual ¢ momentum
in the lab frame. The effect produced by CPT
violation can be observed if the two kaon final states are
identified with respect to their direction of propagation
with respect to the fixed stars (see [17] equation
14). Two decay vertices reconstructed from the two
pion tracks are selected and the decay length are
transformed in proper decay time to construct the eq. 1
distribution. The data distributions have been fitted
including SME effects to extract Aa, as show in fig. 4

The results for the Aa, parameters are [19]:

Aag = (6.0 = 7.7t £ 3.15y5) x 10718 GeV,
Aax = ( 0.9 % 1.554: £ 0.655¢) x 10718 GeV,
Aay = (—2.0 £ 1550t £ 0.55y5) x 1078 GeV,
Aaz = ( 3.1% 17540t £ 0.555¢) x 10718 GeV.

These results constitute the most precise result in
the quark sector of the SME. The total error is fully
dominated by the statistical uncertainty.

CPT symmetry test are not limited to the SME
framework. A very rich program of measurement using
the interferometric approach is currently on-going. A
study of the time evolution of CPT conjugate states
will allow very clean and strong test of CPT violation
as described in [20].

4. Dark forces searches

Astrophysical observations have obtained results not
fitting the Standard Model (SM) framework [21, 22,
23, 24, 25, 26, 27] and [28, 29, 30, 31]. To explain
these anomalies a new gauge U(1) interaction mediated
by a massive vector gauge boson, the U boson (dark
photon), that kinetically mix with the SM U(1)
hypercharge gauge field has been proposed. The mass
of U boson is expected to be less than two proton
masses to be compatible with the unaltered anti-proton
astrophysical flux observed.

The small coupling between dark matter and the
SM is described by a single kinetic mixing parameter:

1(AT) (dN/7y)

th
=

t.=[00,06] hr

pyp,<0

1(A7) (dN/1y)

I(A7) (dN/zy)

I(A7) (dN/‘cS)

® Data t,£[18,24] hr ® Data te[18,24] hr
LI AN P TN OIS TAN I TAPPI TP T TN T
-10 -5 0 5 10 -10 -5 0 5 10
AT (1g) AT (1)
Figure 4. Fit results for Aa, parameters. left and right

columns are relative to different angular selection in the
laboratory frame while rows refers to different sidereal time
interval. Black points are data while colored bands are the
fit output. The fit x2/Nper is 211.7/187 corresponding to a
probability of 10%.

e(= ap/agw). The resulting Lagrangian would be:

€
Liniz = =5 F" Fho,
Depending on the interaction type, the U bosons
should appear as a sharp resonance at my in the
invariant-mass distributions of final-state particles in



reactions of the type ete™ — Uy with U —
XTX~(X =e/u/m) or in meson Dalitz decays.

At KLOE two different searches were performed
using the decay chain ¢ — nU with U — ete™ and
n — ntr 70 [32] and n — 707070 [33] as suggested
in [34]. The two analyses selected a final sample of
~ 13000 and ~ 31000 events, respectively, using 1.7
fb~'of data. Irreducible background from Dalitz decay
¢ — nete” was studied separately, as discussed in the
next section. A resonant peak was not observed and
the CLS technique was used to set an upper limit on
the strength of kinetic mixing parameter as a function
of the U boson mass [35]. The 90% confidence level
limit is shown in fig. 5.

Using 239.3 pb™! of data a search for the U boson
in the process ete”™ — U~ with U — ptp~ has
been performed [36]. The signal appear as a narrow
resonance in the final state dilepton invariant-mass
spectrum. For this analysis the two charged tracks are
required to be emitted at large-angle such that their
energy is deposited in the barrel of EMC. The initial-
state radiation (ISR) photon is not detected and was
reconstructed using kinematics of the charged leptons.
The final invariant mass spectrum was obtained after
subtracting residual background and correcting for
efficiency and luminosity. No resonant peak was
observed so the CLS technique was used to estimate
the maximum number of U boson signal events that
can be excluded at 90% confidence level, Nors. In
the estimate a systematic uncertainty of ~ 1.5% has
been taken into account. From Ngrg it is possible to
estimate a limit on the kinetic mixing parameter:
c(my) = 22 = Nors() e

AEW eff(Mypp) H(mpu) I (myy) Lint
where the radiator function, H(m,,), was evaluated
with a MC dedicated simulation based on PHOKARA
and L = 239.3pb~ ! is the integrated luminosity
and ecrp(my,,) ranges between 1%-10%. The 90%
confidence level limit is shown in fig. 5.

The search of U — pTp~ is obviously limited
to U boson masses with my > 2my,. To scan for
lower values a search in the eTe™ final state has
been performed [47]. In this case, to have enough
statistics around the threshold (me. = 2m.), the event
selection has been performed by selecting the ISR
photon and leptons emitted at large angle (detected in
the barrel). The resulting background contamination
was less than 1.5%. No resonant U boson peak was
observed prompting another use of the CLS technique
to estimate Nopg, the number of U boson signal events
excluded at 90% confidence level. We used eq. 4 with
Muu — Mee to set a limit on the kinetic mixing
parameter as a function of my. For this analysis
epf ranges between 1.5% and 2.5%, and the L;,; =
1.54 fb™" from 2004-05 KLOE data.
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Further improvement with respect to previous
results for my ranging between 500 and 1000 MeV has
been obtained with the selection of the n+t7~ final
state [48]. The selection of the data is similar to the
utpy final state. No evidence of peak in the di-pion
invariant mass spectrum has been found. Comparing
data distribution with the spectrum generated with
the PHOKARA monte-Carlo event generator a Ncpg
upper limit on the number of events as a function of
the dipion invariant mass has been obtained. All the
discussed results are shown in fig. 5.
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Figure 5. Summary of 90% CL exclusion limits on the dark
sector coupling as a function of the U boson invariant mass.
In the plot label KLOE(1) is for the combination of the results
relative to ¢ — 7y [32, 33], KLOE(2) and KLOE(3) is relative to
ut = [36] and et e~y [47] final state, respectively. KLOE(4) is
for the 7+ 7~ final state [48]. KLOE-2 results are also compared
with the exclusion plots obtained by other experiments [38]-[45].

Different scenario is possible when the U(1) gauge
symmetry is spontaneously broken by a Higgs-like
mechanism, thus implying the existence of at least one
other scalar particle, h’ [46]. The hypothetical dark
Higgs-strahlung process ete~™ — Uh' with U — uu
has been investigated using KLOE data [49]. The
amplitude of this reaction is proportional to € instead
of €2 as for the previous process implying the possibility
to set lower limits with the same amount of statistics.
The production cross section of this process would be
proportional to the product of the dark coupling and
the kinetic mixing strength ap x €2. Assuming my: <
my the dark Higgs boson would have a large lifetime
and escape KLOE-2 detector without interacting. 1.65
fb~! of data collected at the ¢-peak energy, and 0.2
fb~! of data at 1 GeV energy have been used. Mass
resolutions are 1 MeV for my, (my) and 10 MeV for
the missing mass (my/). A sharp peak in the two-
dimensional distribution missing mass versus m,,, is
expected for the signal. The evaluation of background
in every bin has been performed using the surrounding



bins to rescale montecarlo simulated distributions. The
selection efficiency ranges between 15% and 25% and a
conservative estimate of 10% systematic contribution
has been taken into account. No evidence of the dark
Higgs-strahlung process was found. Using uniform
prior distributions, 90% confidence level Bayesian
upper limits on the number of events, Nggy, were
derived separately for the two samples used and then
combined. The coupling can be extracted from:

Nooo, 1
2 90%

ap X € = 5
Eeff O'Uh’(OéD'fQ = 1).£mt ( )

where L;,; is the integrated luminosity and oyjp

%m is the total cross section evaluated in the
U

assumption ape? = 1. The combined 90% confidence
level limits are shown fig. 6.
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Figure 6. Limits from dark Higgs-strahlung process. The limit
is presented as a function of the dilepton invariant mass (my)
for different values of the event missing mass (dark Higgs mass).
Lines represents the exclusion plots at the 90% CL.

5. Transition form factor

The low-energy structure of hadrons is strongly
connected with precise knowledge of meson transition
form factors (TFF) that are also connected in the
determination of the “light-by-light” contribution to
the anomalous magnetic moment of the muon, one the
largest source of uncertainty in the (g —2),, calculation
[50].

KLOE-2 collaboration has measured the ¢ —n
and ¢ — 7° TFFs studying the decays ¢ — 1n(37%)eTe™
[53] and ¢ — 7leTe” [54]. In fig. 7 the TFFs
are shown as a function of \/qi2 = Mee, the
invariant mass of ete” system. The observed
mass spectrum has been described according to
[61] where the TFF is included with a single pole
parametrization, |Fy,(¢?)|? = m. The A pa-
rameter is extracted from the m,. invariant mass
spectrum and the corresponding slope parameter

(bgn = %;f)‘qzzo = A"?) is evaluated. The value
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bgy = 1.17 £ 0.107007T GeV ™2 has been obtained while
1GeV~? is expected by pure VMD description. In the
analysis has been measured also the branching fraction
B(¢ — nete™) = 1.075 £ 0.007 £ 0.038) x 10~%.

For the decay ¢—nete™, using the same
parametrization [51], the invariant mass spectrum has
been fitted and a slope of bgro =2.02£0.11 GeV ™2
has been obtained. Naive VMD extimate would give
bgro ~ 1GeV ™2, while prediction based on disperve
calculation [55] are bggo ~ 2.52...2.68 GeV 2.

The branching fraction B(¢ — nlete”) =
(1.035 4 0.0057005) x 107> has been measured.
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Figure 7. TFF |F,p(¢?)|? as a function of Vq? (invariant
mass of ete™) for ¢ — nete™ (top) and ¢ — w%ete~ (bottom).
Black dots are data. In the top panel the blue curve is the single
pole approximation of the TFF with the slope measured on the
mee mass spectrum. Red and purple are different theoretical
model: Terschluensen/Leupold [52] and VMD, respectively. In
the bottom panel the green band is the Ivashyn model [55], the
red curve is the VMD expectation, while the dashed line is the
KLOE-2 fit result.

6. n physics

Recently a new result on the n — 77~ 7° Dalitz plot
density with the highest statistics in the world (~
4.5 - 105 events) [56] has been released. This analysis
allows to extract the light quark mass difference and to



perform a test of the charge conjugation violation. The
1 decay is selected among the ¢ — ny radiative decay
events having two tracks and two extra gamma’s. The
density of the Dalitz plot as a function of the kinetic
energies of the pions is then fitted with a polynomial:

6

physics results whit the aim of settle the analysis that
could be improved because of the new data taking
especially on the ~+ physics and kaon interferometry.
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