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The indirect searches for dark matter particles are a very hot topic of today’s physics and astro-
physics. The energy-mass content of the Universe is one of the biggest riddles of modern science.
The Standard Model describes the physics of only a small fraction of the Universe. Although
only gravitational interaction of the dark matter with normal matter was observed up to now, a lot
of effort is put by the scientific community into searches for some new interaction between dark
and usual matter. This new force would be carried by a new boson and the latter could be seen
in the decays of mesons. Most of the scientific research for the effects of dark matter focuses on
very high energy physics, still the existence of such effects at lower energy scales is not excluded.
Through the analysis of the rare decays of light mesons (eta, neutral pion) WASA collaboration
searches for a dark matter signal which cannot be described in the frame of the Standard Model.
This effect could be explained by a coupling between a dark boson and Standard Model particles
(leptons, photons and/or quarks). The WASA detector is perfectly suited to study leptonic decays
for it has the capability to detect both neutral and charged particles and particle identification ca-
pacity. We will present a short description of the analysis of meson decay channels 1° — e*ey,
N —etey,n —eteandn — nlete™. The data sample with 1 meson production was collected

in proton proton collisions at 1.4 GeV Kkinetic energy.

The European Physical Society Conference on High Energy Physics
5-12 July
Venice, Italy

*Speaker.
T Supported by the Polish National Science Centre grant no.UMO-2014/15/N/ST2/03179.

(© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:damian.pszczel@physics.uu.se

Search for physics beyond the SM in meson decays with WASA detector. Damian Pszczel

1. Motivation for physics beyond the Standard Model.

It is undeniable that the search for a dark energy-mass content of the Universe is one of the
most fundamental topics of the modern day physics. The scientific community makes an enormous
effort in order to design and run experiments sensitive enough to catch new particles that interact
extremely weakly with Standard Model matter but that could explain the gravitational effects we
observe while, for example, looking at the rotational velocities of galaxies or reconstructing the
large scale structure formations. While most of the scientific research for signatures of dark matter
focuses on very high energy physics, still the existence of such effects at lower energy scales is not
excluded.

Dark particles interact weakly with the usual matter through one or more mediators that are
coupled to the SM via a portal. There are different types of portals depending on the mediator
spin and parity - scalar, pseudoscalar, fermion or vector. Some astrophysics observations such
as the positron and/or electron excesses observed by PAMELA [1], ATIC [3], H.E.S.S. [2] and
AMS [5] as well as the narrow 0.511 MeV 7 ray emission from the galactic bulge observed by
INTEGRAL [4] may indicate the presence of new undiscovered particles that decay to e™e™ pairs.
Those measurements are our principal motivation to focus on the hypothetical vector portal and its
associated vector mediator.

The hypothesis of a new boson solving the problem of the dark matter content in the Universe
is an idea that emerged in the 80’s. Multiple authors postulated an extra U (1)« abelian gauge
field and the associated light vector boson, also called the dark photon, in the & MeV-GeV mass
range, as a possible extension of the SM [6, 7, 8].

The dark photon is a vector field A;L with Lagrangian:
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where F‘;v = JuA}, — 8VA;1 is the dark photon field strength and By, = dyBy — dyBy, is the

SM hypercharge field strength. This model of the minimal kinetically mixed dark photon ([9]) is
parametrized by the dark photon mass m,4 and the kinetic mixing parameter €. For my in the range
of MeV-GeV, the dominant effect of this kinetic mixing (after electroweak symmetry breaking) is
an analogous mixing with the SM electromagnetic field strength F*¥ expressed by £F;, F*". The
result of this mixing is that the dark photon acquires a coupling of strength e€ to the electromagnetic

current.

2. Search for a dark photon in meson decays with WASA-at-COSY.

2.1 The ° — ¢*e~y channel.

Using the data collected by the WASA-at-COSY experiment two searches for a dark photon
were performed. The first result, published in [10], is based on the 0 — ete” y decay (also called
Dalitz decay). In this experiment, the 7° were produced in proton-proton collisions at a kinetic
beam energy of 550 MeV.

The idea of the analysis was to search for narrow structure in the invariant mass spectrum of

+

eTe™ pair (see figure 1) for dark photon mass in 20-100 MeV/c? range (less than twice the muon
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Figure 1: 7° — e*e 7y analysis: invariant mass of ete~ Figure 2: £ upper limit as a function of

(from [10]). the e™e™ invariant mass (from [10]).
mass). For €2 > 107 the average path traveled by a dark photon emitted in low energy 7° decay
should be less than a millimeter, therefore we are, in principle, able to detect its decay inside our
detector.

This analysis led to the estimation of the upper limit on the coupling parameter £ shown in
figure 2.

2.2 The N — e*e™ y channel.

The procedure developed for the dark photon search in 7° — et e~y channel is naturally ex-
tended to the 11 — "¢~ y channel. We have data collected in 2012 in proton-proton collisions at 1.4
GeV kinetic beam energy. The advantage with respect to the former analysis is that we can cover
the invariant mass spectrum up to the 11 meson mass ~548 MeV/c? while the pion mass limits the
accessible phase space to ~135 MeV/c?.

The figure 3 shows a selected data sample and Monte Carlo simulations of background chan-
nels. The difference between data and simulations is plotted in figure 4. We see no peak structure
and can therefore set an upper limit on £2. The result will be released soon.
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Figure 4: Difference between data and

Figure 3: 1 — e™e™y analysis: invariant mass of eTe™. simulations: invariant mass of ete—.

3. 1 meson transition form factor extraction.

The selected data sample of 1 — e e~y event candidates can also be used to extract the transi-
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tion form factor of the 11 meson. This function of the invariant mass of e*e™ contains information
about the inner structure (quark and gluon) of a particle. The existence of non-Standard Model
particles could influence the value of the form factor. Equation 3.1 shows that the form factor is
unity for a point-like particle.

do :’da 3.1
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dg* |dqg*
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An insightful introduction to this concept can be find in [11], here we just recall that in the
Vector Meson Dominance model, the form factor function is approximated by:

F(qz):z - ZM_‘Z’ — = 12 (3.2)
v My —q?—iMvTv(g®) 1L
14

where V = p, @, ¢', Ty (g?) is the total width and My the mass of the vector meson, ¢? is the
exchanged four-momentum squared, here equal to the invariant mass of eTe ™.

The equation 3.2 is often used as a fit function. The My vector meson mass is replaced by a
free parameter A and, for convenience, the value of A=? (sometimes called by) is provided as result
of form factor calculations.

The figure 5 represents the result of dividing data by the Monte Carlo simulations in different
bins of eTe™ invariant mass. We use the equation 3.2 with one free parameter A2 to fit the
distribution.
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Figure 5: 11 — e"e™y analysis: 1) form factor fit.

This fit leads to the form factor value of A= = (1.96+0.29) GeV~2 while the fit x> = 0.48.

IFor the energy range considered in our experiment the most important contribution originates from the p meson.
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4. Other channels.

41 1 —ete”

The 11 — ete™ is a very rare two-body decay. The most recent theoretical calculations of
this decay branching ratio provide values around 10~°. They use different models, among other
ChPT [12], modified VMD, hidden gauge [13] and take into account various corrections (such as
mass correction [14]).

In 2008, a branching ratio upper limit of 2.7- 107> at 90% C.L. was established for this channel
in WASA-at-CELSIUS experiment and published in [16]. WASA-at-CELSIUS set-up consisted
in the same WASA detector we use in this work while it operated at the CELSIUS storage ring
located in Uppsala (Sweden) at The Svedberg Laboratory. This limit was extracted from a sample
of 2.41-10° 1 mesons produced in pd— *He 1 reaction at 893 MeV incident proton energy (close
to 1 production threshold).

The best actual upper limit is < 4.9 - 107® (at 90% confidence level) and it was established
by HADES experiment in 2012 [15]. HADES operates at GSI research centre in Darmstadt (Ger-
many). This result was based on data collected in pp collisions at 3.5 GeV.

Up till now, there are only upper limits for 1 — e*e™ decay but if one were to determine a
BR(1 — ete™) value exceeding ~ 6- 10~ it might be seen as a signature of physics beyond the
SM.

The ongoing analysis on the new data set from WASA-at-COSY indicates a preliminary new
limit on the BR(1 — eTe ™) of the order of 4-107°,

42 n — nlete”

The C-conserving reaction 1 — n'y*y* — n’*e™ is allowed in the SM but its theoretical
BR~ 1072 — 10~!2. The decay such as n — 1’7" — n%*e~ would violate C-parity. The current
experimental limit on the BR(n — nlete™)< 4-107° (at 90% C.L.) thus there are four orders
of magnitude between the experimental limit and the SM expectation. This means that there is
still room for physics beyond the SM. Based on our new data from WASA-at-COSY, we can set
a preliminary limit (for e*e™ invariant masses larger than 100 MeV/c?) of about 2- 107> (at 90%
C.L).
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