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A search for 5.5-MeV solar axions produced in the p + d — *He + ~v(5.5MeV) reaction
was performed using the Borexino detector. Model independent limits on axion-electron
(gae), axion-photon (ga~), and isovector axion-nucleon (gsan) couplings are obtained:
|gae X gaan| < 5.5 x 107" and |gay X gaan| < 4.6 x 107" GeV™" at ma < 1 MeV (90%
c.l.). These limits are 2-4 orders of magnitude stronger than those obtained in previous
laboratory-based experiments using nuclear reactors and accelerators.

The Sun potentially represents an efficient and intense source of axions. The most intense
flux of high energy axions is expected from the formation of the 3He nucleus[1] -[3]:

p+d— 3He + ~(5.49 MeV). (1)

According to the Standard Solar Model (SSM), 99.7% of all deuterium is produced from the
fusion of two protons, p+p — d+ et + v, while the remaining 0.3% is due to the p+p+e™ —
d+ v, reaction. The expected solar axion flux can thus be expressed in terms of the pp-neutrino
flux. The proton capture from the S state corresponds is an isovector transition, and the ratio
between the probability of a nuclear transition with axion production (w4 ), and the probability
of a magnetic transition (w,) depends only on gzan: [4]-[6]:
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The expected solar axion flux on the Earth’s surface is then

Do = Pppp(wa/wy) =3.23 x 10" (g3an)(pa/p,)? = 2.44 x 10~°m? (pa/p,)?,
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where @, = 6.0 x 10'%cm~?s~! is the pp solar neutrino flux and m, is the axion mass in eV
units.

An axion can scatter an electron to produce a photon in the Compton-like process A +e —
v+e. For axions with fixed g4, the phase space contribution to the cross section is approximately
independent of m 4 for m4 < 2 MeV and the integral cross section is coc &~ ¢4, x4.3x 10725 cm?.
The dimensionless coupling constant g 4. is associated with the electron mass m, so that ga. =
Cem/ fa, where C, is a model dependent factor of the order of unity. The hadronic axion has no
tree-level couplings to the electron, but there is an induced axion-electron coupling at one-loop

level [7].

The other process associated with axion-electron coupling is the axio-electric effect A + e +
7 — e+ Z (the analogue of the photo-electric effect). In this process the axion disappears and
an electron is emitted from an atom with an energy equal to the energy of the absorbed axion
minus the electron binding energy [8]. The cross section has a Z° dependence and for carbon
atoms the cross section is low g4 ~ 912451.3.10*29 cm2/electron for my < 1 MeV. However,
the axio-electric effect is a potential signature for axions with detectors having high Z active
mass [3].

For axions with a mass above 2m,, the main decay mode is the decay into an electron-
positron pair: A — et +e~. The condition that time of flight is less than lifetime - 7p < 0.17+ -
(in this case, 90% of all axions reach the Earth) limits the sensitivity of solar axion experiments
to gae < (10712 —10711) [3].

If the axion mass is less than 2m,, A — e™ +e~ decay is forbidden, but the axion can decay
into two v quanta. The probability of the decay, which depends on the axion-photon coupling
constant g4, and the axion mass, is given by the expression: 7o, = 647/ 9,2477”?4- The flux of
axions reaching the detector is given by ® 4 = exp (—7¢/72,) P a0-

Another process depending on g4, coupling is the Primakoff photo-production on carbon
nuclei A+12C — y+12C. The integral inverse Primakoff conversion cross section is proportional
7% opo ~ g?MZQa [6]. Because the cross section depends on the ga- coupling, the decrease
in the axion flux due to A — 2v decays during their flight from the Sun should be taken into
account.

Borexino is a real-time detector for solar neutrino spectroscopy located at the Gran Sasso
Underground Laboratory. The main features of the Borexino detector and its components have
been thoroughly described in ([9]-[11] and refs therein). The Monte Carlo method has been
used to simulate the Borexino response S(E) to electrons and vy-quanta produced by axion
interactions. The MC simulations are based on the GEANT4 code, taking into account the
effect of ionization quenching and non-linearity induced by the energy dependence on the event
position.

Figure 1 shows the observed Borexino energy spectrum in the (3.0 — 8.5) MeV range in
which the axion peaks might appear. The obtained upper limits on the number of counts in

the peak (SZ < 0.013 ¢/(100 t day) at 90% c.l.) are very low, e.g. ~ 10* times lower than
expected number of events from pp— neutrino (135 ¢/(100 t day)).

The upper limits on the number of events with energy 5.5 MeV constrain the product of axion
flux ® 4 and the interaction cross section 04— p ¢ viarelation: Seyents = Pacda—e p,cNep,cTe <
Stm_ Yere N, c is the number of electrons, protons and carbon nuclei in the IV, T is the
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Figure 1: The fitted Borexino spectrum in the (3.2 — 8.4) MeV range. Curve 3 is the detector
response function for Compton axion-photon conversion at the 90% c.l. upper limit (5=6.9
events).

measurement time and € is the detection efficiency. The individual rate limits are:

D0 A—clectron < 4.5 X 10739571 (3)
P A0 A—proton < 2.5 x 1078571 (4)
(PAUAfcarbon <33 x 10_385_1 (5)

For comparison the standard solar neutrino capture rate is SNU = 10736s~latom!.

The axion flux ® 4 is proportional to the constant (ggAN)Q, and the cross section oc¢ is
proportional to the constant 931@- The Sc¢ value depends, then, on the product of 931@ X (g3an)?.
The range of excluded |gae X gzan| values is shown in Fig.2 (line 2). At (pa/py)® = 1 or
ma < 1MeV the limit is:

|gAe X g3AN| < 5.5 X 10_13(90%C.l.). (6)

These constraints are completely model-independent and valid for any pseudoscalar particle.
Within the hadronic (KSVZ) axion model, one can obtain a constraint on the g4, constant,
depending on the axion mass (Fig.2. line 1). For (pa/p,)® &~ 1 the limit on g4, and m is:

|g4e X ma| <2.0x 1075, (7)

where my4 is given in eV units (90% c.l.).
The analysis of A — 2v decay and Primakoff photoproduction is more complicated because
axions can decay during their flight from the Sun. The exponential dependence of the axion
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Figure 2: The limits on the g4. coupling constant obtained by 1- present work, 2 - present
work for |gae X gsan|, 3- reactor and solar experiments, 4- beam dump experiments, 5- ortho-
positronium decay, 6- CoGeNT, 7- CDMS, 8- solar axion luminosity, 9-resonance absorption
[12], 10- read giant. The excluded values are located above the corresponding lines.

flux on gq and m4 must be taken into account. In the assumption that 3 ~ 1 the number of
decays in the FV depends on g2, , 91247 and m%. The limit derived at 90% C.L., is

|gay X gsan| x m% < 3.3 x 1072, (8)

The number of expected events due to inverse Primakoff conversion is Spec = ® g0 pc NeTepc,
where opc is the Primakoff conversion cross sections. Under the assumption that ® 4 ~ ® 4
one can obtain the restriction ( ga- is in GeV~! units):

|94y X g3an| < 4.6 x 1071(90%c.1.), (9)

This limit is 25 times stronger than the one obtained by CAST [14], which searches for con-
version of 5.5 MeV axions in a laboratory magnetic field In the KSVZ model the constraint on
gay and m4 is given by the relation:

|gaqy] X ma <1.7x 1073 (10)

For m4=1 MeV, this corresponds to gay, < 1.2 X 1073. The region of excluded values of g A~y
and my4 are shown in Fig.3, line 1b; under the assumption that g4, depends on my4 as in
the KSVZ model we exclude axions with masses between (1.5 - 73) keV. Our results from the
inverse Primakoff process exclude a new region of g4, values at m4 ~ 10 keV.

A search for 5.5 MeV solar axions emitted in the p(d,®He)A reaction has been performed
with the Borexino detector. The Compton conversion of axions into photons, the decay of axions
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Figure 3: The limits on ga, obtained by 1- present work (a - A — 2y, b - PC, areas of
excluded values are located inside contour), 2 - CTF [1], 3- reactor experiments, 4- beam dump
experiments, 5- resonant absorption [13], 6- solar axions conversion in crystals, 7- CAST, 8-
telescopes, 9- HB Stars, 10-expectation region from heavy axion models.

into two photons, and inverse Primakoff conversion on nuclei were studied. The signature of
all these reactions is a 5.5 MeV peak in the energy spectrum of Borexino. No statistically
significant indications of axion interactions were found. New, model independent, upper limits
on the axion coupling constants to electrons, photons and nucleons were obtained.

References
[1] G. Bellini et al., (Borexino coll.) Europ. Phys. J. C54, 61 (2008).
[2] G. Bellini et al., (Borexino coll.) submitted to Phys. Rev. D(2011).
[3] A.V.Derbin, A.S. Kayunov, and V.N. Muratova, Bull. Rus. Acad. Sci. Phys. 74, 805 (2010), arXiv:1007.3387
[4] W.C. Haxton and K.Y. Lee, Phys. Rev. Lett. 66, 2557 (1991).
[6] T.W. Donnelly et al., Phys. Rev. D18, 1607 (1978).
[6] F.T. Avignone III et al., Phys. Rev. D37, 618 (1988).

A.R. Zhitnitskii and Yu.I. Skovpen, Yad. Fiz. 29, 995 (1979).

G. Alimonti et al. (Borexino Coll.), Nucl. Instr. and Meth. A600, 58 (2009).
G. Bellini et al. (Borexino Coll.), Phys. Rev. C81, 034317,(2010).

G. Bellini et al. (Borexino Coll.), Phys. Rev. D82, 033006,(2010).

A.V. Derbin et al., Phys. Rev. D83, 023505 (2011).

A.V. Derbin et al., Phys. Lett. B678, 181 (2009).

]
]
]
]
]
]
[7] M. Srednicki, Nucl. Phys. B260, 689 (1985).
]
]
]
]
]
]
] S. Andriamonje et al., (CAST Coll.), JCAP 1003:032 (2010). arXiv:0904.2103

PATRAS 2011 111



