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Abstract. Results of background measurements with a prototype of the Borexino detector were used to
search for 478 keV solar axions emitted in the MI-transitions of "Li . The Compton conversion of axion
to a photon A+ e — e+, axioelectric effect A+e+Z — e+ Z, decay of axion in two photons A — 2y
and Primakoff conversion on nuclei A+ Z — v+ Z are considered. The upper limit on constants of in-
teraction of axion with electrons, photons and nucleons — gae.gany < (1.0-2.4) x 10710 at my < 450keV
and gaygan <5 X 1072 Gev ! at m4 < 10keV are obtained (90%c.l.). For heavy axions with mass at
100 < m 4 < 400 keV the limits g4, < (0.7-2.0) x 1078 and ga~y < 1079-10"2 are obtained in assumption
that g4y depends on m 4 as for KSVZ axion model. These limits are stronger than obtained in previous
laboratory-based experiments using nuclear reactor and artificial radioactive sources.

PACS. 14.80.Mz; 29.40.Mc; 26.65.+t

1 Introduction symmetry U(1)pq [1,2]. Weinberg and Wilczek noted that

spontaneous symmetry breaking of U(1)pq at energy ~ fa
A natural solution of the strong CP problem was found leads to existence of a new neutral spin-zero pseudoscalar
by Peccei and Quinn by introducing a new global chiral particle -axion [3,4]. The original PQWW- or standard ax-
ion model assumed that f4 is equal to electroweak scale:
2 e-mail: derbin@pnpi.spb.ru fa = (v2Gr)~/? ~ 250 GeV. The standard axion mass de-
b e-mail: osmirnov@jinr.ru pends on the number of quark doublets N and unknown
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parameter X, which is the ratio of two Higgs vacuum expec-
tation values: m4(keV) ~ 25N (X +1/X) > 150 keV. This
model was excluded after extensive experimental searches
for the standard axion (see [5] and refs therein).

New axion models decoupled the scale of PQ symmetry
breaking from the electroweak scale and extended value of
fa up to the Plank mass ~ 10'® GeV. Two types of model
for the invisible axion have been developed: the Kim—
Shifman—Vainstein—Zakharov model (KSVZ or hadronic
axion) [6,7] and the Dine-Fischler—Srednicki-Zhitnitski
model (DFSZ or GUT axion models) [8,9]. The strength
of the axion’s couplings to photon, electron and nucle-
ons is given by effective coupling constants ga~, gae, gan-
Since the elementary axion couplings are model depen-
dent, these effective couplings are model dependent as well.
The interaction strength scales as fgl, but also includes
significant uncertainties from model-dependent numerical
parameters. In contrast to the DFSZ axions, KVSZ axions
have no coupling to leptons and ordinary quarks at the tree
level, which results in strong suppression of the interaction
of KVSZ axion with electrons through radiatively induced
coupling. Moreover, in some models axion photon coupling
may differ from the original DFSZ or KVSZ g4, couplings
by a factor less then 102,

While laboratory-based experiments exclude DFSZ-
and KSVZ-axions with masses above a few eVs, astrophys-
ical and cosmological arguments exclude practically all re-
gion of possible values of axion’s masses leaving the ranges
of about 1076-1072 eV (see [5, 10] and refs. therein).

New possibilities for solving the strong CP-problem
based on the concept of mirror world particle [11] and on
sypersymmetric extension of the standard model [12] were
suggested. In these models the axions with mass about
~ 1 MeV or above are not excluded by the present experi-
mental and astrophysical limits. Because, besides solving
the strong CP problem, the axion provides also a well mo-
tivated candidate for at least a part of the non-baryonic
dark matter, experimental efforts to detect axions are still
intensively continued.

If axions exist, the Sun would be an intense source
of these particles. Axions can be efficiently produced in
the Sun by Primakoff conversion of photons in the elec-
tric field of the plasma. The resulting axion flux has
an average energy of about 4keV and can be detected
by inverse Primakoff conversion in laboratory magnetic
fields [13—-22] or by the coherent conversion to photons in
crystal detectors [23—25].

Because of the axion coupling to nucleons there is an-
other component of solar axions emitted in nuclear mag-
netic transitions of excited nuclei. The temperature in
the center of the Sun is ~ 1.3keV and some nuclei (e.g.
5TFe, 55Mn) having low-laying nuclear levels can be excited
thermally [26]. These axions can be detected via resonant
absorption in nuclear targets [27—29]. The probability of
emission and subsequent absorption of the axion in a mag-
netic transition is determined only by the axion—nucleon
coupling.

The other source of axions are reactions of the solar
cycle that produce solar energy. Figure 1 shows the scheme
of electron capture "Be 4+ e~ — "Li" + v, [30]. The 478 keV
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Fig. 1. Electron capture decay scheme of "Be [30]

excited state of "Li is a short-lived intermediate state fol-
lowing electron capture with branching ratio n = 0.105.
Since axions are pseudoscalar particles they can be emit-
ted in M1-transitions from the first excited state to the
groundstate. Except for in-flight decay and interaction in
the Sun, the flux of solar axions at the Earth is defined by
the electron capture rate of "Be to the first excited state
of "Li, which is given by the standard solar model. The
"Be electron capture also produces neutrinos with a flux
equal to 4.8 x 10%(+£10%)v/(cm? s) at the Earth [31]. The
expected flux of axions is directly related to the total flux of
"Be neutrino and is comparable with axion flux in experi-
ments using nuclear reactors [32] or artificial radioactive
sources [33] (see [5] and refs. therein). An attempt to de-
tect such axions through resonant absorption in “Li nuclei
target have been performed in [34, 35].

In this letter we present the results of a search for so-
lar axions emitted in the 478 keV transition in "Li follow-
ing the electron capture decay of "Be. Detection limits of
axions are based on axion interactions with electrons by
Compton axion to photon conversion A+e — e+ and
the axioelectric effect A+e+Z — e+ Z, using the pro-
totype of the Borexino detector. The amplitudes of these
processes are defined by g4, coupling. We also consider
the possible signals from the decay of the axion into two
~v-quanta and from Primakoff conversion on nuclei A+
Z — v+ Z. The amplitudes of these reactions depend on
axion-photon coupling ga~. The signature of all above re-
actions is the appearance of 478 keV peak in the energy
spectra of CTF. The extremely low background level of
natural radioactivity and the large mass of the CTF al-
lowed setting new limits on the electron, neutrino and nu-
cleon stability, neutrino electromagnetic properties and vi-
olation of the Pauli exclusion principle [36—41].

2 Axion interactions

2.1 Axion—nucleons coupling: axion emission
in the nuclear magnetic transitions

The coupling of the axion field ¢4 to the nucleon is defined
by the isoscalar (g% ) and isovector axion—nucleon (g3 )
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coupling constants:

(1)

In the KSVZ axion model the dimensionless coupling
constants g9, and g3, are related to fa by expres-
sions [42,43]:

L= iw_N'Y5 (Q%N +giuv7—3) ¢N¢A .

o _mn _ itz 2w
ohv = Gy [25+(3F D) 1+Z+w} (2)
and
3 my 1—2z
= Nlp+pr)—=
JAN = 57, {( + )1+z+w]’ (3)

where z and w are ratios of u-, d- and s-quark masses z =
My /Mg = 0.56, w =m, /ms =0.029 and My ~ 939 MeV is
the nucleon mass. Axial-coupling parameters F' and D are
obtained from hyperon semi-leptonic decays with high pre-
cision: F'=0.462+0.011, D = 0.808 +0.006 [44]. The pa-
rameter S characterizing the flavor singlet coupling is still
a poorly constrained parameter. Its value changes from
S =0.68 in the naive quark model down to S = —0.09
which is given on the basis EMC collaboration measure-
ments [45]. As a result the value of the sum (g% 5 + g% ) is
determined within a factor of two. We will use S = 0.4 [46]
as reference when we calculate axion flux for KSVZ axion
model.

The axion mass (in €V units) is given in terms of f4 by

_ fﬂ'mﬂ' < z )1/2 ~ 60 X 106
A T Ot etw)(it2))  © FalGv)

Numerical values of ¢%, and g3, are related to the
hadronic axion mass:

(4)

Ay = —3.50x1078(m/1eV),
gy = —275x10"%(ma/1eV).

(5)
(6)

The axion-to-gamma decay branching ratio (wa/w,) of
the M1 transition calculated in the long-wavelength limit is
given by the expression [26, 33]:

3 2
wa _ 1 [pa]” 1 9AnB+ 95N
wy 2ma | py| 1462 [(to—0.5)8+pus—n

where o« 22 1/137 is the fine structure constant, p4 and
p~ are the momenta of the axion and the photon, and po =
0.88 and p3 = 4.71 are the isoscalar and isovector magnet-
ics moments. The n and 3 are two nuclear-structure depen-
dent ratios and ¢ is E2/M1 mixing ratio for the nuclear
transition. For 478 keV M1-transition of "Lid 22 0.005% and
7= 0.5 and 8= 1. For given parameters the branching
ratio can be rewritten as:

(7)

wa 2
=2 =103 (ghn +ghn)” (pa/p).
N

(8)

From (7), (5) and (6) one can obtain the ratio w4 /w., as
a function of axion mass:
WA

PA —4.02% 1075 m2 (pa/py)®,
Wy

9)

where m4 is expressed in eV units. The probability of
axion emission increases as m?, reaches maximum at
ma = (2/5)" 2p. and decreases at larger masses because
of (pa/py)? factor. The expected solar 478 keV axion flux
equals:

B0 =1, ("Be)(wa fu,) (10)

The values of g9 y and g3 5 for the DFSZ axion depend
on additional unknown parameter cos? 3 which is defined
by the ratio of the Higgs vacuum expectation values. For
the case of “Li transition the ratio (wa/w~)P¥5% lies in
the interval ~ (0.1-2.0)(wa/w~)¥3VZ. The lower and up-
per bounds of the interval are defined by values cos 3 =0, 1
respectively.

Because the branching ratio (w4 /w-) is model depen-
dent we can consider parameter (g% + g5 )? in the ex-
pression (8) as a free unknown parameter characterizing
axion—nucleon coupling. The value (g% 5 + g% ) ? is close to
(9an)? = ((¢%n)* + (95 )?) usually defined as a measure
of the total coupling [47].

2.2 Axion—electron coupling: Compton conversion
of axion to photon A+e —~v+e
and axioelectric effect A+e+Z — e+ Z

The coupling of the axion to the electron is governed by the
Lagrangian:

L=igacthevsipeda, (11)
where g4, is a dimensionless Yukawa coupling constant.
The parameter g4, is associated with mass of the electron
m, so that gae = Cem/fa, where C, is a model depen-
dent factor of the order of unity. In the standard PQWW-
axion model the values f4 = 250 GeV, C, = 1 are fixed and
gae ~2x 1076, In DFSZ-axion models C, = 1/3cos? 3,
where 3 is an arbitrary angle. If one set cos? 3 =1 the
axion—electron coupling is related to axion mass as g4 =
2.8 x 107 'm 4, where m 4 is expressed in €V units.

The hadronic axion has no tree-level couplings to the
electron, but there is an induced axion—electron coupling at
the one-loop level [42]:

_3a2Nm Enf—A——in
N m 3l+z+w m

244+z+w. A
=2 m 1 . (12
ga onf ) (12)

where N and E are the model dependent coefficients
of the electromagnetic and color anomalies, A =~ 1 GeV is
the cutoff at the QCD confinement scale. The interaction
strength of the hadronic axion with the electron is sup-
pressed by a factor ~ o®. The numerical value of g4, for
E/N = 8/3, which is characteristic of GUT models, and for

N=1is ga =22x10"1 (gln (%) - 14.6) ma,
where m 4 is expressed in €V units.

The axion can scatter an electron to produce a pho-
ton in the Compton-like process A+ e — v+ e. The Comp-

ton differential cross section for electrons was calculated
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in [32, 33, 49]:
E _ gieaE’Y
d2  8tm2pys
2172
i I E AmE,  AmapamEy oy
y? y y3 ’
(13)

where F, is the energy of y-quanta, pa and E4 are the
momenta and the energy of the axion respectively, 0 is
the angle between the axion and emitted photon and y =
2mE 4 +m?. The spectra of y-quanta calculated for differ-
ent axion mass are shown in Fig. 2. The energy spectra of
electrons can be found from relation £, = E4 — E,,, where
E 4 =2 477.6keV is the energy of nuclear transition.

The integral cross section corresponding to this mode
is [32,33,49]:

gi.a [2m*(m+Ea)y
gCC = 35 2 2
8m<pa (m?+y)
4m (m¥ +2m24m? — 4m>E?)
y(m?+y)
4 2,2 4 E
n mopy +my nm+ A+DA (14)
kay m+EA_pA

The cross sections calculated for PQWW-, DFSZ-
and KSVZ-axions as a function of axion mass are shown
in Fig. 3. For the standard axion ga. is fixed as g4 =
m/250 GeV and does not depend on axion mass, for DSFZ
original model ga. =m/3f4 = 2.8 x 107 1'm 4(eV) and for
the hadronic axion g4, was calculated according to the for-
mula (12). As one can see from the curve (1) for standard

300 keV
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Fig. 2. Spectra of y-quanta from axion Compton conversion
A+ e — v+ e calculated for different axion masses
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Fig. 3. The cross sections Compton conversion of axion to pho-
ton (lines 1, 2, 3) and axioelectric effect (lines 4, 5, 6) cross
sections for 2C are given as a function of axion mass m 4 for
different axion—electron coupling: 1 — standard PQWW axion,
2 — DFSZ axion with cos? B8=1,3-KSVZ or hadronic axion

axion with fixed g4., the phase space contribution to the
cross section is approximately independent of m 4 and for
ma < 200keV is occ & g5, x 5.5 x 1072° cm?.

The 90% of reactions "Be + e~ — "Li" + v, occur within
0.11 radiuses of the Sun [50]. Axions leaving the center
of the Sun pass through the matter layer with
~ 6.8 x 103 electrons/cm?. As the result the absorption of
the axions due to Compton process is lower than 10%, if
gae < 5x1077. DFSZ axions of mass m4 < 20keV would
escape from the Sun with insignificant absorption. The res-
onant absorption of 478keV axions by 7Li nuclei is the
other possible reaction in which axion can disappear, but
because of low abundance of lithium in the Sun the proba-
bility of such process is less than 10~%.

The other process associated with axion—electron coup-
ling is the axio-electric effect A+e+ Z — e+ Z (the ana-
logue of the photo-electric effect). In this process the ax-
ion disappears and an electron is emitted from an atom
with energy of the absorbed axion minus the electron bind-
ing energy Ey. The cross section of axio-electric effect
on K-electrons for axion energy F4 > Ey, was calculated
in [49]:

2 pe AEA(E% +m? 2F
UAEZQ(Zam)‘r’g_A;p_ A(2 A - 4A) - — A2 .
mEPA (i —pz) (P2 —P?)
64 m2 16m2p%4 E,
—?pszAm 3 A26_ 2A1425
(pa—p2) (P4 —p?)
E4 1 pPetPa (15)

Pepa (p% —p2)°>  Pe—Pa
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The cross section (15) has a Z5 dependence and for car-
bon atoms the cross section is oag & g4, % 2.8 x 10728 cm?/
electron. This value is about 3 orders of magnitude lower
than for axion Compton conversion. However, taking
into account the different energy dependence (ccc ~ Ea,
oap ~ (E4)~%/?) and Z° dependence, the axio-electric
effect can be more effective to search for low energy ax-
ions with detectors having high Z. Because of the low
abundance of heavy elements (with Z > 50) in the Sun
(~ 1 ppbatom/atom), the probability of axio-electric ab-
sorption of 478 keV axion inside the Sun is less than 10~7.
The abundance of Fe atoms constrains g4, < 1.1 x 1074, in
this case 90% of axions escape from the Sun. The cross sec-
tions of axio-electric effect calculated according to (15) for
three variants of axion models, are shown in Fig. 3.

2.3 Axion—photon coupling: axion decay A — 2~
and the Primakoff production
on carbon nuclei A 4+12C — v412C

The Lagrangian for the interaction of the axion with the
photons is:

L=—(1/4)gayF" Flu¢a = 94,E-Boa, (16)
where F' is electromagnetic tensor and g4, is an axion—

photon coupling constant with dimension of (energy)~!
which is usually presented as:

CAfyfy ) (1 7)

2(4+ z+w) a
gA"y: :2

L(E_
2rfa \N 3(1+z+w) fa

where E/N is a model dependent parameter of the
order of unity. E/N = 8/3 in DFSZ axion models (Cay, =
0.74) and E/N =0 for original KSVZ axion (Cayy =
—1.92). The value of the second term inside brackets is
1.95+0.08 and axion-photon coupling may be signifi-
cantly reduced in axion models in which E/N is close to
2 [43].

With this axion—photon coupling, axion decays into two
photons with the lifetime:

64w

—_—. 18
g.%wmil ( )

Te.m. =

The phase space for decay depends on m?. For 7., meas-
ured in seconds, g4y — in GeV~! and my4 — in €V one
obtains:
Tem = 13x10%,2m % =3.5x10%m,°C2 . (19)
The axion emitted in the Sun can decay on its flight
to the Earth. Because of axion decay the sensitivity of the

search drops off for large values of gzwmi. The flux of ax-
ions reaching the detector is given by expression:

Tt
) QSAO )
Tc.m.

B4 = exp <_ (20)

where @ 49 is original axion flux (10), 7c.. defined by
(19) and 7t is the time of flight in c.m.s.:

ma L

Tf:E—AHC.

(21)
Here L = 1.5 x 103 cm is the average distance between
Sun and Earth and 8 =pa/E4.
The number of A — ~+ decays in detector of volume V'
is:

wa Vmg

N, =@, 2A_TM4a
7 A Wy BcEATe m.

(22)

Function IV, calculated for KSVZ model is shown in
Fig. 4 for different values of m4. The maximum N, cor-
responds to ma = ((8/6)7c.m.m%/(1t/ma))'/¢ = 45 keV,
where 7., and 73 are defined by (19) and (21). The ex-
periment is not so sensitive to low m4 (due to the low
probability of axion decay) as for the high values of m4,
because in this case axion decays during its flight from the
Sun.

Another process depending on g4 coupling is the Pri-
makoff photoproduction on carbon nuclei A+ 2C — v+
12C. The integral Primakoff conversion cross section is [33]:

s Z2a [1+ 2 1+3 1
UPC:gA'y 2 |: 2ﬂ2 1n<1_ﬂ>_5:| .

Because the cross section depends on g4, coupling, the
decrease of axions flux due to A — 2 decays during their
flight from the Sun, should be taken into account. The

(23)

100

-
o
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Fig. 4. The expected number of axion decays (1) and Primakoff
conversion (2) in CTF volume per day for KSVZ axion model.
Lines (3) and (4) are calculated for above reactions in assump-
tion that the axion does not decay in its flight from the Sun
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axion flux at the detector was calculated by the method
described above. The atomic-screening corrections for 12C
were introduced in accordance to the method proposed
in [33]. The expected number of Primakoff conversions cal-
culated for the CTF detector in accordance to (23) and
(20) are shown in Fig. 4. Because of a loss of axions due to
Primakoff conversion on protons inside the Sun, the sensi-
tivity of the search is restricted to g4y < 1x 107* GeV 1,
corresponding to DFSZ axion masses less then 0.7 MeV .

3 Borexino CTF

Borexino, a real-time detector for low energy neutrino
spectroscopy, will soon start the taking data at the un-
derground laboratory at Gran Sasso (for detailed descrip-
tion of the detector see [51] and references therein). The
main goal of the detector is the direct measurement of
the solar “Be neutrinos flux of all flavours via neutrino-
electron scattering in an ultra-pure liquid scintillator (LS).
The prototype of the Borexino detector — counting test fa-
cility (CTF) — was constructed with the aim to test the
key concepts of Borexino, namely the possibility to purify
a large mass of liquid scintillator at the level of contami-
nation for U and Th of ~ 107¢ g/g. CTF is a simplified
scaled version of the Borexino detector. Its active volume,
~ 4 tons of liquid scintillator, is contained in a transpar-
ent spherical nylon vessel, 2 m diameter and 0.5 mm thick.
The active detector is surrounded by 100 PMTs mounted
on an open support structure. The PMTs are fitted with
light concentrators which provide a 21% optical coverage.
The construction is immersed in 1000 m? of high purity
shielding water, contained in an external cylindrical tank
10 m diameter and 11 m high. Water shields the scintillator
against y radiation emitted by radioactive contaminants in
the PMTs and their support structure as well as against
~’s following the capture of neutrons generated within the
walls of the experimental hall. Another 16 upward-looking
PMTs mounted on the bottom of the tank form an active
muon veto system (MVS). They detect the Cherenkov light
of muons that cross the water without intersecting with
the scintillator. The muon-veto was tuned to maximize the
muon tagging efficiency while minimizing the probability
of scintillation light pickup for sub MeV events (CTF was
optimized to study backgrounds in the [0.25,0.8] MeV en-
ergy range, where Borexino will look for “Be solar neutrino
interactions [51]). A more detailed description of the CTF
detector can be found in [52-56].

The electronics of CTF are designed to record fast de-
layed coincidences without appreciable dead time. Time
and charge information of the PMT pulses of an event are
recorded by a set of ADCs and TDCs (group 1 chain). Dur-
ing the acquisition time, a second set of ADCs and TDCs
(group 2 chain) is sensitive to a possible other event oc-
curring within 8.3 ms. The coincidence time between the
two chains is measured by means of a long range TDC.
Subsequent events are ignored until the group 1 chain is
ready again. The group 1 trigger is fired when 6 PMT hits
occur within a window of 30 ns. The corresponding energy

threshold is measured to be ~ 20 keV at 50% detection effi-
ciency; 99% detection efficiency corresponds to 90 keV en-
ergy release in the scintillator. The energy response of the
detector is calibrated run-by-run, using the light yield ob-
tained by fitting the *C energy spectrum: on average ~ 3.8
photoelectrons (p.e.) per PMT are detected for a 1 MeV
recoiling electron at a random position within the detec-
tor volume. Electronics of each channel from the PMT to
the ADC is linear up to 20 p.e., which guarantees a linear
energy response for events below 4.5 MeV.

The CTF has been in operation since 1993. During the
1993-1995 campaign (CTF1), the detector was filled with
~ 4 tons of pseudocumene (PC, 1,2 4-trimethylbenzene,
CﬁHg(CHg)g, p=10.88 g/CmB) to which PPO (2,5— Diphen-
yloxazole, C15H11NO) was added as a wavelength shifter
in low concentration (1.5 g/1). This campaign was focused
on studying backgrounds for the Borexino scintillator [52].
In 1999, CTF was run again (CTF2), this time with PXE
(1-Phenyl-1-xylylethane, C16H;s, p = 0.995 g /cm?) scintil-
lator. It was upgraded to include an active muon-veto; also,
a second, 125 micron thick nylon membrane was added
in the water space between the PMTs and the scintilla-
tor, aiming to suppress Rn diffusion from the periphery to
the center of the detector [53]. These two additions turned
CTF into a sensitive detector in the field of rare events
physics, as proven by the results in [36—-39,41]. In 2002
a third campaign with PC + PPO liquid scintillator be-
gan (CTF3); it is still in progress to finalize the purification
strategy for the Borexino scintillator.

The mass of the scintillator (3.75 tons) was defined by
measuring the buoyancy with a precision of 5%. The total
time of data taking in CTF3 is more than 800 days, the
dead time of the electronics introduces an inefficiency of
~ 12% for the observed counting rate (about 1 cps). The
measurements were performed in ~ 24 h runs. The end-
point of *C B-spectrum was used to check the energy cal-
ibration stability. No systematic shift in energy scale with
time has been found, the slow varying corrections to the en-
ergy scale were obtained using the position of the end-point
of *C B-spectrum. The scintillator fastest light decay com-
ponent time is less than 5 ns which provides good position
reconstruction. The precision of the spatial reconstruction
of the detector was defined using sources inserted at dif-
ferent positions inside the active volume, and was found to
be ~ 10cm (1o) at ~ 0.8 MeV (from 7.8 MeV a-events of
21Ppo (tagged by 2'*Bi-2'*Po delayed coincidence).

In the present study we use CTF3 data collected dur-
ing 623 days of data taking (corresponding to 548 days
of live-time) to search for possible axion signature. The
first period of the data taking of about 200 days was ex-
cluded from the analysis because of the presence of a strong
a-peak from 2'°Po in the region of interest.

4 Data selection and analysis

The energy calibration of the first group of the electronics
was performed using '*C events and checked at higher en-
ergies using the first event of the delayed 2'4Bi-2'*Po coin-
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Fig. 5. CTF3 spectrum measured during 548 days. The se-
quence of the applied cuts is shown from upper plot to the lower
one: 1 — total data; 2 — data without events tagged by muon
veto and time correlated events; 3 — radial cut r < 83 cm; 4 — all
previous cuts plus /3 discrimination

cidences (originating from 222Rn in the LS); 2!4Bi 3 decays
with @ value of 3.2 MeV. The energy and spatial resolution
ofthe CTF 3 detector are very close to those of CTF1 [52, 58].

In our analysis we used the data collected with the
CTF3 detector during 548 days of data taking (see Fig. 5).
The spectrum without any cut applied is presented on
the top. The next spectrum is obtained excluding events
tagged by the muon veto and time-correlated events (that
occurred in the time window At < 8.2 ms). The muon veto
suppresses the background rate by up to two orders of
magnitude, depending on the energy region. On the next
stage a cut on the reconstructed radius is applied, aim-
ing to remove the surface background events and leave
the events uniformly distributed over the detector’s vol-
ume. The selected value of parameter R = 85 cm for the
spatial cut corresponds to maximum signal/background
ratio. The efliciency of the radial cut has been simulated
using MC method taking into account the dependence of
the spatial reconstruction precision on energy and pos-
ition. The obtained value of efficiency for y-quanta with
energy 478 keV is eg(85) = 0.65. Additional o/ discrim-
ination was applied to eliminate contribution from « par-
ticles (lower spectrum in Fig. 5). The /8 discrimination
removes the majority of a’s (which are mainly 5.5 MeV a-
particles from 2!°Po decay, corresponding to an electron
energy release of ~ 380 keV) while leaving (80-95)% of §’s
and 7’s at 700-800 keV energies (depending on the value
of parameter of o/ discrimination). The value of ¢,/3
slightly increases with decrease of an energy. The limits ob-
tained in further analysis uses the value of €, /5(700 keV) in
order to provide correct limit estimation.

During the data taking which continued for more than
3 years some of the PMTs were broken. In order to equal-
ize the charge scale for different runs, it was first corrected
for the number of PMTs in operation (using the first run as
a reference) and only then the fine calibration on the base
of 14C B-spectrum described above was applied.

After these cuts, we estimate that the internal back-
ground (due to the internal contamination of PC with nat-
ural radioactive isotopes) of CTF3 is about 0.08 keV ~1 - t~1
day~! at 500 keV.

5 Simulation of the CTF3 response function
and fitting procedure

The Monte Carlo method has been used to simulate the
CTF response S(E) to electrons and y-quanta appearing
in axion interactions. The gamma-electron showers were
followed using the EGS-4 code [57], taking into account
the effect of ionization quenching and the dependence of
the registered charge on the distance from the detector’s
center.The axion events were assumed to be uniformly dis-
tributed in the whole volume of the liquid scintillator and
in 1 m water layer close to the LS. The spatial reconstruc-
tion was simulated in order to take into account the spatial
cut applied.

The total number of events to simulate was divided
into time periods corresponding to the different number
of PMTs in operation, the simulation was performed and
then the procedure of the scale equalization used with the
real data was applied to the MC data for each period. The
simulated response corresponds to the sum of the contribu-
tions over all periods.

The energy of initial electrons and ~y-quanta appear-
ing in axion Compton conversion were generated according
to the cross section (13) shown on Fig. 2. The responses
for the axion decay in two « quanta in the liquid scintil-
lator and in the water shield were calculated taking into
account the angular correlation between photons. The re-
sponse functions for axion Compton conversion Scc(E)
(electron and y-quanta with sum energy of 478 keV), for
axio-electric effect Sag (electron with energy 478 keV), ax-
ion decay Sa~(E) (two y-quanta with energy 239 keV) and
for Primakoff conversion Spc(E) (478keV 7-quanta) are
shown in Fig. 6. Response functions Scc, Sag, S2y and
Spc are normalized to 1 axion interaction in liquid scintil-
lator. The shift in the position of the total absorption peak
for corresponding ~’s is caused by the so called ionization
quenching effect (see i.e. comments in [36]) leading to the
nonlinearity of the amount of emitted light with respect
to the electron energy. Response function Sayext (A — 27
decay in water) is normalized to one decay in the CTF vol-
ume. Spcext response was simulated for Primakoff photo-
production on 160 nuclei taking into account the difference
in densities of water and liquid scintillator. Additional shift
in position for the external v is due to the fact that this
interactions occur mainly in the surface layer, where the
light collection is suppressed by the total reflection effect
on the scintillator /water interface (index of refraction of
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Fig. 6. Simulated responses to axion interactions in CTF (no
radial cut applied). Sag — axio-electric effect (477 keV elec-
trons), Scc — Compton axion to photon conversion (electron
and y-quanta), Spcint, SPCext — Primakoff conversion (478 keV
y-quanta in LS and in water), SA2yint, SA2vyext — decay A — 27y
in LS and in water shield, consequently

PC is n~ 1.5). More details on the MC simulation of the
CTF detector can be found in [40].

The energy of an event in the CTF detector is defined
using the total collected charge from all PMTs. The co-
efficient linking the event energy and the total collected
charge is called light yield. The study with the radioactive
sources placed at the different positions inside the CTF
inner vessel showed that the CTF response can be approx-
imated by a Gaussian, with sigma defined by the following
formula [36, 58]:

o0 =/ (L+7D)Q +1,Q2, (24)

where Q is the mean total registered charge for the
events of energy F distributed over the detector’s volume;
vy is the relative variance of the PMT single photoelec-
tron charge spectrum (it was defined with a high preci-
sion during PMT acceptance test: 77 = 0.34). The param-
eters v, give additional signal variance arising from the
following reasons: (1) additional variance for the source
distributed over the detector’s volume in comparison to the
point-like source at the detector’s center (detector’s spatial
non-uniformity); (2) uncertainties of the procedure of the
charge scale equalization: Qeq = Qreg *scale (scale takes
into account calibration corrections) yields another mem-
ber of the form ¢ x Q? in formula (24); (3) the same kind
of member arises from an intrinsic scintillator resolution.
There is no need to keep these additive parameters apart,
so in the model we used the only parameter v,.

The total experimental spectrum (see curve 4 in Fig. 5)
is well described with the sum of the C B-spectrum
smeared by the resolution (24) and an exponential func-
tion. The end-point energy of the *C spectrum is known
from experiments with high accuracy Ey = (156 £0.5) keV,
and was fixed in the calculations. This parameter is in
strong correlation with the light yield A, and its uncer-
tainty is masked by the uncertainty in the parameter
A. The model function has 5 free parameters: the number
of 1C events, light yield A, parameter describing detec-
tor’s nonuniformity v, and 2 parameters of the exponential
function. Ionization quenching kg = 0.017 cm~! MeV !
and C!* shape factor a = —0.7MeV~! (corresponding
to the parameterization of the shape factor in the form
f(E)=1+aF) were fixed at their best-fit values. More
details on the CTF experimental spectrum fitting proced-
ure can be found in [36,37]. The energy scale in the fit
is defined with a precision of < 2%. The deviation of the
model from experimental data without radial cut has pure
statistical origin (x?/n.d.f. ~ 1.0).

The influence of the radial cut on the uniformly dis-
tributed events was studied using MC data and checked on
the experimental data. The radial cut has a weak depen-
dence on the energy and was described by a simple two-
parametric approximation for every value of the radial cut.
The parameters of the approximation were defined with-
ing 1*C energy region and were fixed in the later analysis,
the slow-varying function in the region of interest has no
influence on the final result.

The upper limit on the possible admixture of axion in-
teractions in the detector was established adding the cor-
responding response function (Scc(E), Sar(E), Sa+(e),
Spc(E)) to the model. The *C spectrum allows to de-
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Fig. 7. The exponential fit in the region 290-700 keV. The
response function Spg for axio-electric effect corresponds to
5 x 103 events
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fine energy scale and resolution parameter, while under-
lying background described by an exponential function is
uncorrelated with these parameters. The fitting of the ex-
perimental data with Syiodel + Saxion Was performed in
the wider region (73-650) keV. This allowed to fix the en-
ergy scale. The upper limit on the number of events was
established studying the likelihood function in the more
stringent region around expected peak (278-650) keV. The
upper limit obtained in this way is stronger than one that
can be obtained fitting the data in the (278-650) keV re-
gion with Sexp + Saxion (Without 14C) despite of the larger
number of parameters, because the slope of the exponen-
tial underlying background is limited by the tail of the 14C
beta-spectrum. On the other hand this limit is weaker than
one obtained in the total energy region (73-650) keV. The
axion response functions have pronounced feature only in
the “exponential” region, thus it is natural to follow the x?2
deviation only in this region in order to define confidence
level on the possible admixture of axion interactions.

The results of the fit for the case of axio-electric ef-
fect (Sag(F) response) are shown in Fig. 7 (only the region
around 478 keV peak is shown). No statistically significant
deviations from zero were found for intensities of all re-
sponse functions. The upper limit on the number of events
in the response function (S) was determined by the stan-
dard method — x2 ;. (S) profile was calculated for various
fixed S values by varying other free parameters.

6 Results and discussions

No positive signal from axion interactions have been found.
The upper limits on the number of axion events for four
investigated reactions are presented in Table 1. The limits
are given for the complete CTF volume and the detection
efficiency is taken into account.

6.1 Limits on ga. and gan couplings

The number of expected events due to Compton conversion

and axio-electric effect in the detector containing N elec-

trons (or 12C nuclei) obtained during time of measurement
T are:

SZ?]-@V(YBQ)(WA/WV)-N-T-UCC’AE. (25)

The relation obtained in experiment, S < S},, puts

limits on the region of possible values of g4e, gan and m 4

Table 1. The upper limits on the number of axion interactions
in CTF (counts/548 days). CC — Compton axion to photon con-
version A+e — e+, AE — axio-electric effect A+e+ 2 — e+
Z, PC — Primakoff conversion on nuclei A + 20 ¥+ 120, Al
limits are given at 90% c.l.

CcC
180

reaction AE PC

Slim

A— 2y
190

270 165

in assumption that g4, is small enough to not take into
account in-flight decay A — 2~. For all axion processes we
will consider 3 cases: 1) g4, and gan are free unknown pa-
rameters, the amplitude of axion reactions depend on m 4
only via kinematical factor; 2) g4, is unknown parameter,
gan depends on axion mass as in KSVZ (or DFSZ) model;
3) gae and gany depends on axion mass as in KSVZ (or
DFSZ) model. The results obtained with approach 1) are
applicable to any pseudoscalar particle emitted in the nu-
clear magnetic transitions.

Using expressions for branching ratio (wa/wy) (8) and
for Compton cross section occ (14) one can obtains the
upper limits on value (g% + g% 5)? - 9%, as a function of
axion mass. These model independent limits, which are
taking into account only phase space contribution, are
shown in Fig. 8. The limit practically does not depend
on axion mass in the region m4 < 100keV: |¢% v + g5 n]-
gae <1.0x 10719 The limit is valid for g4 <4 x 1077, in
other case axions are absorbed in the Sun.

In the KSVZ axion model the branching ratio (wa/w-)
can be calculated as a function of axion mass taking into
account the dependencies ¢ and g3, on my given by
(5) and (6). The region of restricted values of parameters
gae and my are shown in Fig. 9 in comparison with re-
sults of experiments with an artificial source ®Zn [33].
The circle shows the upper limit on g4, obtained for stan-
dard axion (m4 = 150keV). The limit on parameters ga.
and gan obtained in [33] can be presented as [1.8¢9%  +

(') T T T T T
24 - 10 g
10.2: . AE
@ J
T 10°
9% 2,0 - @g j cC’
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£ 1 _ ]
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Fig. 8. The upper limits imposed by the Compton production
on the [g% y + 9% x| - 9ac versus m 4 (values above line 1 are ex-
cluded). In the inset the exclusion plot of g4, versus \g% N+
g%/ are shown for relations [¢% x4+ 9% x| gae < 1.0x 10710
and |g% v + 99 x| 946 < 9.0 x 1072 obtained for Compton pro-
cess and axio-electric effect if m 4 < 100 keV
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Fig. 9. The exclusion region in g4, vs. m 4 obtained with CTF
data for the case of Compton conversion (shaded area CC) and
axio-electric effect (above line AE). Line 1 and 2 show the up-
per limits on g4, obtained with 657 n-axions [33] and axions
from nuclear reactor [59]. DFSZ and KSVZ predictions are also
shown. The straight line at g4, =4 X 1077 corresponds to the
level of axion absorption

Fin| gae <3x 1077 (line 1). The values of g4. expected
in DFSZ model with cos? 8 =1 and in KSVZ model (due
to radiative corrections) are shown in the same figure. One
can see that our new limit g4, < 10~% for axions with
masses (100 —450) keV is more than two orders of mag-
nitude stronger than expected in the DFSZ model and
restricts the part of allowed region given by theoretical
models with heavy axions [11,12].

Using the relation between ga. and m 4 for the DFSZ
model and assuming that cos? 3 = 1 is, the upper limit on
axion mass my4 < 6.3keV.

The most stringent limits on g4 come from astro-
physical observation: globular-cluster stars yield the con-
straint g, < 0.5 x 10712 but it is applicable only if m4 <
10 keV [61].

The upper limits on the number of events due to axio-
electric effect imposes the limit on the value |¢% x + g5 |-
gae <9.0x 1072 for m4 < 100keV. The limit is about 2
orders of magnitude weaker than one given by Compton
production, but if Compton process is absent the limit is
valid for g4 < 1.1 x 10~* (Figs. 8 and 9).

6.2 Limits on g4~ and gan couplings

The analysis of A — 27 decay and Primakoff photoproduc-
tion is more complicated because axions can decay during
their flight from the Sun. The exponential dependence of
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Fig. 10. The exclusion region in g4, vs. m4 imposed by
A — 2y decay with (¢4 + 9% ) calculated for KSVZ model
(CTF shaded area). The decay in-flight of the axion is taken
into account. 1 — the upper limits on g4~ obtained with 657n-
axions [33], 2 — limits from 2.2 MeV reactor axions decay [60],
3 — limits from Primakoff conversion of reactor axions [59],
4 — limits from coherent conversion in crystal detectors (valid if
m4 < 1keV) [23-25], 5 — the most restrictive astrophysical con-
straint from globular-cluster stars (valid if m4 < 10 keV) [10]

axion flux versus g, and my4 given by (20) have to be
taken into account. For A — 2+ decay the excluded region
of parameters g,, and m4 is shown in Fig. 10. The up-
per and lower lines are obtained for value Sy, (A4 — 27)
from table 1. For higher values of g3 m? axions decay
before they reach the detector, for lower g m? the prob-
ability of axion decay inside CTF is too low. The region
between lines is excluded. The upper limits on g4, ob-
tained in [33,59] are shown again. One can see that the
CTF limits are more then one order magnitude stronger
than obtained by laboratory-based experiments using nu-
clear reactors. Also the excluded region is new for heavy
axions [11,12].

If axion—photon coupling depends on axion mass as in
KSVZ model (17) we exclude axions with mass (15-45) keV
(see Fig. 4). The similar restrictions is obtained for DFSZ
axion in the case of cos? 3 = 1.

Considering gan as a free unknown parameter one can
obtain the excluded regions of g,, and gan for various m4
(Fig. 11). Again, the excluded regions are limited by up-
per and lower lines corresponding to the fast and the slow
decay of axions.

The results of analysis of Primakoff conversion are
shown in Fig. 12. Because the number of expected events is
proportional to g3 exp(—g3,m%) against g% m}
exp(—g%4,m%) as for A — 2, search for Primakoff con-
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Fig. 12. Primakoff conversion process on 12¢. Parameters Jary
and g4 are excluded inside outlined regions. In inset the ex-
cluded region of g4~ and m 4 is shown (1 — limits from [33])

version is not sensitive to large values of m4. The model
independent limit is |g9 v + g% y] 94y <5 x 1077 if my <
10keV. The exclusion plot of ga, versus my4 is shown
in inset to Fig.12. The axion with mass in the region
(24-35) keV is excluded in KSVZ axion model. The restric-
tions on g4 is valid if ga, <1 X 10~ (the dotted line on
Fig. 12).

7 Conclusions

The search for solar axions emitted in the 478 keV M1-
transition of “Li has been performed with the CTF pro-
totype of Borexino detector. The Compton conversion of
axion to a photon, axio-electric effect, decay axion in two
photons and Primakoff conversion on nuclei were searched.
The signature of all above reactions is the appearance of
478 keV peak in the energy spectra of CTF. No statisti-
cal significant indications on axion interactions were found.
The new, model independent, upper limits on constants
of interaction of axion with electrons, photons and nucle-
ons — gaegan < (1.0-2.4) x 10719 at m4 < 450keV and
gaygan <5x1072GeV~! at my < 10keV were obtained
(90%c.1.). For heavy axions the limits g4, < (0.7-2.0) x
108 and gay < 1079-10"8 at 100 < m4 < 400keV are
obtained in assumption that gy depends on m4 as
for KSVZ axion model. These limits are (2-100) times
stronger than obtained by laboratory-based experiments
using nuclear reactors and artificial radioactive sources and
put some restrictions for heavy axion models.
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