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HeumpanuHno (superWIMPS) u akcuoH

Yactuubl TEMHOW MaTepumn He cogepxartcs B CTaHgapTHOM
moaenun (HebapmoHHas MmaTtepus U He nerkue HEMTPUHO)

WIMPs: weakly interacting massive particles

Ecnu peanusyemcsi cynepcumMmempus,

neeavyatwas cmaburbHas cyrnepcuMmempuyYyHas yacmuua
(HeumparnuHo) kaHOudam Ha pornk Yacmuy, TM

L

p=0.3 '3B/cm3
d=p/m, 3x10’cm=4c?

WISPs: Axion. [ns peweHus rnpobrembl CP-coxpaHeHUs 8 CUlbHbIX
g3aumooeticmausix, KX CM OomkHa bbimb O0rnosiHeHa akCUOHOM,

Komopblil Moxxem cocmasrnsms TM

A, a

OTpuuartenbHble pe3yneratbl LHC 1 9kcnepuMeHTOB NO NOUCKY
paccesiHng YacTul, TEMHOM MaTepuUn Ha sigpax CMeLLaloT UHTEpPEC OT
SUSY B cTOpoOHY Moaerneun ¢ bonee nerkmummn yactuuamm




Strong CP-problem

(HeHabnrodeHue CP-HapyweHusi 8 cusibHbIX 83aumModelicmeusix)

The appearance of an axion in theory is connected with the problem of CP-violation
In strong interactions. The fact that QCD Lagrangian can be supplemented by term

representing the interaction of the gluon fields. ©-term is P and T odd, i.e. in strong
interactions should be observed CP violation.

gs =
Lo =0—2_G*G
® 3272_2 a auv

E.G. EDM of neutron is:

Smymgmsg P

R4,

~ -16 4 =37 %107
d ~© X 10 ecm

My Mg + My Mg + Mgy

Present experimental limit on nEDM:

|d | <2.9X1026 e cm (90% c.l.) => © <1010

As it follows from the experimental limit on neutron’s dipole moment the upper limit
on the CP-violating parameter is 8 < 1019, This term is very small in comparison

with all the other parameters of the QCD Lagrangian, and this fact still remains a
mystery over a few decades.




lNosiesfileHuUe akcUuoHa

In order to solve this puzzle R. D. Peccei and H. R. Quinn in 1977 proposed the
concept of the new chiral symmetry U(1l)po. The spontaneous breaking of this
symmetry at the energy f, allows one to compensate CP-violating term of the QCD
Lagrangian completely. S. Weinberg and F. Wilczek showed (1978) that the introduced
PQ-model should lead to the existence of a new neutral pseudoscalar particle.

A. g’ ~
Lo = (@——)—2,GG
® ( fA)327Z'2 a auv

The axion mass (m,) and the strengths of an effective axion’s coupling to an electron
(dae): @ photon (g,, ) and nucleons (gay) are proportional to the inverse of f,.

ma & ( fymy I)(\/;/ (14 2))|| 9ar = C’gf 0he = E}m;@

p—

o (B 24+ztw)\ _ a — (1 y
Ay = 2@ (F - 3[1 s _l_w)) = Q?Tf-l Cﬁl'fr'“,r' gap — (f’apmpﬁ;

The name the "axion" is given by F. Wilczek on the brand of washing powder, since the axion

must to "clear" QCD from the problem of a strong CP-violation, and because of the connection
with the axial current.




Peccei-Quinn-Weinberg-Wilczek akcuoH

Priled enzymos

Grease and ol dissohers
Fabric whiterser and
brightener

Frank Wilczek

“I named them after a laundry
detergent, since they clean up

a problem with an axial current.”
(Nobel lecture 2004)
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POWW- unu cmaHOapmHbIU aKCUOH

The original WWPQ axion model contained certain strict predictions for the
coupling constants between an axion and photons (g,,), electrons (gae),
and nucleons (g,,) because assumed that f, is equal to electroweak scale:

f, =(2G.)" =~ 250GeV

The standard axion mass depends on the number of quark doublets N and
unknown parameter X, which is the ratio of two Higgs vacuum expectation
values and it should be more:

m , (keV) =25N(X +1/X) > 150 keV

Existence of the WWPQ axion had been disproved by experiments
performed on reactors and accelerators, and by experiments with artificial
radioactive sources (decay channel A — y + y was searched for)
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«HeesudumbIU" akCUOH

Two classes of new theoretical models of an "invisible” axion retained this
particle in the form required for solving the CP problem of strong
Interactions and at the same time suppressed it’s interaction with matter:

1) “hadronic”, or KSVZ (Kim, Shifman, Vainshtein, Zakharov) axion
model that postulates existence of the additional heavy quark;

2) “GUT”, or DFSZ (Dine, Fischer, Srednicki, Zhitnycki) axion model

that requires additional Higgs field.
DSFz KSVZ

— "l _ el ) _3?@!1 E. fi 24+z4+w, A
e L"H.i'*f i Ge=1) 08 P /\\ M 0t (P»_Thl%_ﬁlﬂ—u.-mE)

Sa, = 2 X 107°

04y = m

0 (E ?[4+z+w)) 0 0 (E 2[4“““)) 0

——— = | E/N=23/8 =577 = dp| EN=0
N 3latu)) " ufy (Cyy = 0.74) BN 3itetu)) dfy Gy = - 1)

The scale of Peccei-Quinn symmetry violation (f,) in both models is arbitrary and can be
extended up to the Plank mass = 10® GeV. The interaction strength scales as (f,)™!, and
the interaction between an axion and matter is suppressed. In contrast to the DFSZ axions,
the KSVZ axions have no coupling to leptons and ordinary quarks at the tree level, which
results in the strong suppression of the interaction of the KSVZ axion with electrons through
radiatively induced coupling. Moreover, in some variants of these models axion—photon
coupling may differ from the original DFSZ or KSVZ g,, couplings by a factor < 1072,




Macca HeeuOduMoO20 aKCUOHa

The axion mass in both models is given in terms of neutral pion properties and
depends on the axion decay constant f,:

m,[eV] = f.m, z _ 6.0x10°|| @g—'—
A B f. (1+Z+W)(1+z)~ f [GeV] |

where z and w — mass ratios for light quarks (z = m,/my ~ 0.56, w = m ,/m.~
0.029), m_ and f_ — mass and decay constant of rr-meson.

The restrictions on the axion mass appear as a result of the restrictions on the
coupling constants g,,, gae and gy, Which are significantly model dependent.

The results from present-day experiments are interpreted within these two most
popular axion models. The main experimental efforts are focused on searching for
an axion with a mass in the range of 107 to 1072 eV. This range is free of
astrophysical and cosmological constraints, and relic axions with such mass are
considered to be the most likely candidates for the particles that form dark
matter.

Direct laboratory searches for solar axions with CAST and IAXO helioscopes and
relic axions with ADMX haloscope rely on the axion-two-photon vertex, allowing for
axion—photon conversion in external electric or magnetic fields. Reactions of a.e.
effect in atoms and r.a. by nuclei are induced by g,, and g,, coupling constants.




OzpaHu4eHus1 Ha KOHCMaHmy ces13U aKCUOHa ¢ YOMOHOM g,
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'~ Acmpodpusuyeckue ozpaHuyeHus

Temneparypa (K)
25,000 10,000 6000 3000
| L S |
et

*
~ b

Emission of axions from the Sun

Gy < 0.7x 1070Gev="  fae < 2.5 x 1071

~
CBEPXTHTaHTHI o,
amaer,  AOMTOTBeTRb N
MHQCTe/i  CBEPYTHTaHTO
~
by

b

Helium-Burning Lifetime of stars on the H-branch

G 4| < 6.6 x 107 GeV! m,<0.5 eV (DFSZ) 1000
G| = 45712 1071 Gev™!
‘ 3 1.6

A"
Helium Ignition in stars on the red-giant branch s ropAoHTageHas
100 -
Jaece < 3 X 1013 IALLL AL AL AL AT AL A E
0 lz.w_,,_ o s
m,<0.02 eV (DFSZ) b.f. 7 meV E - - ?
: : 8 -
White-Dwarf Cooling  » - - ‘ i
Jaee < 1.3 x 10719 36 -
O — -
2.5 meV Sy cos® § S 7.5 meV o 4 ] 001 ~
5 ~  Free 7]
Supernova 1987A 9 2L Sireaming Trepping —]
r L ‘ . i
S — —
fﬂ, ll,:__:::i 4 = 11::' GE‘V D— i 0.0001
O (R (I (1 0O B A F G K M

ma = 16 meV - . ,
Axion-Nucleon Coupling ¢,y CnexTpanbHeIn Knace




Pa3peuweHHbIe U 3anpeweHHbIe obs1acmu Macc aKkCUOHa
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Acmpogpu3uvyeckue yKkalaHus1 Ha akCuoHbl! u ALPs

1. The excessive transparency of the intergalactic 4 10'j§||||||||| L AL L R L AL L L R
medium to very high energy (VHE) photons. HESS, » = ]
Fermi, Magic. Estimates give small ALP mass m, 101° - ¢ ;4 -
107 eV (to maintain coherence over sufficiently Ialgge R = =
magnetic lengths) and coupling in the range 10> — o . P .
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2. The anomalous cooling rate of white dwarfs. These 10 g & I
arguments were used long ago to constrain gae and they 2 =
have been cross-checked and improved over the years. o CDM1 i
Nowadays, there is common agreement on an upper limit o o 3
Jae < 3 X1013. However, recent works are based on such . .
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UcknroyeHHble obnnacmu u yka3aHusi onssm, uf,
PDG 2016
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WISPs = ALPs + Hidden sector

T T T T e ——
D. Hooper, T.M.P. Tait, PRD80, 055028 (2009); S. Andreas et al., JHEP 1008:003, (2010). K. Baker et al., arXiv:1306.2841;
J. Jaeckel, Frascati Phys. Ser. 56, 172 (2013).
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lNomumo WIMPSs ecmb uenbit knacc kaHoudamos Ha TM = WISP (Slim, Sub-eV), kyda exo0um u aKCUOH.
1. ALPs — yacmuupl ¢ HyrneabiM CriUHOM U 08yXGhOMOHHOU 8epWUHOU, KaK y akCcuoHa (HO He ¢ KeapKamu).u
omcymcmeyem €853b KOHCMaHm ¢esi3uU U Macchbl.

2. Hidden (dark) photons, cmewaHbl ¢ ¢omoHamu (xI2)F, XF, U MUHU3BPSDKEHHbIE Hacmuybl,
g3aumodeticmgyrom ¢ 4vacmuuamu CM 4yepe3s obmeH OYeHB . Mskesiol yacmuued. AKCUOHHbIE
3KCrepuMeHmsbl HyecmeumesibHbl K MeMHbIM ¢hOmoHa

3. Cywecmesyrom mooOerniu akcuoHa ¢ Mmaccoli okoro 1 MaB, ocHoBaHHbIE Ha KOHUENUUU 3epKaribHO20 Mupa
u SUSY, pewarwue npobrnemy u He3arpeweHHble nabopamopHbIMU  dKcriepuMeHmamu U

acmEOQU3U‘-IGCKUMU OaHHbIMU.
¢ il



B3aumodelicmeust akCUOHa
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Interactions of axion with matter
depends on coupling constants
of the axion to the photons,
electrons and nucleons:

Ja

A — 2y decay (g) and inverse
Primakoff (b) effect (axion-2-
photon conversion in the
electromagnetic field)

Jae

» axio-electric (c) and
compton-like (d) processes;

SYAN _
eas a pseudoscalar particle

axion can be absorbed and
emitted In magnetic-type
transitions




AcmoYyHUKU u 0emeKkmopbl aKCUOHO8

MCTOYHUKM aKCUNOHOB:
1. ConHue 2. Peaktop 3. NckyccTBeEHHbIE p.a. UICTOYHUKN (SOX)
4. PenukTtoBble

AKCNnepuMeHTbl C UICKYCCTBEHHbIM 0Opa3oBaHMEeM aKCUOHOB:
Peakmopsl, yckopumernu, p/a ucmoyHukKu, nasepsi “Light shining through walls”

A NMonckK ConHeYHbIX aKCUOHOB

KoHnBepcus B poToH: ConHeyHble renunockonbl: CAST, IAXO:
B nosne kpuctanna:.Solax, Cosme n DAMA
Pe3oHaHCcHOe nornouwieHme atoMHbiMn sgpamu: 57Fe, 169Tm, 7Li, 83Kr
Akcunoanektpuiecknn apdoekTt: Si, Ge, Xe, Bi
C.C. BOREXINO, BGO
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NMounck periMkToBbIX aKCUOHOB
KoHnBepcus B poToH: ranockonbl: ADMX, WISPDMX, Carrack (RAS),
A.E. B Si-, Ge-, Xe-, Bi- (Xenon, XMASS, Edelweiss)
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274 Cnekmpbl CO/THEYHbIX aKCUOHOB VS g, ., Jpe U Oap
~ gAezloll S The main sources of solar axions:
Bremstr. 11 1. Reactions of main solar chain. The most
" 1| intensive fluxes are expected from M1-
_, 100 9,=10 1 | transitions in ’Li and 3He nuclei (g y):
3 Compton 1|7Be + e — TLi*+y; TLi* — TLi+A (478 kaB)
RS . 1|p+d—3He+A (5.5 MaB).
g 104 He(s.5 Me\/)_ 2. Magnetic type transitions in nuclei whose
. ] *"Fe(14.4 keV) 1 | low-lying levels are excited due to high
= 1| temperature in the Sun (57Fe,®3Kr ) (g )
T ] . | | 3. Primakoff conversion of photons in the
14 Li(478 keV) | | electric field of solar plasma (g,,).
] g, =10, 1| 4. Bremsstrahlung: e + Z(e) - Z + A. (Qa0)
Primakoff ]| 5. Compton process: y+e — e + A. (da)
' BKr(9.4ke )| 6. _axio-rec_om_bination: e+l — I+ A and
0,1 ++—rrmr——rrrrt e bereer—————+ | @xio-deexcitation: I* — | + A. PRD 83 023505
1 10 1000 (2011) CAST 1302.6283, 1310.0823
E.. keV

If axion does exist, the Sun should be an intense source of axions. There are 6 main
axion formation processes inside the stars:




KoHeepcus e nabopamopHOM Ma2HUMHOM oJe
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In a laboratory magnetic field, solar axions can be converted into real photons via the inverse Primakoff effect.
The virtual photon is hereby provided by the magnetic field. The conversion process can be treated in a similar
way as neutrino oscillations. Although the photon has spin 1 and the axion is a spin-zero particle, they can mix
provided that the mixing agent, which can be an external magnetic or electric field, matches the missing
quantum numbers. The conversion from a free photon into a spin-zero axion requires a change in the
azimuthal quantum number of angular momentum (Jz). For the photon Jz = %1, while for the axion Jz = 0
holds. A longitudinal field, i.e. a field providing an azimuthal symmetry, cannot allow for these transitions since

it cannot change Jz. A transverse field however allows for mixing of a photon with an axion.
T



CAST - CERN Axion Solar Telescope
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CAST - CERN Axion Solar Telescope
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IAXO - International Axion Observatory
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NMns® e konnabopayuu IAXO
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Bragg diffraction experiments
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Matched Fabry-Perots
(Optical resonator cavities)

ALPs at DESY using a HERA dipole magnet, Gammev at Fermilab using a Tevatron
Magnet, and OSQAR experiment at CERN using a LHC superconductive dipole
magnet. The length of magnets is planned to increase up to 100 m. + Polarisation

b
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ADMX - microwave chamber 1 m in length and a diameter of 0.5 m with a strong
magnetic field. Signal occurs when the resonant frequency coincides with the mass
of the axion. Search for axions is carried out by changing the resonant frequency of
the camera. Until 2017 ADMX will test region (3-40) x10° eV at the level predicted
by KSVZ-DFSZ models. It is a small part of wide 10-10-2 region. Reactions of a.e.
effect in atoms and r. a. by nuclei can be induced by the gAe and gAN coupllngs

—
P =3.17 x 1072 Watts Sntm ( ) (
” e (200 1> (8 T) ( 0. 3Ce‘ 0.97 100000 75 o MHZ




Pe3oHaHCHbIe KaMepbl ADMX, ADMXHF u WISPDMX

At frequencies below 1 GHz the ADMX experiment employed the haloscope approach to probe
the axion/(ALP, HP) dark matter in the 460-860 MHz (1.9-3.6) peV range. The high frequency
extension ADMX-HF is planned for the 4-40 GHz (16-160) peV range. The WISP Dark Matter

eXperiment extends the haloscope searches to particles masses belowl1.9 peV, aiming to cover
the range 200-600 MHz (0.8- 2.5) peV.



http://i0.wp.com/trv-science.ru/uploads/173-0022.jpg
http://en.wikipedia.org/wiki/File:ADMX_magnet_installation.jpg
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Constrains from astronomical observations (gray) or from astrophysical or cosmological
arguments (blue), hints for axions and axion-like particles from astrophysics (red)and
sensitivity of planned experiments (light green). The large region of mA and gAy is free from
estimates.
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AKcuoanekmpu4deckuu achgpekm e amomax

U Pe30HaHCHOée I1oecJ/ioweHue ﬂdgamu

Two special reactions with high cross sections:

The axioelectric absorption of axions by atoms is an analog of the photoelectric
effect. The reaction cross section is proportional to g,.* and o,

2
2:.3E,. \
(£ = 0, EnS(1-6)

Photo effect crosssections are 4x1022 cm?(C) - 4x102° cm? (Pb) at 10 keV

The cross section of the resonant absorption of the axions is given by an expression
similar to the one for the y —ray absorption and corrected by the w,/w, ratio

HEp — Epy)*
U(E.-'!I.}:Eﬁff[}},f:_‘.{p[_ (£ M) :|({-L'4)

-
I wy

where 0, Is the maximum cross section of the y -ray resonant absorption and /" =
1/1 . The experimentally obtained value of g,, for the >’Fe nucleus is equal to 2.56
x10718 cm? Due to huge c.s.

High sensitivity for g,, and g,y can be reached with a relatively small detector




CeyeHue akcuoaniekmpu4decko20 agpgpexkma. 2 criyqdas

G ., = 2(Zam)

5 gie pe {4EA(E,§ +m,2A) _ 2EA

my 16myp.E, E, 1 P + Pa
m? p, | (p2-p2)*  (pl-p?) - - " |
A A e A e

_% pzpzm
37N (pA-pD)® (PA-P2)° PP (PA-P2) PPy

High energy axions. The axioelectric effect cross section for K-shell electrons
was calculated (on the assumption that Z<<137 and E,>> E, in A.R. ZhitnitsKii
and Yu.l.Skovpen, Yad. Fiz., 29b, 995 (1979). and has complex form ~ Z>

1

E2 3m;
.. (Enr) =0, (EL) % gie[mj Toe(E,) =0 (B, =m,)x giez[l&mﬁnzj

2 2 ..
gh. SE° 3
Tabs(Ea) = ope(Ea) ;’ 1@’.‘-‘TD:?12 (1 B E)

Low energy axion E,, m,< 511 keV The cross section for the axio-electric effect
for nonrelativistic axions is proportional to the cross section for the photoelectric
effect for photons with the energy equal to the mass of the axion [Pospelov, A.
Ritz, and M. B. Voloshin, Phys. Rev. D78, 115012 (2008). A. Derevianko, V. A.
Dzuba, V. V. Flambaum, and M.Pospelov, Phys. Rev. D 82,065006 (2010)]. For
relativistic axions in the case E, < m_, and m, — O, the cross section differs by a
factor of about 2/3 and by a change of m, to E,. In the intermediate case, one can
use the simple approximation.
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Axioelectric effect is analogue of
photoeffect. The cross sections for
relativistic and non-relativistic axions

were obtained in:

M. Pospelov, A, Ritz, and M. B. Voloshin, Phys. Rev. D
78, 115012 (2008).

A. Derevianko, V. A. Dznba, V. V. Flambaum, and M.
Pospelov, Phys, Rev. D 82, 065006 (2010).
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We proposed the approximation for
all p values and g,.=2m_/f, :

Jr 3 _E, B
Oaps = ﬁA 16 72'06%5 Gph(EA)(l_E)

JETP Lett., 95, 379 (2012) arXiv:1206.4142

Cross sections for the (1) photoelectric effect for Si atom and (2) axioelectric effect for g,, = 1
and m, = 0, (3) the expected spectrum of events detected per day in 1 g of Si in 1 keV for CC
and Br axions, (4) the resolution of Si-detector taken into account(right scale).



Si(L1)-demekmop eHympu HU3KOGhOHO80U yCcmaHOBKU

Scintillator 120 mm

r Cu 40 mm
Fe 35 mm

L 169Tm target
Si(Li)detecto

vA¢
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axions
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N i PP Lo coldfinger
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In our experiment, we used a Si(Li) detector with a sensitive region diameter of 17
mm and a thickness of 2.5 mm (1.4 g). The detector was placed in a vacuum
cryostat was surrounded by 12.5 cm of copper and 2.5 cm of lead, which reduced
the background of the detector at an energy of 14 keV by a factor of 110. In order
to suppress the background from cosmic rays and fast neutrons, we used five
scintillators, which closed the detector almost completely except for the bottom
side, where a Dewar vessel with liquid nitrogen was placed. Measurements
continued for 76.5 days of live time in the form of two hour runs in order to control
the stability of the Si(Li) detector and active shielding scintillation detectors.
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case of axions with m, =0 and g,, = 4 x 10-1°.
The upper limit on ga,: gae< 2.2x10-1° (90% c.l.)
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fit for my, = 5 keV. The expected “axion”
spectrum is shown for m, = 5 keV and gx,
= 5x1010,
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1 - present

i work

10°

10  10°
m,, eV

Nevents ~ FIUX(Jpe?) X0 ae(Tpe?) ~ One’

1- Axioelectric effect (Si)

2- reactor experiments and
478 keV solar axions

3- beam dump experiments
4- decay of orthopositronium
5- CoGeNT

6- CDMS

/- axion luminosity of the Sun
less than 10% of v-luminosity
8- red giants He ignition

O- 169Tm resonant absorption
10- Borexino 5.5 MeV axions

The number of axion events ~ g,.* The regions of excluded values lie above the corresponding
lines. 7,8 — more stronger limits. Two lines show the g,, values in the DFSZ and KSVZ models.
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Si(Li) limits on g,.2 were significantly improved soon by. The most stringent limit g, < 7.7x10?
(m,Cos?B<0.27 eV) was obtained by XENON100. Limits on g,, from RG is in 25 times stronger
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The Sun produces energy by conversion of hydrogen into helium. The total energy
release of is about 26.7 MeV of which about 0.6 MeV is carried away by neutrinos.
We searched for axions emitted in 2 reactions which are directly connected with
reactions producing 2 most intensive neutrino fluxes - pp- and ’Be- neutrinos.
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Solar Neutmno Specttum j
Bahcall-Pinsonneault SS M

| ¥ T7Be-neutrino flux is .
- measured with 5% accuracy

Flux (fem'/s or jem*/a/MeV)

ET)
Neutrino energy, MeV

Borexino has been measured low energy solar neutrinos via (v,e)-scattering. The
most intensive flux of pp-neutrino is 6.0x101° v / em? s, then "Be — neutrino —
4.5x10%, high energy 8B-neutrino - 6x10°. Reactor gives — 1012 v/cm?s at 15 m.
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Axions can be emitted in reactions of electron capture and proton capture.
Because energy of transitions is high, the range of axion masses under study can
be expanded up to 5 MeV. Some models based on the concept of MW [Berezhiani,

et al.,

2001] and SUSY [Hall and Watari, 2004] allow for the existence of axions

with a m,~1 MeV. The additional possible reactions producing high energy solar
axions were considered by [Raffelt, Stodolsky, 1982].
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/7~ O\

D, (7Be) = 0.14D ;5 (Gay + Ian) (P! P,)’
= 5X108(92N + gi\N)2

N\
D o(Pd) = 0.54X D, (03, (Pa/ P,)]
~3.3x10°(gS,, )

The expected solar axion flux can thus be expressed in terms of the "Be- and pp-
neutrino fluxes, which are 4.9x10° and 6.0x10%° cm=2 s1 The fluxes depends on
gAN. The flux of 5.5 MeV axions is in 60 times more then 478 keV axions. The
additional advantage to look for 5.5 MeV axions is that a background level is lower
usually for higher energy. In Borexino 4 reactions were selected to detect axions.
The signature of all these reactions is a 5.5 MeV peak in the energy spectrum.




o.cm’

For PC the AE CS is more than 4 orders of magnitude lower than for Compton
process, so the AE effect can not be taken into account. However, using the
different energy dependence occ ~ E,, 0,.,~E,®? and Z°dependence, the AE effect

Peaucmpayusi 4epe3 KOHCmMaHmy g,

10—22

10>

Compton conversion

-26
10 _q Carbon
Iae Borexino
10—28
axioelectric effect
10—30
10_32 1 T T T 1 T T T 1 T T T 1 T T T 1 Ll Ll T T T
(@) 1 2 3 4 5
m,, MevV

1. Compton conversion:
A+e—-y+e.

both e and y are detected.

C.S. has a complex form,

the total CS for 5.5 MeV axions

Occ = Opae? X 4.3x1072° cm?

at m,< 1 MeV

2. Axioelectric effect:
A+te+Z -7 +e.

Is analog of photo effect

CS is proportional Z*> for C atom

and E,=5.5 MeV

Oae = Ope” X 1.3x10-29 cm?

Is more effective to search for low energy axions with detectors having high Z.




Peaucmpayus 4Yepe3 KOHcmaHmy g,,

1. inv. Primakoff conversion:

A+Z—->y+ L
on nuclei, E, = E,\ and y Is
detected.

C.S. has a complex form,
the total CS for 5.5 MeV axions

Occ = 0, X 4.7x1028 cm?
at m,< 1 MeV
2. Axion decay:

A=y +y.

the axion lifetime is
I [s1] =1/T=g,,°m3/64 1T =
0.8x10°(g,, [GeV1]y? (my [eV])?
and lifetime have to be <500 s

o, cm’

1 T T T T T T T T T T T T T T T T
o 1 2 3 4 5

Ma
We also consider the possible signals from the decay of axion into two y-quanta and
from Primakoff conversion on nuclei. The amplitudes of the reactions depend on g,,.
No statistically significant indications of axion interactions were found.




Ycnoeus ebinemsil akcuoHoe u3 ConHya

There are 2 main disadvantages of experiments with solar axions: the Sun can not
been switched off and axions must to escape from the Sun and reach the Earth

The axions produced inside the Sun must pass through a layer of 6.8x103° e’s/cm?
5x10%° p’s and 1x10% a’s in order to reach the Sun's surface. The Compton
conversion of an axion into a photon imposes an upper limit on the sensitivity of
Earth surface experiments to the constant g,.. For g,. values below 10, the axion
flux is not substantially suppressed. The similar limitations are for axion-photon

particle e P 4He |12C 14N 160) Fe Pb
in 103° cm2 | 6.8 0.9 |6x10% | 7x10% |2.3x103|1.5x10* | 5x1010
Constant Jpe Oay cev | Oan '

Limit <106 |<10% |<103 y

Process CC PC PD

(Primakoff conversion) and axion-nucleon couplings (photodisintegration).
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For axions with a mass above 2m,, the main decay mode is into an e*e—pair. If m,<
2m, the axion can decay into 2 y’s. The condition r; <0.1x 71, (in this case 90% of all
axions reach Earth) yields the sensitivity limits for the constants g,, and g,, Vs mp.




[NepBble pe3ynbTathl Ana 478 k3B akcMoHOB C
npotoTunom bopekcuHo (EPJ, C54, 2008)

J:'b-. --------------------------- >
1| water tank 11 m

i | PMTs
H,0 ]

i 4 Rn barrier

E inner vessel
1 10 m

i PMTs

i U PMTs 1 support

v = R

CTF was a prototype of the Borexino detector. The CTF consisted of an external
cylindrical water tank with 1000 t of water serving as passive shielding for 4.2 m3 of LS
contained in a nylon vessel of @2.0 m. The additional nylon screen between the scintillator
vessel and PMTs takes the part of barrier against penetration of external radon. The
scintillation light was collected with 100 PMTs placed inside the water tank. The PMTs with
light concentrators provide a total optical coverage of 21%. The water volume is
instrumented with a Cherenkov muon veto system.



Extremely low background level — at least
in 102 times lower then in previous works

1. The raw spectrum. At
energies below 3 MeV, the
spectrum is dominated by 2.6
MeV y's from the (-decay of
208TI due to radioactive
contaminations in the PMTs and
in the SSS.

2.The second spectrum is
obtained by vetoing all events
within 2 ms after muon.

3. To reduce the background due
to the short-lived isotopes (8B,
1.1s; 8Li, 1.2 s etc) induced by
muons, an additional 6.5 s veto
is applied after each muon
crossing the SSS

4. In order to remove the
external background, only
signals reconstructed within a
spherical 100 t fiducial volume
are accepted.

WW‘% Cnekmpsbi BopekcuHo 3a 738 cymok
10°;
Event Selection:
10°
S
¢ 10t 1 -raw data
e
— ]
]
é 103'5
a0 2- 2ms pveto
9 10°
c 3
N
© 10'
E 4-R<3m
o] oo [ty
0 4 8 12 E MeV




' & @yHKyust omknuka bopeKcuHO Onsi aKCUOHHBIX
N rnpouyeccos

1 — axioelectric effect

2 — Compton conversion
3 — Primakoff conversion
4 — Axion decay A—2y

0,04-
0,03

0,02-

0,01+

0,00

The Monte Carlo method has been
used to simulate the Borexino
response to electrons and y-quanta
appearing in axion interactions.
The response function of the
Borexino to the axion's was found
by MC simulations based on
GEANT4 code, taking into account
the effect of ionization quenching
| and the dependence of the
6 registered charge on the distance
E. MeV from the detector's center.

counts/ 100 keV

The uniformly distributed y's and e’s were simulated inside the inner vessel, but the response
functions were obtained for events restored inside the FV. The MC candidate events are
selected by the same cuts that was applied for real data selection. The signature of all
reactions is peak at 5.5 MeV energy.




The spectrum was fitted by a sum of
exp and Gaussian functions, the
position and dispersion of the later
was found from the MC response:

S (E, - E)?
Nin(E) = a+bexp(-cE) + exp| — 2
th( ) p( ) \/EG p|: 25" :|

The number of counts in the axion
peak S was calculated using the
maximum likelihood method for
Poisson distribution.

>§ [Modz0oHkKa
12
: ff = a +h*exp(-c*E)
R
N
81 1
O —
o
—
P
a2 |
3 4 2 i

3 4 S

2
E, MeV

8

L= [Texp(=N")(N" )N 7N

The upper limit on the number of counts in the peak was found using the profile of
maximal values of L for different fixed S when all others parameters were free.
The obtained values of Lmax(S) were normalized to unit for S < 0 that allows to
select the given confidence level. The goodness-of-fit was found by MC (p = 52%)




BepxHue npedesnbi O5si yucsna cobbimuu om 5.5 MaB

(100 t 536 d)2

aKCUOHO8

reaction CC AE A—2y PC

S, 68(90)% ((3.8(6.9)) 3.4(6.5) | 4.8(8.4) | 3.8(6.9)
——

CC - Compton axion to photon conversion A+e —e+y, AE -axio-electric effect A+e+Z— e+Z,
PC - Primakoff conversion on nuclei A +12C —y+12C. The limits are given at 68(90)% c.l.

The obtained limits are close to limit given by simple 3.3c method:

S, (1o) =1.1,/3.3c[keV]B[KeV *] = 3.7

where o (E) is the energy resolution and B(E) is background level of the detector.

The obtained upper limits on number of 5.5 MeV axion’s events for different

reactions are shown in the table.

The 5.5 MeV axion count rate is very low - < 0.013 events / (100t 1 d)

For comparison the expected number of

pp-neutrino events is — 135 events / (100 t 1 d) (LMAMSW)

‘Be neutrino events — 45 events / (100t 1 d)
8B neutrino events — 0.25 events / (100t 1 d)

5.5 MeV neutrino having pp-neutrino flux would give 2100 events / (100t 1 d)




lpedesnibl Ha Nomoku u ceyeHusi 5.5 MaB akcuoHo8

The upper limit on product of flux and cross sections can be obtained from relation:

N

=& Ne,lZC -T-D, ‘O pe.pC S S

events lim
£ - the efficiency of registering an event (in 100 t inner volume),
Ne1oc - the number of electrons or nuclei under consideration,

T - the time of measurements,

@, -the axion flux,
occpepc - the cross sections, and
Siim IS the upper limit on the number of candidate events.

i <45 X10—39 S—l 4.5x103 SNU
SNU =1 c/ s1036 at
-38 ~—-1
axion— proton < 25 X 10 S

(DA X O-axion—carbon < 3'3X10_38 S_l

The next model independent limits on the flux and cross section for any particle giving 5.5 MeV
peak were found. These limits show very high sensitivity to a model independent value @ACA.
For comparison the standard solar neutrino capture rate is SNU 1036 s atom 1. A capture rate

of solar neutrinos measured bx Ga-Ge radiochemical detectors is about 70 SNU.

(D A X Gaxion—electro

O, xo




lpedenibl Ha gy, Jpe U Jay UMy 05151 5.5 M3B akcuoHose

D ,,(pd) = 3-3X1010(93AN)2

Oce =05 x4.3x107%° cm?

Because axion flux depends on axion-nucleon coupling and cross section of
compton-like process depends on axion-electron coupling the obtained limit leads
to the model-independent limit on g,y X ga fOr general pseudoscalar (90% C.L.):

{Gse % G| £55x107 > (m, <1MeV)

g:, =—-2.75x10°(m, /1eV)

Taking the dependency g,,° on m, given by KSVZ one can exclude g,, Vs m,region:

PP
<@x m,| <2.0x10°eV)

At least, one can obtain limit on axion mass:

gore =2.8x10™Mm, (cos’f=1) = m, <845eV

3’Nm_(E. f, 24+z+w, A
Kesvz _ e In—A In— |= m, <12keV
24, (N m, 3l+z+w m,




lpedesnbl Ha (Gae X Gan UMy) U (Gpe U Mpy)

10%

10°

m,, eV

1- Borexino limits on g,,
2-Borexino limits on g,.Xxg 4y

3 — Reactor experiments and
%4Cu source

4 — beam-dump experiments
5 — ortopositronium decay

6 — CoGeNT coll.

7 — CDMS coll.

8 — Solar axion luminosity

9 — Resonant absorption by
169Tm nuclei

10 — Red giant
11 — Axioelectric effect in BGO

Borexino results exclude the new large regions of axion masses (0.01-1) MeV and
coupling constants g,,~(10-1-10-%). For hadronic axion with m,=1 MeV, g,, <2x10.
Figure also shows the constraints on g, that were obtained in the experiments with
reactor, accelerator and solar axions as well from astrophysical arguments.




lpedenbi Ha g, U Oay UM,

If the axion mass Is less than 2m,, A—e*e" decay is impossible, but the axion can
decay into 2 y’s. The flux of axions reaching the detector:

&
®, =exp _z'— D o

Where 7, is lifetime in the axion reference system
647  1.3x10°

—"2 3 2 .3
gA}/mA gA;/mA

and is z; time of flight in the axion reference system
m,L
E,.[C

Tcm

(9, iNGeV " m,ineV)

~9.1x10°(m, /1eV)[s] (B =1)

T, =

@, =exp(-7.0x107° g, M),

The analysis of A—2y decay and Primakoff photo production is more complicated
because axions can decay during their flight from the Sun. The exponential

deBendence of axion flux versus Jay and m, have to be taken into account.



lpedenbl Ha g,y U g,, U M, U3 KOHeepcuu lpumakoea

The number of Primakof conversion on N,,- nuclei during time T is proportional the
product of axion-nucleon and axion-photon coupling constants.

2 4
Npc = 0pc €XP(~ g, My )Py Ni2cTe If exp()=1 then

~ xp(~ ga,my) [Gan X Gay < 4.6x10 GEVD
== Yy |9a, X M, [<1.7x1012
- A ~Yaa if m,=1 Me
(g,m,)exp(~ g,,m,) if m,=1 MeV
Ja, <1.7x107° GeV

~mexp(~m,)

The obtained model independent limit on the product of axion-nucleon and axion-
photon coupling is 4.6x101* GeV! (90% C.L.). This limit is 25 times stronger than
the one obtained by CAST [J. Cosmol. Astropart. Phys. 03 (2010) 032.], which
searches for conversion of 5.5 MeV axions in a laboratory magnetic field [g,,x
Osanl < 1.1 x 10° at mA < 1 eV. In the KSVZ model , the constraint on gAy and mA
is 1.7x10-12 under the assumption that gAy depends on mA as in the hadronic
axion (KSVZ) model we exclude axions with masses between (1.5—73) keV.




[pedenb! Ha g,, U M, ONA g,,°=2.8x10° m, (KSVZ)

104? T T INTO ! L la — Borexino A—2y decay
1 : 71 | 1b— Borexino PC
10”4 LN 4‘ 2 — CTF results
H> 83 ° 2 . 3 — Reactor experiments
3 1071 ¢ . “ \\\ 10 1 |4 - beam-dump experiments
= 7 g%t 5 " 1b 41 | 5 — Resonant absorption
© 1 | 6 — Cosme, Solax, DAMA
1 |7, 11-CAST
1021~ DFSZ 1 | 8 — Telescopes (A—2y)
1 |9 —HB stars He-burning LT
104 10 — SUSY and mirror
10° 10° 10 102 10° 102 | @xions allowed region

m,, MeV

The Borexino results exclude the new large reglons of axion masses 10 keV - 5 MeV
and coupling constants g,, (2x104-10"") GeV-. For higher values g°’m* axions decay
before they reach the detector for lower one the probability of axion decay inside
Borexino is too low. Borexino limits are more then 2-4 orders magnitude stronger
than obtained by laboratory-based experiments using nuclear reactors.




Bi,Ge;0,, demekmop 0dsnst noucka AE agpgpekma
dns 5.5 MaB akcuoHos

10_5 = . 10—25

®,(pd)=0.54x% (Dypp(giN )z(pA/ py)3

10_6 LA AL R AL LI I B AL L
0] 1 2 3 4 5
m,, MeV

The ratio (wy/w,) in the p+d—3He +y reaction (1,
left scale); the cross section o,, for 5.5-MeV
axions on Bi-atoms for g,.=1 (2, right-h. scale)

In order to detect 5.5 MeV solar
axions, we considered the
reaction of axioelectric effect A +
Z +e — Z + e in Bi-atoms, which
IS governed by the axion—
electron coupling constant gAe.
The cross section of this process
depends on the charge of the
nucleus as Z° thus making
materials with high Z values
favorable for use in such
experiments. For bismuth atoms,
the cross section of axioelectric
effect exceeds the one for
Compton conversion by almost
two orders of magnitude. The
axioelectric effect c.s. for Bi-atom
in 5x10° times more than for
carbon atoms.




YecmaHoeka ¢ BGO cyuuHmunnssyuoHHbIMU demeKkmopamu

We used a 2.46 kg BGO crystal, manufactured from bismuth orthogermanate
Bi4Ge3012 (1.65 kg of Bi) to search for the 5.5 MeV axions. The BGO crystal was
shaped as a cylinder, 76 mm in diameter and 76 mm in height. Passive shield of the
detector consisted of lead layers (100 mm), bismuth (~ 20 mm Bi203) and copper
(10 mm). The total thickness of the passive shielding was = 130 g/cm2. The setup
was located on the Earth’s surface. In order to suppress the cosmic—ray background
we used an active veto, which consisted of five 50x50x12 cm plastic scintillators.
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The energy spectrum of the BGO detector measured
(1) in anticoincidence and (2) in coincidence with the
muon veto. The position of the expected 5.5 MeV axion
peak is denoted by an arrow. In inset the spectrum
measured with Pu-Be neutron source is shown.

Two intense peaks with the
energies 1.46 MeV and 2.614
MeV are induced by “°K and
208T| decays. The peaks were
used for energy calibration and
stability.

The dependence of energy
resolution of BGO detector vs
energy o(E) = C - VE . The
parameter C was found to be
0.04 MeVY2, The values of o(E)
determined from the
background spectrum are in
good agreement with the
measurements performed with
60Co and 207Bi standard
calibration souses. The
expected deviation of the 5.5
MeV peak due to the axion
absorption is o(5.5 MeV)=93

keV.
Eur. Phys. J. C (2013) 73:2490
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100 counts / 20 keV / 29.8 days
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Energy spectrum measured by BGO detector in
4.5 -6.5 MeV interval. The response function of
BGO for 5.5 MeV electrons is shown (line 3).

3 !ﬁ
7\

The spectrum measured in the range
of (4.5-6.5) MeV was fitted by a sum
of exponential and two Gaussian
functions:

_F)?
g )

N(E)=a+bxexp(cE) +Z :
(\/210; 20;

|

’70‘-

Here a, b and c are parameters of the
function describing the smooth
background. The position and
dispersion of the first Gaussian peak
corresponded to the desired-peak
parameters: E1 = 5.49 MeV is the
axion peak position, ¢l = 0.093 MeV.
Because a small unknown peak can
be seen at ~ 5.8 MeV, the second
Gaussian was added to the fitting
function. We attribute this peak to the
intense 5.824 MeV y-line resulting in
the capture of thermal neutrons by
113Cd. The intensity of the 5.49 MeV
peak was found to be S1 = 18+58,
this corresponds to the upper limit on
the number of counts in the peak, S,
= 85 at a 90% confidence level




lpedenbl Ha KOHCMaHMbI Q. U J,. X Jap

10™ 3

] The expected number of events S due
to axio-electric absorption is:
10°
DFSZ
S :8. NBI .T .®A.0Ae
=107° : , 3

= where ¢€=0.67-registration efficiency,
& Ng=4.76-1024- number of Bi atoms,
= 107 T=2.57-10° — time of measurement.
The axion flux @, is proportional to the
10° 4 constant (g3,y)? and cross section g,
KSVZ is proportional g,.2. As a result, the
o] 2-| 9, XI5 value S depends on the product of the
00_01' o1 1 T 1o axion coupling with the electron and

. m,, MeV _ nucleons — (ga.)? X(g3,y)2. The relation
The limits on the g, coupling constant obtained S < S, obtained in the experiment,

by 1- present work, 2 - present work for - _
|0acX9%al, 3- solar and reactor experiments limits the possible values [g,. *x g%
(Borexino, Texono), 4- beam dump experiments. and m, as it is shown in figure.

As a result, the new upper limit on |g,.X g3,y < 2.9-10° (90% c.l.) at m,=1 MeV is obtained.
In model of the hadronic axion this restriction corresponds to the limit on the hadronic axion-
electron coupling |g,.|< (1.4-9.7) x10°7 for axions with masses 0.1< m, <1 MeV.

7 \
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Search for axioelectric effect of solar axions using BGO
scintillating bolometer
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BGO-bolometer [L. Cardani S.Di Domizio, L.Gironi, JINST 7,(2012)] has some advantages
(energy resolution and background level) compared with BGO- scintillator detector.




BGO cyuHmunnssyuoHHsbIU 6os1oMem O
e XI1405,3780v1 [ep-eX] 15 May 2014

The detector used for this study is an array of BGO scinitillating bolometers containing
1.65 kg of Bi. Four cubic (5x5x5 cm?3) BGO crystals,with all optical faces were arranged
in a four-plex module, one single plane set-up. The scintillation light produce by particle
interaction in the BGO absorbers was monitored with an auxiliary bolometer made of
high-purity germanium, operated as a light detector (LD).The detector was operated for
a total live time of 151.7 days.

The detector was installed in the 3He/*He
dilution refrigerator in the Hall C and operated
at a temperature of few mK. The four crystals
were housed in a highly pure copper
structure, described in [F. Alessandria et al.,
Astropart. Phys. 35, 839849 (2012)]. Coupled
to each bolometer there is a Neutron
Transmutation Doped (NTD) Ge-thermistor
that acts as a thermometer: recording the
temperature rises produced by particle
interaction in the absorbers and producing
voltage pulses proportional to the energy
deposition. These pulses then are amplified
and fed into an 18-bit analog-to-digital
A , converter. Details on electronics and on the
BGO bolometer cryogenic set-up can be found [S. Pirro et al.,

[L. Cardani S.Di Domizio, L.Gironi,JINST 7,(2012)] NIM A 444, 331 (2000) C. Arnaboldi et al., NIKIgS

559, 826 52006”
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The energy spectrum of the four BGO detectors (8 and y events) measured for 152
days. The most prominent gamma lines are produced by 207Bi decay. The limits on
the 5.5 MeV axion flux and cross-section are based on the experimental fact that no
events above 4 MeV were observed. The upper limit on the number of axioelectric
effects is Slim = 2.44 with 90 % c.l. in accordance with the F—C procedure.




lMpedenbl Ha |ga XJan| U |Da.| O151 M, 8 uHMepeane (0.01-10) MaB

10

6-BGO sc.

- |9, bol.
3-Solar+

=2 Reactor
2
‘?ﬂ) 10° 5-BGO |g, Xg,,/|
) KS scintillator
-10
10 1 - |9p XDl
¥ bolometr
10 3 8-Borexino |g, |

10* _EI 7-Borexino|g, _xg,..|
o=l
0,01 0,1 1 10
m,, MeV

1,2—-BGO bolometer limits |gx.*g3ay]
and |g,.|, correspondingly;

3 — solar and reactor experiments;
4 — beam dump experiments;

5,6—BGO scintillator limits [ga.xg3al
and |gael;

7,8—Borexino results for |g,.Xg3 sl
and [gagl;

The relation between g,, and m, for
DFSZ and KSVZ-models are also
shown.

As a result, a model-independent limit has been obtained: |g,.x93,y|<1.9%1010 (90%
c.l.). These limits are more then one order of magnitude stronger than ones obtained
with the 2.5 kg BGO scintillation detector. Unlike our work, Borexino limits were
obtained in assumption that the axion interacts through the C.C. process.




lMoucku a.a. agpgpekma dns pennuKkKMoebIx akCuoHOo8

Lns HepernamueucmcKux akCUOHO8 Ce4YeHUe aKkcuo-3/IekKmpu4yeckoa2o aghghekma

rporopyuoHasribHoO ce4eHuro chomoaghgpekma 0511 pOMOHO8 ¢ 3Hepauel pasHoU
macce akcuoHa (Pospelov et al.)
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Limits on axion coupling to electrons as a
function of the axion mass, under the
assumption that axions constitute all the dark
matter in our galaxy. gAe ~ 1012

a.e. effect can be used to look for non relativistic relic axions with mass > 1 keV. In this case,
electron with energy = mA-Eb appears that can be detected.




Pe3oHaHcHOe 8036y)x0eHuUe si0epHbIX YPOBHeU

The axions can be produced when thermally excited nuclei (or excited due to
nuclear reactions) in the Sun relaxes to its ground state and could be detected
via resonant excitation of the same nuclide in a laboratory.

A

A 4

7Li. 57Fe, 83Ky Li, °’Fe, 83Kr

The monochromatic axions can excite the same nuclide in a laboratory,
because the axions are Doppler broadened due to thermal motion of the axion
emitter in the Sun, and thus some axions have suitable energy to excite the
nuclide.

The axions from Primakoff, Compton and Bremsstrahlung processes with wide
continues energy spectra can also excite low-lying levels of some nucleil.
169Tm
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Axions on the Earth can be observed in the resonant absorption reaction by
detecting y rays (or conversion e’s) emitted in the process of the deexcitation of
the excited nuclear level. The cross section for the resonant absorption of axions is
given by the expression similar to the resonant absorption of y rays that is
corrected by the ratio wA/wy where o0y is the maximum cross section of the
resonant absorption of y rays. E.G. the experimentally determined o, value for the
5’Fe nucleus is equal to 2.56 x 1018 cm>.

o, 1 1 [ ganB + iy f;’;:ﬁﬂf
(

. - 210 ] 4+ §°L(Me—05)B+us;—m] \ p,

G(E4) = 2./mGpexp| -

The probability of emitting an axion (w,/w,) Is given by the above expression and
depends on g%, and g3,y Here, p, and p, are the momenta of the photon and
axion, respectively; 0 is the ratio of the probabilities of the E2 and M1 transitions;
10 and u3 are the isoscalar and isovector nuclear magnetic moments, respectively;
and B and n are the parameters depending on concrete nuclear matrix elements.
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One possible source of axions are the reactions of the main solar cycle.
Electron capture reaction '‘Be + e — ’Li ('Li*) + v, with probability =10% goes
to the first excited state of the nucleus ’Li, which is discharged in the y-quantum
transition magnetic type M1. The expected flux of axions, is directly related to
the flux of 7Be-neutrinos which on the surface of the Earth is 4.8 x 10° v/ cm?c
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Quasi-monochromatic axions in the laboratory may excite Li-nuclei, y-quanta with
energies of 478 keV can be registered: A + 7Li — 7Li* — ’Li + y. Doppler broadening
05 =210 eV, recoil energy 17 eV, own width '= 6.3x1073 eV. [Jog ~10-°
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The most intense flux of solar axions is attributed to the M1 transition in °’Fe nuclei whose
level scheme is shown in Figure. The energy of the first excited nuclear level is equal to 14.413
keV, and the electron conversion coefficient is equal to a = 8.5. Owing to the Doppler
broadening, the axion spectrum is a Gaussian curve ®,(E,) with the width og(T) =E (KT/M)¥2,
= 2.2 eV. This value is significantly higher than the recoil-nucleus energy (1.8 meV), Doppler
broadening of the line at temperature T= 300 K of the target nuclei (10 meV), and the own
width of the level '= 4.7x10° eV. Thus, the fraction of axions satisfying the resonant-

absorption condition is equal to ~F/cri ~109,



Si(Li1)- u Ge-demekmopsbi u 57Fe- 7Li-mMmuweHu

Scintillator 120 mm

~ Cu 40 mm

| Fe 35 mm

- 169Tm target

| Si(Li)detector

coldfinger

The Si(Li) and Ge detectors and 57Fe
and 7LI targets placed inside the low-
background setups were used to
search for the resonant absorption of
monochromatic solar axions.
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B cnekmpe (1) cueHanoe Ge-0emekmopa, Hecoernadarwux € cu2HasioM akKmueHoU 3auumel,
udeHmuaguyy doyemc;;r 40 eb 5pa)KeHHbIX MUK08, C8513aHHbIX C aKmUBHOCMbIO yPaHO8020 U Mopuego2o
cemeticms, 9K, 137Cs u 12 B crnekmpe (2) cueHanoe e coenadeHuu ¢ akmueHol 3aujumod
HauboIee UHMEHCUBHLIM Siensemcsi Muk 511 kaB ; Cnekmp (3) — cuaHaribl 8 cogrnadeHUU ¢ akmugHou
3awumol 3a 8bl4emoM  criydalHbIX coenaOeHuu Koru4ecmeo Komophbix orpedesieHo U3

UHmMeHcusHocmu nuka “°K e crnekmpe 2. Hpucymcmeyfom rnuku, coomeemcemeayrujue 8036y)K0eHUo
yposHel F, usz komopoeo bbina uszomosrsieHa ornpaska muweHu u Ge.
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UsmepeHue cniekmpa Ge-0emekmopa 6 cosrnadeHuu ¢ akmugHoU 3auumou ro3gosissiem orpedenumsas
8eposimHOCMb 80306y XX0eHUs1 nepeo2o ypoeHsi 'Li kocmuyeckum usrydyeHuem. [lnowalOb nuka c
3Hepauel 463.4 kaB cocmasuna (1200 + 180) cobbimut, ymo coenacyemcsi ¢ 7% 8eposimHOCMbIO
clly4qalHbix coernadeHuu cueHanos Ge-OemeKkmopa u akmugHoU 3auwumsl. IHmeHcueHOCMb ruKka ¢
3Hepaueu 477.6 k3B okasbieaemcsi pasHou (840 + 170), ymo ceudemeri.cmayem O moM, 4Ymo Mbl
delicmeumerbHO Habrirodaem 8030y x0eHuUe 0aHHO20 YPOBHs 'Li 10epHO-akmueHOU KOMIMIOHEHMOU U
MIOOHaMUu KOCMUYECKO20 U3ITy4YeHUs.
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OnpederneHHoe 3HavyeHue S= 630+320 cobbimut, 4mo coomeemcmeayem 8epxHemy rpedesrly Ha
maccy akcuoHa m, < 16 kaB. [aHHbIU pe3ynbmam sernsgemcs edgoe boriee cmpoa2uMm, 4Yem
rnosy4YeHHbIU 8 rpeobidywux pabomax U Mpakmu4yecKu 3akpbleaem OKHO B803MOXHbIX Macc
akcuoHa 00 3Ha4yeHusi saHepauu M1-nepexoda sidpa °’Fe (14.4 k3aB), criedyrou,eao 803MOXXHO20
Haubosiee UHMEeHCUBHO20 UCMOYHUKa MOHOXPOMamu4eCKUX CO/THEYHbIX aKCUOHOS.
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The expected rate of resonance axion absorption by the °’Fe nucleus depends on
the probability for axion emission wA/wy -> the axion—nucleon coupling constants
(@98 + g350)* -> and the axion mass. The numerical relations are obtained for KSVZ
model with concrete values of parameters S, z, 3, n.




BepxHuu npeden Ha m, onsi KSVZ akcuoHa (om S u z)
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Upper limit on m, eV
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i H . Results for 57Fe:

z= 0.6

wA/wy, < 1.63 x 10~
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ma < 145 eV,
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my < 94 eV
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One can show that, if the values of
S and z satisfy the relation S = 1-
1.5(z £ 0.01), the axion emission
probability wA/wy is close to zero. A
negative value of the parameter S,
together with broad intervals of
possible values of S and z, leads to
a large uncertainty in the expected
probability for axion emission in the
14.4-keV M1 transition in the 57Fe
nucleus, and this is a serious flaw in
the present searches for such
axions.

The upper limit on the hadronic-axion mass depends strongly on specific values of the

parameters 8, n,S and z. The uncertainty in the value of the parameter S changes substantially
the mass limit: mA< 208 eV at S = 0.4 and mA< 94 eV at S = 0.68. Moreover, no limit on the

hadronic-axion mass can be obtained at S = 0.17 since |90“|Q + 93“” then vanishes.
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The flux of solar axions is attributed to the M1 transition in 8Kr nuclei whose level
scheme is shown in Figure. The energy of the first excited nuclear level is equal to 9.4
keV, and the electron conversion coefficient is equal to a = 17.1. Owing to the
Doppler broadening, the axion spectrum is a Gaussian curve @,(E,) with the width
as(T) =E (KT/M)¥2, = 1.23 eV. This value is significantly higher than the recoil-nucleus
energy (O 5 meV), Doppler broadening of the line at temperature T= 300 K of the
target nuclei (5.4 meV), and the own width of the level '= 3.0x10-° eV. Thus, the
fraction of axions satisfying the resonant-absorption condition is equal to ~['/og ~10-.




Y. lMouck coslHeYHbIX aKCUOHO8, U3J/ly4aeMbIXx 8
oy M1-nepexode sidpa 83Ky (USN + TTNSD)

[lpoBeeH NMOUCK akCMOHOB C 3Hepruen 9.4 kaB, nanyyaembix B Ml-nespexop,e anep
83Kr Ha CornHue, C NOMOLLbI0 peakLum pe3oHaHCHOro nornoweHns: A + 83Kr — 83Kr* =
8Kr + y (9.4 k3aB). [ns perncrtpauum y-KkBaHTOB W 3MEKTPOHOB, BO3HMKAKOLWMX B
pesynsrate paspagkm  90epHOro  YpoBHS, UCMofib3oBanachb MNpornopunoHarnbHas
razoBasi Kamepa, 3anofiHeEHHast KPUNTOHOM W pasMelleHHas B HU3KO(OHOBOM
yCTaHOBKE B rnoasemHoun nabopatopun bakcaHCKOM HEUTPUHHOU obGcepBaToOpPUMN.

13.47 ke

10% = Kr

46.5 keV
2105,

Counts / 105 eV 188 days
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E, keV

Jieea 0ge rporopuyuoHaribHble Kr-kamepbl C¢ MNepebiM Cr10eM raccueHou
3awumel. B yueHmpe - crniekmp Kr-kamepsbl, usmepeHHbIU 3a 188 cym. Cnpaea —
2opa AHObIp4u, nod komopou pacronoxeHa BHO USU Ha anybuHe 4800 m.8.3..




[Mouck cosiHeYHbIX aKcuoHoa8: 83Kr — Hoeoe

OcPaHU4eHuUe Ha Maccy aaEOHHOZO dKCUOHa

B pesynkraTe yCTaHOBNEHO HOBOE OrpaHUYEHNEe Ha N30CKaNSAPHYO N N30BEKTOPHYHO
KOHCTaHTbl CBA3M aKCUMOHa C HYKNoHaMu |gan® — ganllS 1.29x107%, koTopoe B
MOLENN agpOHHOIO akCMoHa NPUBOANT K HOBOMY BEPXHEMY Npeaeny Ha maccy
akcunoHa m,<100 aB (95% y.a.). lNpegbiaywinm npenen ynyduweH B 1.5 pasa.
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83Kr: npedesnibl Ha g,, U m,

Y5l

A search for resonant absorption of
the solar axion by 8XKr nuclei was
performed using the proportional
counter installed inside the low-
background setup at the Baksan
Neutrino Observatory. The obtained
model independent upper limit on
axion-nucleon couplings allowed us
to set the new upper limit on the
hadronic axion mass with the
generally accepted values S=0.5 and
z=0.56.

? CDMS
:11-Edelweiss
12-Xenonl1l00

193an = 9%nl S 1.29 x 1076,

1- Bkr

(preliminary)

m, <100 eV at 95% C.L.

The obtained limit on axion mass
m . eV strongly depends on the exact
values of the parameters S and z.
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A negative value of the parameter 3, together with broad intervals of possible values
of S and z, leads to a large uncertainty in the expected probability for axion emission
in the 9.4-keV M1 transition in the 83Kr nucleus, and this is a serious flaw in the
present searches for such axions. The obtained limit on axion mass strongly
depends on the exact values of the parameters S and z. But this is not the case for
the other nucleus - 169Tm.

10
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For our experiment we have chosen the 169Tm nucleus as a target. Tm has one
stable isitipe. Axion absorption should lead to the excitation of low-lying nuclear
energy level: A+,5oTM— 50 TM*— o TmM+y(8.41 keV). The energy of the first nuclear
level (3/2+) is equal to 8.41 keV, the axion flux at this energy is only 7 times less
than at the maximum. The 8.41 keV nuclear level discharges through M1-type
transition with E2-transition admixture value of 62 = 0.11%. The electron conversion
ratio e/y = 263, maximum cross section of yray absorption is 2.6 x101° cm?.
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1182 key ] 1,2—the spectra of the axions produced
5/2° ] by the Compton process and the
2| |MI*E2 1 bremsstrahlung (g,,=1011). 3—spectrum
3/2" 8.41 kev of the axions produced by the Primakoff
effect (g,,=101° GeV1). The level scheme

of the 169'Fm nucleus is shown in the inset.

The rate of solar axion absorption by the 169Tm:

10" em?ckeV*
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Flux,

where o, is a maximum cross section of y-ray
absorption. The experimentally derived value of
0y, for 199Tm nucleus is 2.6 x101° cm?. Width of

R ~ 02 X0Pan energy level T = 1.13x1010 keV.

oq , . The d_etection probability of the axions is

"0 2 4 6 8 10 12 |determined by the product g%, xg?,y and g2,
E,, keV xg? sy Which is preferable for small g, values.

The search for resonant absorption of Primakoff, Compton and Bremsstrahlung solar

axions by 169Tm nuclei have been performed using Si(Li) detector and Tm target.

The expected axion count rate is proportional R ~ g2,, xg#,y for Primakoff axions and

R ~ g%, xg?, for Bremsstrahlung and Compton axions. PL B 676 181 (2009) PRD83, 023505 (E08y

R ~ 0%, X0%n




To search for quanta with an energy of 8.41 keV, the planar Si(Li) detector with a
sensitive area diameter of 66 mm and a thickness of 5 mm was used. The detector
was mounted on 5 cm thick copper plate that protected the detector from the
external radioactivity. The detector and the holder were placed in a vacuum cryostat
and cooled to liquid nitrogen temperatures. A Tm,0O, target of 2 g mass was
uniformly deposited on a Plexiglas substrate 70 mm in diameter at a distance of 1.5
mm from the detector surface. External passive shielding composed of copper, iron,
and lead layers was adjusted to the cryostat and eliminated external radioactivity
background by a factor of about 500. The setup was located on the ground surface
and was assembled of five 50x50x12 cm? plastic scintillators against the cosmic

rays and fast neutrons.
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Tm-codep)xauwuu demexkmop (6osromemp)

Since the coefficient of electron conversion for 8.4 keV transition in the nucleus
189Tm is very large (e / y = 260), the sensitivity of the experiment can be further
increased in 260 / ¢ = 5E3 times (¢ = 0.05 - detection efficiency of gamma rays
emitted from the target by Si(Li) detector) for the case of registration of all particles
(conversion and Auger electrons and y- and X-rays) that accompany this transition.
This can be done in the implementation of thulium in the volume of the detector
(scintillator or bolometer). For 1 kg detector the enhancement factor can be:

(e/y=260)x (1/ € = 20) x (M / m = 500) x (Bo, / Bo, = 1)%5 = 2.5x106

Creating a detector (scintillator or bolometer) containing 1 kg 169Tm increases
the sensitivity of the experiment in 10° times, compared to measurements with
169Tm targets and Si (Li) detectors. We have used a liquid scintillation detector
based on dioxane, in which dissolved salts of thulium.

0 3 2 3
wy 2mal+56%|(uo—05B8+us—n] \py
In case of the 169Tm nucleus, which has the odd number of nucleons and an
unpaired proton, in the one-particle approximation the values of 8 and n can be
estimated as B = 1.0 and n = 0.5. In contrast with the 14.4 keV 57Fe and 9.4 83Kr

solar axions, the uncertainty of the flavor-singlet axial-vector matrix element S and
parameter z does not change the obtained constraints significantly




Kpucmarnnbl 6Hympu
Kpuoz2eHHoU ycmaHO8KU

Counts/0.3ch56d

Counts/0.4ch56d

Entries 1385

NaTm(WO,)*

Mean 9.005

RMS 7.178

Integral 1385

Entries 1150

NaTm(MoO,)’

Mean 8.378

RMS 5192

Lnregral 1150
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Channel

Criekmpbl GpOHOHHbIX
cueHarsnoe 3a 135 u.
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Kpucmarnsi éHympu
Kpuo2eHHoU ycmaHo8KU

Kpucmannel  6biniu  ucrbimaHsbl
PE30HAaHCHO20 [102/10WEHUST  COMIHEYHbIX aKCUOHOS,
Kpucmannel 6binu 0ocmaeneHbl u3 lNUA® e nabopamopuro paH Cacco, CMOHMUPOBaHbI 8

Kak b6oriomempu4yeckue 0OemeKkmopbl

sz,q rnoucka
UMEWUX HENpepbI8HbIU CreKmp.

KpUO2EeHHOU ycmaHOB8Ke eMecme C 2epMaHuesbIMU mepmucmopamu U oxrax0eHbl 00
mewmrnepamypbl okorio 10 mK. MiamepeHb! criekmpbl (hOHOHHbIX CU2Haro8 ¢ 2-Xx 0emeKmopos.
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10° + Si(ki) \ ma <191 eV
\
N For bremsstrahlung and
L \P=EEy | Compton’s axions:
10" scer g0 X0 + @)= 21%107
2—Boré>%)
%-57—CoGeN

: -CDOII\/IS i
:11-Edelweiss
12-Xenonl1l00

g4 Xmy = 3.1 X10 eV,

bolometr (project)
10° 10° 10° 10" 10°
m,, eV

9 — limit on g,, obtained with 9Tm target; 13 — 0.2 ¢
NaTm(MoO4)2 bolometer;1- expected sensitivity for 1 kg

IF the scheme of experiment —[Si(LI)-
detectors + Tm target] will be replaced
by scintillation bolometer containing
thulium, the sensitivity to axion flux can
be increased in 10° times in comparison

with the present results.




OzpaHu4yeHust Ha g,, U My

! 1—-169Tm resonant

5 absorption of Primakoff axions
Y 2 — Borexino, 5.5 MeV axions

| 3 - CTF, 478 keV axions

\ 101 4 — Reactor experiments

T 5 — beam-dump experiments

. 6 — Cosme, Solax, DAMA

: 7 — CAST

. 8 — Tokyo telescope

i} 9 — HB-stars He burning LT

10 — predictions of SUSY and

10° 10° 10° 10° 10  |mirror heavy axion models

m,, MeV

1- The limit on gAy obtained with 169Tm target. Two lines show the g,, values in
the DFSZ and KSVZ models. The expected sensitivity of 1 kg Tm bolometer is
more than astrophysical limits.
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InNs1® akcuoH e Particle Data Group (2015)

AP (Axion) and Other Light Boson (X©) Searches in Nuclear Transitions

VALUE CL% DOCUMENT 1D TECN COMMENT

e ¢ o \We do not use the following data for averages, fits, limits, etc. e o @

< 85x10° 90 90 pERBIN 02 CNTR 1257MTe decay
91 DEBOER 97¢ RVUE M1 transitions

< 55 x 1010 95 92 TSUNODA 95 CNTR 252Cf fission, AV — ee
< 12 x10° 95 93 MINOWA 93 CNTR 1391a*% — 139540
<2 x10% 90 94 HICKS 92 CNTR 35S decay, A0 — ~~
< 1.5 x 1079 95 95 ASANUMA 90 CNTR 241Am decay
<(0.4-10) x 103 95 96 DEBOER 90 CNTR 8Be* — 8BeAD,
A0 . ot e—
<(0.2-1) x 103 90 97 BINI 80 CNTR 160* . 160x0,
Invisible A (Axion) MASS LIMITS from Astrophysics and Cosmology
VALUE (eV) L% DOCUMENT ID TECN  COMMENT
¢ ¢ ¢ We do not use the following data for averages, fits, limits, etc. e o o
none 0.7-3 x 10° 166 CADAMURO 11  COSM D abundance
<105 900 167 DERBIN 11A CNTR D, solar axion
168 ANDRIAMON..10 CAST K, solar axions
< 072 95 169 HANNESTAD 10 COSM K, hot dark matter
170 ANDRIAMON..09 CAST K, solar axions
<191 900 171 DERBIN 09A CNTR K, solar axions
<334 05 172 KEKEZ 09 HPGE K, solar axions
< 1.02 95  173HANNESTAD 08 COSM K, hot dark matter



InNs1® akcuoH e Particle Data Group (2015)

The limit is for GAee&)quAEﬂ,ﬂﬁ,Se in GeV

or equivalently, the dipole-dipole

potential Ej%’,—:'-?—e— (oo -o3) —3(oq - ) (o5 - n))/’r3 where n=r/r.

VALUE (GeW — 1) Cl %% DOCUMENT 1D TECN COMMENT
e o o VWe do not use the following data for averages, fits, limits, etc. e &
<7.8 = 10—10 20 1 ABE 14F XMAS m 4o — 60 keV
<7.5 x 109 20 2 APRILE 148 X100 Solar axions
<1 = 109 90 3 APRILE 14B X100 m 4,0 = 57 keV
< 0.94-8.0 x 10— ° 90 4 DERBIN 14 CNTR m 4o = 0.1-1 MeV
<3 = 10— 10 99 5 MILLER-BER...14 ASTR White dwarf cooling
~<5.3 x 10— 8 00 5 ABE 13D XMAS Solar axions
<1.05 < 10— 9 200 7 ARMENGAUD 13 EDEL m 4o — 12.5 keV
~2.53 x 108 90 8 ARMENGAUD 13 EDEL Solar axions

9 BARTH 13 CAST Solar axions
< 1.4-9.5 < 10— 4 90 10 DERBIN 13 CNTR m 4o = 0.1-1 MeV
~2.9 x 10— 5> 68 11 HECKEL 13 m a0 = 0.1 peV
—~4.2 x 1010 a5 12 viaux 13A ASTR Low-mass red giants
<7 x 1010 o5 13 coRrsICcO 12 ASTR White dwarf cooling
~2.2 x 10— 7 90 14 pERBIN 12 CNTR Solar axions
< 0.02-1 x 10 7 90 15 AALSETH 11 CNTR m ,5 = 0.3-8 keV

Invisible A° (Axion) Limits from Nucleon Coupling

Limits are for the axion mass in eV.

VALUE {eV] ClL% DOCUMENT 1D TECN COMMENT
e o ¢ We do not use the following data for averages, fits, limits, etc. ® o o
<8.6 x 103 90 1 BELLI 12 CNTR Solar axion
<1.41 x 102 90 2 BELLINI 128 BORX Solar axion
<1.45 x 102 95 3 DERBIN 11 CNTR Solar axion
4 BELLINI 08 CNTR Solar axion
5 ADELBERGER 07 Test of Newton's law



3aKJ/1roYyeHue

Aemopbl akCcuoHHbIXx pabom u3 NNAQ:
C.B. baxnaHos, A.B. [lepbun, U.C. [lpauHes, A.U. Ecopos,
U.A. Mumpononesckut, B.H. Mypamosa, A.C. KatoHos,
[.A. CemeHoes, E.B. YH)xakoe

AkcuoH u ALPs secbma socmpebosaHbl MocKoribKy o0HoepeMeHHO pewatrom CP-
npobriemy curbHbIX 83aumModelcmaul U S8ssamcs Xopowo Momueupo8aHHbIMU
KaHOudamamu Ha TM. [loucku akcuoanekmpudyeckoz2o aghghekma u pe3oHaHCHO020
rnoarowleHus 0111 COITHEYHbIX U PETUKMOBbIX aKCUOHO8 C NMOMOWb0 OEMeKmMopos8
HeUmpuHO U meMHOU Mamepuu UCKIo4unu Hosyro bornbwyro obracms
B803MOXXKHbIX Macc U KOHCmaHm cesi3u akcuoHa unu ALPS.

[loucku pe3oHaHCH020 803b6yx0eHuUs1 10epHO20 ypoeHs 8.4 kaB sdpa 169Tm s
cocmase Tm-codepxxawe2o 6osioMmempa Mo2ym CyueCmeeHHO yry4Yuwums
yyecmeumeribHocmb (00 3-x MopsA0K08) K KOHCmMaHmam cesi3U aKCcUOHa.

B Hacmoswee spems npoekm |IAXO npednazaem Haubornee 4yscmeumeribHbIlU
3KCNepuUMeHm K KOHCmaHme Cesi3U g, 07151 WUPOKO20 duarna3oHa Macc aKCUuoHa.




e
Cnacubo 3a eHumaHue!

Cnoeo axion 8 HazgeaHUuU cmameudu,
ebl/10)XKeHHbIX @ arXive e 2016 200y,
ecmpeyaemcs ece20 8 6 (648/113) pas
pexe 4yemMm cs1080 neutrino.

He ono3oau!
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Akcuoanekmpu4deckuu 3agpgpekm u DAMA

-5 arXiv:astro-ph/0511262v1

: NHmpueyrowee obbACHeHuUe
10 F pe3yribmamos DAMA
; 0 po~1010 — 107 aKcuo3IeKmpu4yecKuUm -
B © ekmom  Ons  PeruKmosbIX
@ m,~ 0.5-5 kaB aKcuoHoe maccou 2-3 KaB.

5 V Bapuauyuss ckopocmu cyema
OE ces3aHa C U3MeHEHUEeM Momoka
I aKCUOHO8. K coxxarieHuro,
10k HerpasusibHoe 8blylUCIeHUe
CeyeHus a.o. agpgpekma.

=10

[lpasunbHoe e8biyucneHue (M.
Pospelov, A. Ritz and M. B.

e Y S Voloshin) fnpusooum K
0.5 1 2 3 45 k " He3asucumocmu ckopocmu
M, K2y
a \REY cyema om CKOpOCMU aKCUOHa.
"
Taps V 3m;

— ST 2
lr*'Fr.u‘tmtn|[':‘1*" My ) dmaf;




QkcnepumeHm ¢ " Te
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0,4

YCIO OTCHETOB

0,2

0,0

ObLyas MEeToANYECKas cXeMa IKCIIEPUMEHTA

vl, E1, aHeprusa vl, E1

e -y

aKCcWoH, E2--M-nepexon— 2, E2

—— I A

¢

E1 | E1+E2

OHeprmg

AKCcUOH yrnemaem
u3 demekmopa

[OEeTeKTop

Y-K8aHMbI rno2rou,aromcs
8 demeKkmope

N3omepHoe si0po 12°MTe pacrnadaemcsi HA OCHOBHOE COCMOSsIHUE, U3ry4Yasl npu 3mom
0ea y-keaHma c¢ aHepausamu E1=109 k3B u E2=35 kaB. «NdeanbHbIlU» 0emeKkmop rnosiHo2o
obnadarowuu 4mr-eeomempued, peaucmpupyem oba y-keaHma C

roasiouweHus,
geposmHocmbto  100%, 8  U3MEepeHHOM  3Hep2emu4ecKkom

criekmpe  bydem

npucymcmeosams MOJIbKO O0OUH MOHOXpOMamuyeckud Muk ¢ sHepaued E1+E2 u ¢
WwupuHou onpedesnsieMol paspeweHuem oemekmopa. U3nyyeHue “HeeuouMo20” akCuoHa 6
nepexode ¢ aHepauel E2, nokudaroweao demekmop 6e3 s3aumodelcmesusi, npusedem K

MOS8J1IeHUKO MNuKa C 3HeeaueL7 E1l.




lnaHbI Noucka a.3. agpgpekma oOnsi akcuoHoe TM

Table 2: Experiment Input Parameters

Weight Live Time Resolution Energy Threshold Background
155 T b dN /fdE
(leg) (vears) (v leeV') (lee™N7) (dru)
CG1 XENONI100 34 I 0.6 2 0.01
G1.5 LUX /X MASS 100 1 0.4 1 5 = 10— %
G2 MNENONI1IT 1000 2 0.4 1 (1.4+ 0OTE)>=10 5=
G3 AKX 10000 2 0.4 1 1.4310 57
"pp i chain+ 2o DBID of 139 Xe T pp v chain only,'?®Xe depleted
107 T T T T T T T T T T T T T T T TTTT] T T TTIT T T T T T T TTTTT T T T TTTE]
107® —
10° —=
107 =— Gl =
= / N } Solar Axion -
2 - J
- -11 —
eos 10 ga.= 101275
= Ae =
: =1 —
1012 = Eﬁmi/// =
— DM Axion
10" = -/'—// . —=
: —_ _14 :
101 =<+—  Jp~ 10 —=
10—15_ Lol L1l Lol L 1l Lol Ll L NIRRT
10 1 10 107 10° 10* 10° 10° 107

axion mass (ﬂVfcz)

[Touck a.a. acbgbekma bydem riposedeH Ha ycmaHoeKax 0ris noucka WIMPs TM.
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