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Proposed to solve the strong CP problem in QCD by R.Peccei and « e 4
H.Quinn (1977) 100- g, =10" |
%} 5 Compton 3
Light, electrically neutral, and zero spin o 4
“"g He(5.5 MeV) ]
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Considered as candidates for dark matter 5 Ee(14.4 keV) |
Sun can be a very intense source of axion. é
'Li(478 keV)
The 7Li resonance events are associated only with the axion-
nucleon coupling.
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solar axion search

Motiv

Axion resonant absorption to 7Ll

Solar core z

7Be Absorbed gamma

. . Natural width I = 0.0063 eV
Emitted axion

EC _ Doppler broadened
Q(EC) = 861.8 keV (T =15x% 107 K)

Earth laboratory

TLi*

477.6 keV

: 477.6 keV  (Ep = 17 eV) E
Axion |
I' ................................................................................................................... »I’
477.6 keV
i 89.6% The number of axion absorption event 1
4
Na_bs — 174 X 10_45 ’ N7 ’ t ’ ma4 S
m, = 1.55 X 101 % eV
The number of signals on the detector J eN7t
S =& Nabs

N7: The number of 7Li in the crystal, t: live time (sec), ma: axion mass, €: detection efficiency
For this relation, isoscalar and isovector coupling constants of the KSVZ axion model were used.
gl ==351x10"m,, g =-28x10"°m,
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* Full peak detection efficiency for the 5 crystals
 Obtained by Geant4 simulation (v10.7)
* 1419%

* The measurement time: 333 days

* QOur system has 50 ms dead-time for each event.

Crystal Mass (g) N7z ( x 1024) Exposure ( x 1024-Li-day)
LMO1 300 1.92 606.72
~ mmo2 | 32 | 200 | 63200
""""""""" mMO3 | 312 | 200 | 63200
""""""""" mMOo4 | 308 | 197 | 6252
""""""""" MO | 378 | 242 | 78472
""""""""" Totaa | 1610 | 1031 | 3257.96
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Efficiency at 478 = 10 keV
(%)

Cut
3 600 L H ratio
T e I N
400 LMO4 Rising time
300 400 500 600 700 Mo vere
Eie ] e
Total

96.00 + 0.11

93.22 + 0.11

* Literature energy: 351.9, 511, 583.2, 609.2, 1120.3, 1173.2, 1332, 2614.5 keV

» The mean energy (/) obtained after Gaussian + background fitting for each crystal

* U as a function of literature energy was fitted with pox+p1x2



Signal shape
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The shape of the 2.6 MeV energy peak
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Normailzed height (a.u.)

Amplitude (a.u.)
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left/right width ratio

The ratio of left and right width of the peak

1.014 -

1.012 -
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Energy (keV)

2000

The resolution is different between crystals. > We decided to fit and analyze them before merging.

2500

3000

The peak shape is almost Gaussian at the low energy region. 2> We use the Gaussian function for the fitting model.



Systematic uncertainty
Energy calibration

2 | | | | | M - Energy
> LM 04 Crystal
o 478 keV 511 keV
-
g O r
= LMO1 0.72 + 0.27 0.62 + 0.31

200 300 400 500 600  TOO 8O0 | s
Energy (keV) - - -

« Second-order polynomial fit on the difference between the LMO4 | 0.24 +0.16 021 +0.11
fitting result and literature energy as a function of energy.

LMOS5 0.10 £ 0.28 0.06 £ 0.22

 The uncertainty band is a sum of the uncertainty from
changing the fitting function.




Systematic unc

Energy resolution

ertainty

4 | | | |
> )
g2} —
o ) | | | LMO4
200 300 400 500 600 700

Energy (keV)

 The energy resolution (o) of the gamma peaks can be fitted by

0=\/p0 + piE + p;E*

Sigma
Crystal
478 keV 511 keV

LMO 3.31 £ 0.24 3.84 + 0.24
LMQO2 6.72 £ 2.43 6.73 £ 2.41
LMOS3 3.07 = 0.19 3.14 = 0.19
LMO4 1.99 + 0.13 2.12 £ 0.12
LMO5 3.97 + 0.22 4.01 £ 0.21




Least square fit
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Counts/keV/day
W
U

The number of parameters =41 y = data

I = crystal id f(x) = fitting model 2.5}
J = data point a = central value of the systematic I e
k = systematic source source 450 460 470 480 490 500 510 520 530 540
, , Energy (keVee)
p = parameter Aa = systematic uncertainty
2 2

1 Xji — P1. Aij — Py 1 Aij = P,

fi(xij) = Ap, EXP + P3 €xXp + De, exp

\/przi \/Epzi Ps \Efpsi \/EPSZ-

exponential background

Gaussian for 478 keV Gaussian for 511 keV



Axion mass limit

1.0 -

—— Probability density function
——— Cumulative distribution function

0.8 -
* Full peak detection efficiency at ROI: 14.2%
* Exposure: 3.258 x 1027 7Li-day

 Simultaneous shape analysis at ROl with
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exponential background for each crystal

0.2 - m, < 5.5 keV at 90% C.L.
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Axion mass limit (keV)

Summary
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0.8%

4.4%
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2.3%

—— Krcmar (2001), HPGe, Li
—— Derbin (2005), HPGe, LiOH
—— Belli (2008), HPGe, LiF powder

—— Belli (2012), HPGe, LiF crystal
=t AMORE-I| (2023), LMO crystal

0.9%

| 14.0%
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0 5 10 15 20 25 30 35

Exposure (10%* 7Li- year)

40

AMORE-I AMoRE-II
Crystal size @ 50 mm x 50 @ 50 mm x 50 mm
mm @ 60 mm x 60 mm
Total mass 1.6 kg 180 kg
N | tewies | imeiom
"""""" fidensy | 19| ois
"""" Axionmass | .. |

(keV)
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Calculation of the solar axion absorptio

The rate of the absorption of solar axions per 7Li nucleus in the laboratory
2

dD(E) JR@ dD,“(r)

R =J dE, o(E,) = | =k, —“

A

dE 2
f ) V\ V o(T)? + o(Tg)?
Axion flux Axion resonance absorption cross-section
dD(E Ro 1 - (E,—E)* i 2T
E d®,(r)k X exp i o(E,) = /o " —Lexp M)
dE, Jo \/ 276,(T) _ 20,T)? | T a Oy r, 2

Probability of axionic emission

R, : solar radius, d®5: fraction of the vy, flux at the earth,

o) o(T): standard deviation of the axion energy spectrum
3 21, + 1 2722 _ _
1" 1 k 1 0 3 Opy = : maximum resonant cross-section of gamma rays
a a gaNﬁ gaN ~15...2 2+ 1 1+«
e — > 1/2 — 4 12 X 1() ma Iy and I;: spin of the ground and excited states of 7Li nucleus
F 271’“ k 1 + 5 ( ﬁ | —_ electron conversion factor a ~ 0
4 Y Ho ) - 13 n
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Nucleus 1
| . @ ................ Ee [AE
in excited state
o —— -
Nucleus @ ................ - E T
in groun d state ¢ y-ray emission Resonant absorption  Resonant fluorescence

1/2)

AEAt > h : Heisenberg uncertainty relation

— Natural width I' = i/t (where, AE=T, At~ 7

The probability of resonance absorption
I'/2n

B EErs a2e

<

recoil

E, = Eg
R opme?

Nucleus of mass M
and mean energy £,

.

: Breit-Wigner distribution

Emission

- >
The resonance absorption cross section
ool';,T A22L+1 1
o(E) = v where o, = :
[2 4+ 4(E — E)? 2n 2, + 1 a + 1

Absorption

When the two transition lines

are overlapped, nuclear

resonance absorption is possible.

J

EO_ER

Ey

v

Ey+ Ep




Explain for resonant absorption (2/2)

Emission Absorption
4 [(E) Doppler (thermal) broadening
L Tk />
IO .......................................................................... : kT
O = y M
10/2 .................................................................. 1" —Pp 4_1" The probablhty Of resonance absorption
1s given by the convolution of
the Breit-Wigner and the Gaussian distribution
- ’ ’ — * >
E, — Ej E, Ey+ Eg E
Emission Absorption
I(E) a
Crystal — recoil-free fraction
I, (Lamb-Mdssbauer factor)
F=enl-—2C e I o T
=e E— or I <
e, 2 T e »

1,/2

B 6E,T ¢
f=exp(— Py ) for T > O

D

®,: Debye temperature




