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Axion: Strong CP problem

= Most general gauge invariant the Lagrangian of QCD:
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L = ——FEI,C“ Y+ q (iy DY — My) g —
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. Non-zero & CP-violation
= Electric-dipole moment of neutron:

d<~10%%ecm — 0<1010

= Introduce the axion field ¢.:

= ?a)sta G

Note: f_ is the only parameter in the model.

Choose the minimum ®a = 0 fa.
then CP Is conserved.



Interaction of Axion with Matter

= Effective Lagrangian:
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= Axion Model
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Axion Model Jay Jan M = (Gev) e
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(DFSZ axion) -2.8x108



Dark Matter Candidates

WIMP —type Candidates (2,~1
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Exclusion Regions in PDG
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Axion Production in Sun
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Basic idea for Solar Axion Detection

= Detection for solar axion:

L= goyal - Beyr or goyaEeyt - B
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Event Rate: R= P(y— a)P(a — ) g?w X QCQW = 937
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Sensitivity of g,,: 0¢gy O [24



AXxion Search Experiments

Dark-Matter Axion Searches

Solar Axion Searches
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Axion searches with D.M. detector: 4 channels




KIMS (Korea Invisible Mass Search)

= Dark matter search at Yangyang underground
laboratory

* Funded by National Research Foundation of Korea
(2000)

— Dark matter search with CslI(Tl) crystals (KIMS-Csl)

» Establishing the Center for Underground Physics
(CUP) in the Institute for Basic Science (2013)

— AMORE (Advanced Mo Rare Event):
Neutrinoless double beta decay

— KIMS-Nal:
Dark matter searche with Nal(Tl) crystals
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Yangyang Underground Laboratory (Y2L)
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Yangyang Underground Laboratory (Y2L)
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KIMS Detector
=Total 12 CsI(TIl) crystals

ﬂ

¢

Neutron e
£ Detector o 4

Lead 15 cm
Mineral oil 30 cm
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Counts/keV/kg/day

KIMS Detector (ll)

= Three years stable operation: 2009-2012

= Major backgrounds are internal radioactive sources:
4OK 134CS 137CS 232Th & 238U
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Axion detection

= Axion can be detected by three process:

. o P—
._/I-:ZE Ze —I- i

> > 7' -—
1 —h
Compton-like Axioelectric anakoﬂ
or Photoelectric-like
2
2 2 3
g 3E Ba

3

Photo-electric efect: http://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html

Ba 16maxm?

Note: Axion energy, E_, Is the same as electron recoil energy.
-> Axion events induce e/gamma energy below 12 keV.
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Axl0-electric X-sections for Cs and | atoms
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Signal and Backgrounds

=Axion signals:
electron recolil with energy below 12 keV

*Backgrounds:
* Alpha decays from the crystal surface

* B-decays:
137Cs (Q=1175.6 keV), 134Cs (Q=2058.7 keV), 87Rb (Q=282 keV)

« Compton scattering

21
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Discrimination of e/y and surface-alpha events

* Pulse Shape Discrimination (PSD) f(t)

Mean decay time
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Energy Spectrum for e/y and surface-alpha Events

= Estimate e/y and surface-alpha in each energy bin
= We use e/y events for axion candidate events.
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Energy Spectrum for signal and background (1)

= Expected axion events rate:

10, 3
R(E) = / 4B, - e(B) (05 (Ea)Nos + 0L (Ba) Np)T Raa( B, Bo)

Detector Resolution
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Energy Spectrum for signal and background (ll)

= Background shape:

— B-decays from internal background:
137Cs (Q=1175.6 keV), 134Cs (Q=2058.7 keV), 87Rb (Q=282 keV)

— Compton scattering
-> Expected to be flat distribution but efficiency depends on

energy.
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Extraction of No. of Axion events

» Maximizing binned maximum likelihood function

L= H

me

B+ Py ) (M Ps(Ei) + np Po( ;)™

3
_ o sf Background events with eff. uncertainty
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No. of expected events
for 1 year in KIMS exp.:

= 007775522 for m, = 0 keV/c’
Ny = o.owt‘fgﬁg for m, = 1 keV /c?

->Consistent with 0 event
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Estimation of 90 % confidence limit

= Find out ng’p

On’f;p L(ng)dng

[ L(ns)dns

with the following formula:

= 0.9

= The limit for g, Is obtained with 72 P

N = / R(E)dE = / f a dzze(E)aae(Ea)NCS,IJraae(EQ)NI)TRdet(E,Ea)

= constant X g3, < n'P

Gae < 1.37 x 107" for m, = 0 keV /c?
Gae < 1.39 x 107 for m, = 1 keV /c?
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Summary of Axion Search by KIMS

KSVZ model: m_ < 140.9 eV/c?

DFSZ model: m_, < 0.48 eV/c?
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» Search for Solar axions from M1-transition of °>’Fe: 14.4 keV

= Search for keV scale Pseudoscalar D.M. and Vector D.M.:
Maxim Pospelov, Adam Ritz, and Mikhail Voloshin,

Prospect for Axion search in KIMS

“Bosonic super-WIMPS as keV-scale dark matter”, PRD 78, 115012 (2008)

= We will start a new experiment, KIMS-Nal, to check on the
DAMA signal.
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KIMS-Nal

Plastic Scintillators for CR Muons
3-cm thick, 37 panels

20-cm thick lead sk

40-cm active Liquid Scintillator veto

30



Search for sterile neutrino

by
NEOS

(Neutrino Experiment for Oscillation at Short baseline)
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Motivation for short-baseline neutrino

= Reactor v,anomaly:
— Possible oscillation of v, — v,
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Distortions in spectral shape by the 4th v

Mo Oscillation (H&M)

A =1.0eV?, sin“20=0.1

A =2.3eV?, sin"20=0.14

2 3 4 B 6 7 8 9
Meutrino Energy [MeV]

3[" __ 1 I ] __
" 300k IBD Events with o(E_ )=6% at 1MeV, o(L)=1.5m, 5/B=6 7
20 —*— am=1.0eV" sin“20=0.1 —e— Am},=2.3eV" 5in“20=0.14 —
C Flux uncertainty (H&M) " +BKG uncertainty (B~1/E%) =

Oscillation Amplitude [%]
I
= o

6 7
Prompt Energy [MeV]



Experimental Site:

Tendon Gallery of Reactor 5

2.815 GW,,, commertial reactor with 3.1 m, H3.7m
Tendon gallery

— Baseline: 23.7m

— overburden ~30 m.w.e. of concrete
Distance to nearest cores: 256 m

— 1% contribution from it

R

G%IIery atl the

5th4reactor
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The NEOS detector

PMT Buffer

~1000L

0.5% Gd-LS
(LAB+UG-F)

PMT Buffer

10 cm Borated PE
10 cm Pb
Muon Veto Detector

50T active P-veto layer
on 5 sides except bottom,
18 x H7195 (27)
+12 x R877-100 (57)

Calibration chimney /
Liquid over/under-flow buffer

~|000 L of Gd-LS
in 41 SUS tank,
PTFE coated,
5T PTFE reflector

2 x 19 R5912 (8%)
PMTs in buffer tank
L-metal shield

|0 cm B-PE for neutron

|0 cm Pb for y
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Installation in the Tendon Gallery ()

¢ h = x

Target setgBEPE walls

# _,;,*

Pbiwalls
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Installation in the Tendon Gallery (Il)

fromeright from left

#BOoth-for
DA® / electronics
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Neutrino event detection

» Useinverse beta decay (IBD) process:

O +

vVp —e'n

4 : prompt e* energy deposition
+ e*/e" annihilation

delayed neutron capture
on Gd (= 8 MeV)

Prompt event
1< E< 10 MeV

N

Time-correlated double
energy deposition
(<At>= 7-8 s for 0.5 % Gd-LS)

Delayed n-capture
3.5 < E< 10 MeV

A

- 3-30 s

‘13[} us |

T
-

150 ps ‘
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= We typically use %°Co, 13’Cs and 2°2Cf.
= Calibration energ

Detector Performance:

y IS not

Calibration

fully deposited to the detector.
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Full Peak Resolution (o/E,,.)

Detector Performance:
Energy Resolution and Reponse

= ~5%at1MeV = Non-linear response to energy

e B9 Preliminary NEOS Preliminary
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Detector Performance:
Pulse Shape Discrimination

ADC counts (arbitrary unit)
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Reactor Neutrino Event Rate

= Data taking from Aug. ‘15 to May ‘16
- Reactor off for 49 days : 85 events/day S/N=23
- Reactor on for 205 days: ~ 2,000 events/day

NEQOS Preliminary
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Comparision of data with simulation

[ —_ NEOS Ifrqlimingry
2o
2F -+ Data -
[ — Simulation
i
E ki 212PD
g -
T [ \r,=2910ns
1-
10’
1 H 3
[ Decay time [ns)
0 L | .

Entries /50keV

1

15 2
Reconstructed Energy [MeV]

A0 NEOS Preliminary NEOS Preliminary
L T L :) I | L
100k 2y | g i g
~+- Data ' g - - Data '
1 400 o
— Simulation | == Simulation
2 '
1 E " Al
50 244, 4 W g 2g
0 00 & -
a0 1,= 16512025 T,,=203+04ms
150
10
i’ .
0.3 1 50 100
Decay time [ng] Decay time ms]
0 L L T R TR 0 L P TR T (TR TR A B TR |
15 2 2.5 3 4 6 8 10 12

Reconstructed Energy [MeV]

Reconstructed Energy [MeV]

43



Energy Spectrum for Neutrino Events

» We used P. Huber and Th. A. Mueller for v energy spectrum.
= Bump around 5 MeV as seen by RENO and DayBay
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The Expected Sensitivity of NEOS

= Some of the allowed region is ruled out.

Reactor anomaly
90%
95%
99%

A mg, [eV?]

NEOS Sensitivity
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Summary

= The KIMS has obtained more stringent limit than most
of previous experiments for solar axion search:

Jae < 1.3 10_11 for m, = 0 keV/(32

gae < 1.39. %107 for my= 1 keV /c*
KSVZ model: m_ < 140.9 eV/c?

DFSZ model: m_ < 0.48 eV/c?
= We will have more searches on solar axions and DM
axion.

= We are working hard to finalize data analysis
for the search on the sterile neutrino.
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Develpopment of CsI(Tl) crystals

The best CsI(TI) crystal in the market

, Crystal B

The developed CsI(TI) crystal

Crystal (B)
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Event Selection

»Split two data sets for 1 year data (2012)
* Single hit: Axion event selection
* Multiple hits: Detector efficient study

= AXion signals: electron recoil with energy below 12 keV

-> single hit among 12 crystals with EM events, < 12 keV.

»Backgrounds:
* Alpha decays from the crystal surface

* B-decays:
137Cs (Q=1175.6 keV), 134Cs (Q=2058.7 keV), 87’Rb (Q=282 keV)

« Compton scattering
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Counts/(keV day)

137Cs reduction

Cs| Powder Measurements

= Water IS maln source 20
80 B
= 18
70 -
= 16
60 & s
50 = s 14
40 é_ E 12 = Pure water only
30 - %10§
20 i— Pure water Ultra-Pure Water ‘g 8 - Ultrapure water
10 = S F
0 -I A = 1 s At ] © ﬁ -
640 645 650 655 660 665 B?O 6?5 680 4 -
E(keV) -
2 | L
Nucl. Instrum. Meth. A 552 (2005) 456 =
0 1 | 11 11 11 1 1 | I | 1

650 655 660 665 670 675
E(keV)

« With purified water, we can reduce the internal background

50



Estimation of No. of e/y and surface-alpha events (ll)

= Fitting Log,,(MT) distribution for each energy bin
for single hit events with the following function:
G(t)= A 9(t;Me,0.1,0r1) T A, 9(t; M40 5,0R)
-> Extract Aand A,
Log,,(MT) (8.5-9.0keV)

- hlogmti4
1800 — ' Entries 37430
L Mean 0.588
1600 | RMS 0.2277
— Underflow 1
14001 overflow 0
— | Integral 3.743e+04
120021 y2 ) ngf 8197/74
— Prob 0.2459
1000 — o1t 0.357 +0.114
goo— | P1 0.3282 + 0.0405
C p2 0.4222 + 0.0861
600 | P3 660.3 + 15.0
- p4 88.81+14.05
400 —
200
[ | | |
5

) 05 0 05 ‘. 15



Estimation of 90 % confidence limit

= Find out ’I’Lg’p with the following formula:

On;"p L(ng)dng

= 0.9
fooo L(ng)dng

= The limit for g, Is obtained from the event rate:

i,
N = / R(E)dE = / f AEAE, " (B)ouc( o) N 1 0Ly (Ea)N1)T Rag (B, Ex)

= constant X g3, < n'P

Gae < 1.37 x 107" for m, = 0 keV /c?
Gae < 1.39 x 107 for m, = 1 keV /c?
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Solar Axion Search: Primakov effect

D+

Bragg: FE
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Axion search with Bragg scattering

= Solar axion conversion rate:

AN |V ,do 1 d® [elk
aE = 292 215 dQ|G|2dE6(Ea u G

G=2"(h k1) S =[1+ el
a X [1 + eimh8) 4 ginhsd 4 gimlesn]

(h,k,1) | By (keV) | mult || (k. k,1) | Ey (keV) | mult
(1,1,1) 1.89 8 | (5,5,1) 7.78 24
(2,2,0) 3.08 12 | (7.1,1) 7.78 24
(3,1,1) 3.62 24 || (6,4,2) 8.16 48
(4,0,0) | 4.36 6 | (5,5,3) 8.37 24
(3,3,1) | 4.75 24 || (7,3,1) 8.37 48
(4,2,2) 5.34 24 || (8,0,0) 8.72 6
(3,3,3) 5.66 8 || (7,3,3) 8.92 24
( )
( )
( )
( )
( )

5,1,1) 5.66 24 || (82,0 8.99 24
4,4,0) 6.17 12 | (6,6,0 0.25 12
5,3,1) 6.45 48 || (5,5,5 9.44 8
5,3,3) 6.45 24 || (7,5,1 9.44 48
4,4,4) 7.55 8 | (7,5.3 9.93 48




Dark Matter Axion Search (Il)

= Experimental details of the RF-cavity technique
GHz

10.7 MHz 35 kHz
| |
Integration: 8 msec FET 50 sec
Resolution: 125 Hz 0.02 Hz
Maxwellian
Power

Fine-Structure

Pilo(%)

\
A i ~ <
Ay~ v "\ e

~ 1021 W

Frequency (GHz)

;guulle.‘J.li.LL
*The conversion is resonant: frequency=mass+K.E.

* The total noise temperature (T+T,.,,) Is critical factor.
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Dark Matter Axion Search (lll)

= ADMX exp.: Axion Dark-Matter eXperiment

Bucking
Magnet

SQUID

Amplifier “ .

8 T Magnet ’

Microwave
Cavity

4m

Technology Squid Amp.
Noise (T) 150 mK(=50mK+100mK)
B 8T
\Y 200,000 cm?
C 0.69
Quality factor 5x10°
b (Band Width) 12.5 Hz

- Conversion power for 1 peV of axion: P,=g%, VB?p,CQ = 2.1x10* W
- Noise power: Py=k,Tbh =2.6 x 1022 W

-SNR = (P, / P)(b t)¥?2> 3 -> scanning timet>0.5s
- It takes about 1 yr to scan from 1 peVto 4.2 peV
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Solar Axion Search:
CAST (CERN Axion Solar Telescope) Exp. (1)

» Use S.C. dipole magnet for LHC:
-B=9 T, L=9.26 m, Area=14.5 cm?
- Solar tracking: ~ 3h/day

Py~ 0%, B?L?

t Sunrlse
detectors

gl

Sunset : ’ !
i '.'! : \
_ detectors A e
- : .‘«“ : q




Solar Axion Search:

JAXO (International AXion Observatory) Exp. (II)

B (T) 4 5
L (m) 9.26 12 15 15 20
A (m2) 2x0.0015 1.7 2.6 2.6 4
-~ 10” gy R
L, -
ﬁg; CAST *He
lﬂ_lu — CAST phﬂSE "\ T —
- - TAXO plan
101! — —
10-12 I i 0 1 vl 1 A i
10~ 1072 10" 1

m_, . (eV) 58
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