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» IBS/CAPP

« Status of our axion dark matter experiments

» Axion physics, storage ring EDM and future plans



IBS/CAPP

*\\Vas established October 15, 2013

*To put together the best possible axion dark
matter exps and reach all the way down to the
theoretical predictions



Center for Axion and Precision
Physics KAIST, Daejeon, Korea

ieljing ¢~ North Korea
A Sea of Japan
. Tianjin Fyongyang
i s 0
Seoul
=W, o r
Daejeon Kanazawao Ja[
Shandong south Korea Fuﬂui
Busan Totton o MNago
. - Osaka. ° ‘
Hiroshima oY o
Yamaguchi o AL

Fukuokao 'Dgﬁ M Matsuyaina

Jiangsu Kumamaotoo

0

Nanjing  Shanghai QPiivazen
R )

Map deRBST AT ioNavi, Google, SK planst, ZENRIN



Cosmological inventory

Y :
Dark Energy 68.3%
| (Cosmological Constant)
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Professor Jihn E. Kim!
Fat

Also, worked tirelessly to
establish IBS/CAPP to
make axions Visible!




Jihn E. Kim and ASK2011

Axion Search mA Korea : ASKzou

Hoam Convenglon Center, Seodl National University, Seoul Korea
April 11512, 2011 —'?l-%] A 2o 815, F}o]| BEM A)u)] 5}




Axion (Higgslet) dark matter: Imprint on the
vacuum since soon after the Big-Bang!

Animation by Kristian Themann



Axion dark matter is partially converted to a
very weak flickering Electric (E) field in the
presence of a strong magnetic field (B).

Animation by Kristian Themann



P. Sikivie’'s method: Axions convert Into
microwave photons in the presence of a
DC magnetic field (Inv. Primakov effect)
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IBS/CAPP Inauguration: November 2, 2017
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Center for Axion and Precision Physics Research (CAPP)

IBS/CAPP at KAIST launched in October 2013

Physics Funding Human Resource

- Axion Search - Funded by IBS (Korea) - 20 research fellows

- Proton EDM - ~$10 M/year - 20 graduate students
- Muon g-2 / mu2e for 10-years of startup - 10 staffs

- Engineers/technicians
- Visiting scholars

Yo0-2017-10-31: IBS Conference Dark World



Center for Axion and Precision Physics (IBS/CAPP)
Director: Yannis K. Semertzidis IBS & KAIST

= CAPP of Institute for Basic Science (IBS) at KAIST in Korea since October 2013.
= Projects : Axion dark matter, Storage ring proton EDM, Axion mediated long range forces

Refurbished a state of
Members the art lab in an
= 1 Director existing bldg.
= 1 Group Leader

= ~20 Research Fellows

= 3 Engineers

= 5 Administrators

= ~20 Graduate Students

State of the art
infra-structure:
7 low vibration
pads for parallel =
experiments; 6 cryo &=
or dilution
refrigerators; high
B-field magnets:
25T, 18T, 12T




IBS/CAPP-Physics approah

-Cosmlc Frontier ( ) Improve in all
possible fronts: B-field, Volume Resonator Quality
factor, Physical and Electroni oise. Check dark
matter down to 10% of ax I« ontent.

D]\V/ (most sensitive hadronic
EDM experlment) Improve ~ 1) sensitivity by |
three to four orders of magnitude!

*Together with long-range monopole-dipole (axion
mediated) forces probe.axion Physics!







LVP facility at IBS/CAPP
Up to seven haloscope
axion exps in parallel

He-3Fridge






IBS/CAPP

v Three world-class axion dark matter experiments to reach
hadronic axion dark matter sensitivity

v" Cryogenics, microwave expertise, guantum limited noise
microwave amplifiers,...

v" Develop open resonator exps.
v Significant player for next ten years...

v GNOME (axion dark matter stars over earth), ARIADNE

v Precision Physics in storage rings: muon g-2 and launch the
best hadronic (proton and deuteron) EDM experiment in the
world.



Axion mass target and technique
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Axion Detection Scheme

P. Sikivie’s Axion Haloscope method:
Axion Conversion Power (~10-24W): _ 2 Pape :
( ) P = ! - 3 A min(Q,,Q )

a—yy
a .
Signal to Noise Ratio: SNR= P signal _ P.Hyy L Scan rate: d_f ~ B T
Pnoise kBTsyst Af; dt .
Cryogenics s :
<$g ~ To RE Receiver Quantum Limited Amplifier

SQUID or JPA (commercial?)

High Field SC Magnet High Q Tunable Cavity
25T and then 35T Superconducting Coating
iy ey Prof. Jhinhwan Lee of KAIST

BNL (HTS Technology) Design

SN W, T X

L

(Reverse) Primakoff Effect

Woohyun Chung’s slide



Magnet charging (207A, 18T)
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Microstrip SQUID Amplifiers (MSA) for 1.0 — 3.0 GHz
band

Voltage

P

Bias current

:

Bias flux

> Flux

(a) (b)

Andrei Matlashov’s slide



MSA from KRISS, Korea
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Andrei Matlashov’s slide



Resonant MSAs from IPHT, Jena, Germany
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Andrei Matlashov’s slide



CAPPS8TB

esearch range €[1.6, 1.7] GHz < [6.6, 7.0] neV

econventional AMI magnet

—cold bore = 165 mm  m—)p Veaviy=3:5 L

_Bcenter =8T 2017 2018 2019
BlueFors DL-400 HEMT based (sam)

eBlueFors DL-

— ~0.45 mW cooling power @ 100 mK SQUID based _l
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Axion haloscopes with
the Oxford-Leiden system

eOxford magnet

_coldbore =320 mm ~ —p Veaviy=30 L

B =12T@4.2K

—cancellation region (<100 G) of 100 mm x 100 mm
around the mixing plate of the Leiden dilution fridge

T
80

MAGNET FOR WINDOWS 2017

el_eiden dilution fridge (magenta region)
—1 mW cooling power @ 100 mK
—can load up to 200 kg
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Axion haloscopes with

the Oxford-Leiden system

2016

2017 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024

Leiden DF

—W

Oxford magnet
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25T High Tc magnet from BNL

* quantum noise limited amplifier based
experiments, 70 mK for 1 GHz

* single-cavity experiments only

frequency (GHz)

ByeongRok Ko

e can touch the KSVZ line from 3 to 10 GHz

29



Slide by SungWoo Youn P

Multi-cell Cavity i)
(__J: Magnet bore O: Cavity
Single cavity Multiple cavities Multiple cells in Multiple cells
a single cavity with a hole

« Superior to conventional multiple-cavity
— Larger detection volume
* Vet S L7 XV iy =>  di/dty o =2.0 Xdi/dt, 4y
— Simpler receiver chain
 Single antenna => No power combiner

— Easier phase-matching mechanism



Slide by SungWoo Youn o

I\/Iultl(DoubIe) -cell Cavity L
Leiliiiiis e Opening breaks the frequency
— . degeneracy

— Lowest mode => TM,4-like
- = C=0 for higher mode(s)
— Does not interfere with sensitivity

"« Symmetric field distribution
— Condition of phase-matching
« E=0 at center for higher mode(s)

| — Vanishing of higher mode peaks in
| S parameter => phase-matching

2

P % * Promising design for higher
P | | frequency regions
= Celll el |

—TMO010like mode
-3t —TM110like mode

-40 -20 0 20 40




Axion Dark Matter Search at KAIST

10 © E CAST

1ﬂ—11

1ﬂ_12

RBF RBF HAYSTAC

1ﬂ—1..’i

[GeV 1]

|1 IIIII| IIIIIIII| IIIIIIII| IIIIIIHI_:

ADMX
10714

ga'ﬁ'

IIIIII'lll IIIIIIII| IIIIIIII| IIIIIIII| [ TTI

ln—lﬁ

10—16

10° 107 107

m, [eV]

Yoo-2017-10-31: IBS Conference Dark World 41



CAPP Dark Matter Axion Search Schedule

2017 2018 2019 2020 2021 2022
8T/16cm >
CAPP8TD multiple cavity
(BlueFos)
18T/7cm
CAPP18T multiple cavit:5>

(SUNAN)

25T/10cm
CAPP25T
(BNL)

12T/32cm
CAPP12T
(Oxford)

There are R&D efforts for higher mass dark matter axion search (>40ueV)

Yoo-2017-10-31: IBS Conference Dark World



“Others”




ADMX Main Cavity: Initial run 0.65-1 GHz ©/A 1M X
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First results at 24 peV: no axion yet

HAYSTAC exp. (Yale,...)

Frequency (GHz)
5.70 _ 5.72 _ 5.I?4 : 5.76 5.78 5.80

(10" GeV™)

| g a-lrlll

Results: B.M. Brubaker et al., Phys. Rev. Lett. 118 (2017) 061302.
Design details: S. Al Kenany et al., Nucl. Instrum. Methods A 854 (2017) 11-24.




AXion sensitivity
df 1 1GHz

2 GHzO0 e 4 Fa.25 K&
v=d o 0°GeV)' P 2
dt Qt» year (gaéyl ’ ) g S ﬂgSNRﬂg T o

, @B Oec CagrGaep 0

8257 3 80.6 0 &5/ 3 &10° &
B 75-9T 25-35T  100-250
Q 50-300K 107 (108)  3-10
T? 50mK 50-30mK 1
\?2 V, 1-7xV, 150

Up to 5-7 parallel experiments at IBS/CAPP.
Total gain in scanning rate: 300 — 10°; gainin g,: 4 - 18



Ben MacAllister, The ORGAN project WESTERN
cps s . . =e? AUSTRALIA
Sensitivity Projections
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Narrow aqua bar is pathfinder result

Wider navy baris 2018 run, 26-27 GHz

A->G are the 2018-2025 runs, with 14 T magnet and SQL Amps

Dashed limits depend on new technology and R&D ie Squeezed vacuum to beat SQL,
upgrade magnet againto 28T




MADMAX principle: axion-photon
mIXing
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MADMAX projected sensitivity
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5-10 years away:.




Storage ring proton EDM and ARIADNE

« Proton EDM exp. and ARIADNE together probing axion
physics like no other exps!

 |tis hard to look for large axion mass (>20GHz) as dark matter
with existing techniques. For large axion mass ARIADNE has
the best chance of pointing out its mass If a signal Is detected.
After that we can design a dedicated axion dark matter
experiment for that mass. ..

« For example: a proton EDM signal at 10-?’e-cm and the absence
of a signal with related ARIADNE sensitivity can exclude
axions from a large parameter space!



Leadership at CAPP:
Yun Chang Shin

Axions with ARIADNE:
Xlon ~esonant nter/ . ction
etectiol' -~ xperiment

PHYSICAL REVIEW D VOLUME 30, NUMBER 1 1 JULY 1984

A. Arvanitaki and A. Geraci New macroscopic forces? ARIADNE PI: A. Geraci

PRL 113, 161801 (2014)
J. E. Moody* and Frank Wilczek
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
(Received 17 January 1984)

The forces mediated by spin-0 bosons are described, along with the existing experimental limits.
The mass and couplings of the invisible axion are derived, followed by suggestions for experiments
to detect axions via the macroscopic forces they mediate. In particular, novel tests of the T- 43
violating axion monopole-dipole forces are proposed.



ARIADNE’s axion mass range reach

Axions
[, (GeV)

101> 10 10! 104 10"t 100 107 10 10 10° 10° 104

ARIADNE HBin GC (g,,,)
Too much CDM HB in GC (g)
ADMX .CAST

uuj i |||||ul ] |||||||l ] ""I.I.I L |||||||||] RTIT ] |||||||l ] ||||||J L ||nu|] i ||-||||] 1 |n||||l ] ||||||||l_

108 107 10% 105 104 103 102 10" 100 10" 102 103
m_ (eV)

In the plot, the areas marked ADMX and CAST include the future search ranges.
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PROPOSED CONCEPT

Axion Resonant InterAction Detection Experiment

The effective potential between monopole and dipole is

7i2 _r B Rota
U_(r)= 95, 1 —]e (&-F}z—'ﬁ'l{l(r]-&f

B?Imf H.E

where v, (r)= ng"[ —) Is axion potential
f

The effective magnetic field induced from this interaction is

1

B, ~ E?Vﬂ[r][1+ cos(nw_ t))

Bext

- The effective magnetic field is not screened by superconducting magnetic shielding
- Non-magnetic rotating mass oscillates the interaction in resonance at : NWyot 3He cell
- A dense ensemble of polarized *He gas with precession at : a,,

+ The NMR sample (*He) develops a magnetization perpendicular to its polarization

M(©)=-n,p1,7, B 2 cos(@n) Teamleader: Yun-chang Shin

3

[17A Arvanitaki and A Geraci, Phys. Rev. Lett |13, 161801 (2014).



Axion mediated long range forces

axion
6meV 600peV 60ueV 6peV  mass
PO Aaon f;in GeV
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Fundamental particle EDM:
study of CP-violation beyond the
Standard Model



Proton EDM proposal: d=10-%°e.cm

* High sensitivity experiment:

* Blowing up the proton to become as large as the
sun, the sensitivity to charge separation along
N-S would be r < 0.1 ym!

Sun

proton
Q0




Why Is there so much matter after the Big
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The proton EDM electric ring, 500m circ.
Current goal 10%°e-cm; upgraded: 10-3%e-cm.

10.4n

New Physics reach >103Tev and improve present
Qéfhveiak ~QCD limits byk>1;hree orders of magnitude

kg k4

" It has been approved as a PBC candidate project at CERN.
« Acomprehensive study is underway with the conclusions
< to be presented at the European: Strategy meeting in

2 \enice 2019. 2
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CPV new physics induces a non-zero
theta QCD, probing the axion mechanism!

PQ Axion f,in GeV

L l0? 10" 10 10"

Experimental Bounds
1027
10 E

Astrophysical and Experimental Bounds

Force Range in cm




SUSY-like physics induces a non-zero
theta QCD probing the axion mechanism!

6meV 600ueV 60ueV 6uev XN
PO Axion f, in GeV Mass
o0 0= 10°
Experimmental Bounds

1077k

Astrophysical and Experimental Bounds
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Search for axion dark matter In
storage rings

Axion dark matter search with the storage ring EDM method

Seung Pyo Chang®?, Seleuk Haciomeroglu?, On Kim®P, Soohyung LeeP, Seongtae Park®*,
Yannis K. Semertzidis*P

¢ Department of Physics, KAIST, Daejeon 34141, Republic of Korea
PCenter for Azion and Precision Physics Research, IBS, Daejeon 34051, Republic of Korea

arXiv:1710.05271v1 |hep-ex] 15 Oct 2017 -

A bstract

We propose using a modified storage ring EDM method to search for the axion dark
matter induced EDM oscillation in nucleons. The method uses a combination of B and
E-fields to produce a resonance between the g — 2 precession frequency and the background
axion field oscillation to greatly enhance the sensitivity to it. An axion frequency range of
100Hz to 100MHz can be scanned with large sensitivity, corresponding to f, range of 10
GeV < f, < 10" GeV the breakdown scale of the global symmetry generating the axion or
axion like particles (ALPs).



Indirect Muon EDM limit from the g-2 Experiment

a
tan @ = &4

a

Ron McNabb’ s Thesis 2003: < 27 X 10_196 -CIM 95% C I_

Yannis Semertzidis




Axion dark matter search in storage rings

» A modified storage ring EDM method can search for
the oscillating theta term.

* Oscillating axion field in resonance with the g-2
frequency.

* Frequency range: 100MHz all the way down to sub-
micro-Hz.

* Great physics output, simpler systematic errors



Search for axion dark matter In
storage rings

The axion field (dark matter) induces an oscillating EDM in
nucleons P. Graham and S. Rajendran PRD 84, 055013, 2011
and PRD 88, 035023, 2013.

A combination of the storage ring EDM method plus the g-2
orinciple we can search for axion dark matter!

_arge effective E-field
High statistical power
_arge axion frequency coverage

Can take advantage of large axion coherence time since the
stability of the g-2 tune is shown to be at the 10-1° per 100s
level! (Work at COSY)

57



Search for axion dark matter In
storage rings (1710.05271)

’ g-2 frequency (p=1 GeV/c, B=038T)
%1

E*=E-vB

T ozZv

(a) The coordinate of B, E and v o o0 3000 so00 o0 30000

(b) g — 2 frequency vs E field

Figure 2: E/B combined ring for g — 2 frequency tunning



(Deuteron). The analyzing power was assumed to be 4 = 0.36 for both B-ring and E/B combined ring.

Search for axion dark matter In
storage rings (1710.05271)

Table 1: Examples of experiment parameters for frequency tunning and results of sensitivity caleulation

Sensitivity (e-cm)

B (T) | P (GeV/c) | fus (Hz) | E. (V/m) | E* (V/m) |- : Ring

038 | 0.9429 10° SR x10° |[423x107 |10x10 3 |19x 107

038 | 0.0433 10° SR0x10° 424 %107 |60x 10 [1.0x 10

038 | 0.0473 107 S5 x10° 427 x107 [19x10F | 19x 10

0.38 | 0.088 10° 705 x 10° | 4.60 x 107 |55 x 10 @ | 1.8 x 10 31 |

038 | 1.035 Ix10° | 5.06x10° |500x107 | 72x100 |16 x 103

038 | 1133 Ix10° |347x10° |586 x107 [87x 10 [1.4x 10 | E/B ring
038 | 1.239 Gx10° | 547 x10° 683 x107 [91x100 [12x103 | (r=10 m)
038 | 1.355 Sx10° | —126x107 [703x 10" [91x 10 | 1.0x 10 ™

038 | 1484 10° 914 x 107 921 x 107 |88 x 10 ™ |88 x 107

080 |2.513 10°P 013 x 10° | 2.0l x 10° [40x 10°® |40 x 107

0.0108 | 2.7574 10° 0 998 < 10° | 35x 100 [35x 103 | B ring
0.1077 | 27.574 10" 0 275 x10° | 03 x 107 |93 x 10 | (r = 10 m)

a : Axion () = 10°, Polarimeter Efficiency = 0.02,
Initial polarization = 0.8, Analyzing power A=0.36, SCT = 10* s.
b : Axion Q = 10'°, Polarimeter Efficiency = 0.02,
[nitial polarization = 0.8, Analyzing power A=0.36, SCT = 10* s.




Oscillation frequency (Hz)
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Summary

Dark matter is a great mystery and challenge

IBS/CAPP goal is to make a significant progress answering
whether or not axions are the dark matter of our universe.

New powerful magnets/new techniques in the axion dark matter
search

Very soon we will be reaching the theoretical axion parameters
In the mass range possible by microwave cavities.

Next: Open resonators

Proton EDM exp. and ARIADNE combined probe axion Physics
In a way that no other experiments can

Storage ring EDM in search of low frequency axion dark mattegz!
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