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" Axions, and the Strong CP-problem
Yannis Semertzidis, CAPP/IBS and KAIST

Strong CP-Problem

 Axion dark matter search:

« State of the art axion dark matter experiment in
Korea. State of the art axion search.

 Collaborate with ADMX, CAST...

* Proton Electric Dipole Moment Experiment

« Storage ring Proton EDM (probe NP ~10° TeV)
1
« Muon g-2, muZ2e, etc.




South Korea: New Institute with emphasis in basic science, $0.5B/year

o lnstitute fOI’ IBS looks forward to shaping the future in Basic Science with you. Visit our website for detailed
1 . . recruitment information and register yourself with the IBS Talent Pool DB for a future career with IBS.
Basic Science

http://www.ibs.re.kr/en http://www.ibs.re.kr/talents
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CAPP

—

Axion Dark Matter (DM) Baryon Asymmetry

¢ Challenging 2 major issues in contemporary physics

* High risk, high physics potential

* World-class experimental elementary particle physics center
® |nvolved in important physics questions
e Strong CP problem, cosmic frontier (DM axions)

* Flavor-conserving CP-violation
(most sensitive proton EDM experiment)
* Flavor physics (muon g—2, muon to electron conversion)
® Physics driven by individual scientists
High visibility

CAPP / IBS




CAPP / IBS, October 2014
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CAPP/IBS axion plan

» Build strong collaborations

— CULTASK (CAPP Ultra-Low-Temp. Axion Search in
Korea)

— ADMX-CAPP/IBS
— CAST-CAPP/IBS

* Major sensitivity improvements
— High field, high volume, high quality factor cavities
— Toroidal geometry, large volume
— Toroidal geometry, large B-field

 ARIADNE, GNOME




CAPP/IBS axion improvement plan

* Major improvement elements:
—High field solenoid magnets: B
—High volume magnets/cavities: V
—High quality factor of cavity: Q
—Low noise amplifiers: T
—Low physical temperature: T,




CAPP research plan
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Plans for lab-building
3-storey bldg., w/ 7 pits, vibr. Isol.,
2-with Magnetic shielding

B Fae

Harny Themann at CAPP .
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Axions, Dark Matter




Axion Dark matter

Dark matter: 0.3-0.5 GeV/cm?3

Axions in the 1-300ueV range: 10"2-10"4/cm?
Lifetime ~7x10%s (100peV / m,)°

Narrow line, kinetic energy ~10-°m,_



Axions, the CAPP plan

a
10”GeV) e, 4
m, =~ 6ueV - ;
Ja
“8, .
8oy = —f, g, =0.97 (KSVZ) or -0.36 (DFSZ)
JT a

* Axion dark matter in the mass range ~1peV to
100ueV. Plan to either detect or exclude
axions down to 10% of dark matter.

* Axion long-range interactions (no dark matter
requirement), up to ~10 meV axion mass.

17



Axions with High Field

Solenoid Magnets



(CAPP) Axion dark matter plan

* We have started an R&D program with BNL for

new magnets: goal 25T; then 35T. Currently all
axion experiments are using <10T.

» Based on high T, cables (including SUNAM, a
Korean high T_ cable company). ~5 year
program.

19
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Future Solenoids:

High- Temperature Superconductors

CurrentDensity Across Entire Cross-Section

Maximal . for entire LHC Nb-T strand
production (-) CERN-T. Boutbou! 07,
and(--) <5 T data from Boutboulet ol.

MT-13, IEEE-TASC'06)
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NATIONAL LABORATORY S-'-a-'-us of High Field MAP SOICHOidS

Superconducting

Magnet Division

e -

Two HTS coils together made with SuperPower S
HTS is expected to create 20-25 T, if successful TR

~30 T with NbTi outer
R. Gupta, BNL (40 T with Nb,Sn or more HTS)
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1.6

Magnet Development

SUNAM cable

Already signed an agreement for a prototype magnet
development between CAPP/IBS and BNL. Duration 1 year.
Goal: Determine the cable for the final design.
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Magnet Development

BNL, Summer 2014 — Spring 2015

1400
1200 -
1000 -
800 -

-

S 600 -

el 1 v alue
zm - -

L A A
EEEXEEE

0.0 50 10.0 15.0
HT




Axions, High Volume



Under development by CAPP

* Multiple cavities in-phase (tried by ADMX in
90’s)

— Using cryo-piezo actuators for large volume, large
B-field

— Dr. Youn Sung Woo has received an IBS Young-
Scientist award with CAPP to develop this system

— Program duration five years.



Axions, High Quality

Q-Factor Cavit



CAPP: High quality factor cavities

* We have started an R&D program to achieve
large Q in the presence of large B-fields.

* Presently: Q~10° for copper cavities. axion Q,:
~1.5x106

« CAPP goal: Q: ~107, potential gain factor: 15.

Stored energy ~( 1% )_ aR’L 1 L R
S6) 2mR*+2xRLS R+L26

O=w
Power loss -



Under development by ADMX

The concept of a hybrid superconducting cavity:

R

@ Thin-film superconducting barrel

Copper end-caps L 0 = /0 . R
\ 1 +b{Q 0

This term goes away for a

E superconducting barrel

thbrld (1 t L/ R) ch

For typical ADMX cavity, L/R =5, enhancement factor = 6




Under development by CAPP

 High quality factor with SC walls including top/
bottom plates

— Acquiring the equipment to develop SC cavities
— Program length two to three years from now

* Toroidal shape cavity
— Large volume
— B-field tangential to cavity walls (<1 mrad)
— 10-year program



CAPP: Proposal of Cryogenic STM Research Group
(Prof. Jhinhwan Lee/KAIST and CAPP)

Enhancement of the ngh Tc Superconductors byNoveI Vortex Eng|n|
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Axions with Toroids:
High Volume,

High Quality Factor Cavity



Toroidal magnet

 Effective use of B2V
* Large volume
. Super-conductlng caV|ty waIIs




Toroidal magnet

Major radius R;:  2m
Minor radius ry:  0.59m
Volume: 9900L
Central B-field: 5T
Cavity loaded Q: 10"

FIG. 1. A cross-section of the toroidal cavity of major radius
Ry and minor radius ro. Conducting and dielectric tuning
rings are supported at several points in the cavity.



Toroidal cavity Slide 3

Copper wall +
copper ring
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Toroidal cavity Slide 5

Copper wall +
dielectric ring
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Axions with SQUIDS:

Quantum Limited Noise
Amplifiers




CAPP: SQUID amplifiers

Five year contract with KRISS:
Korea Research Institute of Standards and Science
(Yong-Ho Lee’s group)

e have started a development program with
KRISS to provide us with (near) quantum noise
limited SQUID amplifiers in the 1-20 GHz range.

Evaluate method for higher frequency. 37



SQUID
am p| ifiers MSA: Principle

Conventional SQUID Amplifier Microstrip SQUID Amplifier

[

» Source connected to both ends of coil » Source connected to one end of the
25+ coil and SQUID washer; the other end

= 200\ of the coil 1s left open
S NI .
g 7 S 2251
© 104 e T 20-
: g 15
5 T T T T T T T T T G 10
50 100 150 200 5]
Frequency (MHz) 0]

500 600 700 800
Freguency (MHz)



SQUID amplifiers from KRISS

For f>5GHz, sub-micro
resolution is requirng./N

Input coll

o SQUID washer

Josephson junction

/__—Shunt resistor

Cooling fin

Counter electrode

Physical temperature: aiming for 30mK. Quantum
noise limit: 50mK at 1GHz, proportional to
frequency... 30



APP ltra ow emperature xion
earchin OREA




Woohyun Chung

CULTASK:

The coldest
(<50mK) axion
dark matter

experiment.
Freq.: ~6 GHz

m\
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CAPP: CULTASK at KAIST

Loaded Q = 2799.339 at resonance frequency = 7110.320
MHz

-48 T T T T
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Axions, CAST-CAPP/IBS




CAST: CERN Axion Solar Telescope

PHYSICAL REVIEW D 85, 035018 (2012)
Prospects for searching axionlike particle dark matter with dipole, toroidal, and wiggler magnets
Oliver K. Baker,' Michael Betz,” Fritz Caspcrs,2 Joerg Jaeckel,? Axel Lindner,* Andreas Ringwald,4

Yannis Semertzidis,” Pierre Sikivie.® and Konstantin Zioutas’
= i N ——




Lino Miceli’'s/CAPP: at the
CAST-CAPP Axion DM proposal

Tuning

Actuator

Courtesy of prof. Hyoungsoon
Choi, KAIST

Figure 3: Conceptual engineering design of a possible tuning solution for a 2.5cm x 2.4cm X
50cm prototype cavity with dielectric tuning bars. The cavity i1s tuned by one single piezo
actuator placed externally, while the bars are kept parallel to each other. This image does not
necessarily represent the way in which the cavity will be assembled.

46



Lino Miceli’'s/CAPP: at the
CAST-CAPP Axion DM proposal

“TEpy, “ f=5.83 GHz, bar penetration distance 1 mm. Dielectric permittivity = 9. ‘

Electricfield snapshot Tuning bar

E-field along the longitudinal axis of T — E-field along y at the cavity center

the cavity (arbitrary units i i
rocon . y (ark ary ) y { - ~(arbitrary units) _
_ - €] ' —IEl
1500 - Ex N 500 - Ex |-
—Ey | - —— o, Ey
1000 | Ez | X 1000 ' £z
500 500
0 0
-500 1 =500
-1000 - -1000
-1500 1 -1500
~2000°3 100 200 300 200 500 '20000 5 10 15 20
z-coordinate (mm) y-coordinate (mm)

Figure 6: The electric field inside the resonator when the dielectric tuning bars are at a
distance of 1 mm from the cavity walls. Notice how the electric field distribution 1s altered by
the presence of the tuning bars. The field 1s more mntense in the red, compared to the yellow,

areas of the XY map (inset).
4(



Lino Miceli’'s/CAPP: atthe CAST-
CAPP/IBS Axion DM proposal

Mode localization issues

l Horizontal axis: varying resonator width on one side (mm) |

Snapshotof electric field lm
\ |
° / ) . 200 200 H1so
TE,,, Resonant Frequency (GHz) H |
65, | 070, Geometry factor (C)
. - Undeformed resonator o :
4 Varying resonator width . —
63f ) . 060}

62} 55}

| | yd —— Undeformed resonator
61} . 050 } - —— Varying resonator width
2

235- 236 23.7 . ?;8 ?1;9 ?-'-AC . gt 8
Bt

..........................

Figure 7: Mechanical tolerances and mode localization in a 2.5cm x 2.4cm x 50cm cavity.
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Axions: Timeline and Goals




Cryo Development plan
(Yonuk Chong, KRISS)

2014

2016

2017

2018

2016

Essential
Equipments

CF-DRI{(RF1)
CF-DR(magnet)

Wet-He3(large bore)

Quantum
Amplifier

Research

CF-DR(RF2)

Small-sclae

Integration

Example of a 7T-100mm cryogen free AMI magnet integrated with a BF-LD system
(Protective aluminum magnet cover shield not shown in picture).

CF-DRi{testbed)

Low-noise
Experiments

Wet-DR1(precision)
Wet-DR2(precision)

AxionDetector
main

Main DR {Axion Detector)

Helium

Liquefier

Helium Liquefier 50




Axion exp. development plan

-“““ = “

Magnet Prototype, testing of 25T, 10cm Work on Magnet
cable characteristics. inner bore 35T, 10cm delivery of
design inner bore 35T, 10cm

construction bore

Lab space  Temporary building: Lab  Occupation
design and preparation

Axion dark  Proc. Development of high Q  Production of high-Q
matter Equipment resonators resonators
Study res.
geom.
Electronics, Establ. Design for 1-10GHz Ampl. deliveries from KRISS

amplifiers Collabor. Obtain JPAs, test.
w/ KRISS  Develop higher freq.
ampl.

Axion cavity Design of exp., procure  Experimental setup. First Swap 51
Exp. a low field magnet test run. magnets



ADMX goals and CAPP plan

f (GHz)
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Axions with ARIADNE: Axion

Resonant InterAxion
DetectioN Experiment




Axion mediated long range forces
Usp(r) = —vVa,(T) - O,

h2g.gp ¢ Na : : :
Here V,_ (1) = Sﬁgmf’;” ~—— for monopole-dipole interactions.

A. Arvanitaki, A. A. Geraci, arXiv:1403:1290
J. E. Moody and F. Wilezek, Phys. Rev. D 30, 130 (1984).

Shelding

— 1
Beof &% ——VVa(r)(1 + cos(nwroit)).
hyn

Yun-chang Shin,
Dong Ok, Ph.D. Student

54
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Spin-dependent forces

¢ e

Monopole-Dipole axion exchange

A. Geraci

neg,( 1 1 .
U(r)=—=22—+— e (67  =u-B
8am, \rA, r eff
» Different than ordinary B field
_ « Does not couple to angular momentum
Coupling constants « Unaffected by magnetic shielding

6X10_27(109GeV g <10 10°GeV
f S

a a

C,m m; \(10°GeV
My o ™My
g, = =C,107
I3 1GeV | £,

a



Resonant enhancement method

Spin V2 3He Nucleus

A A. Geraci
Oscillate the mass : 1
Larmor frequency ’ > Q/ "\ Bext
B = B, cos(at) B off | .
. m o U = fu Bext
Bloch Equations |/|\>
- 2u, B
dM ~ ~ W = fuN ext
—=yM x B n

a )

Time varying Axion B drives spin precession Amplitude is resonantly enhanced
—> produces transverse magnetization by Q factor ~ oT,.

Can be detected with a SQUID



Experimental parameters

11 segments

100 Hz nuclear spin precession frequency
2 x 102"/ cc 3He density

10 mm x 3 mm x 150 ym volume

Separation 200 ym
Tungsten source mass (high nucleon density)

A. Geraci

Nb/Gold coated
Quartz block

pickup coil

4 mm

Rotation index




Total noise of (65) commercially available
SQUID gradiometers at KRISS

‘Noise characteristics

55

White noise (@ 100 Hz) |

ke
o
1.

4.5~

From YongHo\ Lee’s group

4.0 4
3.5 4
3.0 4

2.5 4

White noise level (fT/Hz'?)

20

-

15 L v T J—— T - T v T v
0 10 20 30 40 50 60
Channel number

Average sensitivity : 3.3 fT/vHz (@ 100 Hz) 58



Axion mediated long range forces

omeV 600ueV 60ueV oueV
PQ Axion f;in GeV
10-2";.}9 — ..I.qw —— 10“ —— 1012 1
Experimental Bounds
]0-27E !
[ Astrophysical and Experimental Bounds :
10-30 :
- T, 1sec
Current nEDM

/

EW CPV phase, 9~10-16 Force Range in cm




Axion mediated long range forces

omeV 600ueV 60peV oueV
PQ Axion f, in GeV
07 101 1ot 10"
Experimental Bounds

10_27 3

Astrophysical and Experimental Bounds

T2=1 secC

107

107

”d.Ol I‘IHI 01 | 1 10

Force Range in em



The Storage Ring Proton EDM experiment at 10-?%e.cm

Proton EDM

* We are in systems development phase for
10-2° e.cm.

 Projected future sensitivity: <10-3° e.cm

* Improvement on 9 by more than four orders of
magnitude

61



Storage ring proton EDM method:
A revolution in statistics.

—

Yannis Semertzidis, CAPP/IBS, KAIST

62



Axion mediated long range forces

emeV 600ueV 60ueV oueV
PQ Axion f, n GeV
10_241-09 1010 1011 1012
Experimental Bounds

10_27 3

Astrophysical and Experimental Bounds

T2=1 secC

nt nEDM

* -'~.

107

EW CPV phase, 9~1 016 Force Range in em




Summary
Major R&D effort on axion dark matter:
Higher B-field: 25 T and then 35 T
Higher Q-value with B-field present

Toroidal cavity geometry: Volume ~10,
collaboration opportunities

Detect axions in the 1-100peV even at 10% DM

Monopole-dipole forces sensitive to large range
of axion masses well into meV. No dark-matter
needed.

Proton EDM at 10-2°-10-3° e.cm, ~4 orders in 9.



Extra slides
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