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Neutron Electric Dipole Moment

* Neutron has magnetic moment

%H Um =-1.04 x 103
—
P 4 - Neutron may have
dﬂ“ d¢ an electric dipole moment (nEDM)
if so: it breaks CP
+ . . . _ . .
~——% (% T-violation = CP-violation

V\Jr_/ * The theory of Strong Interaction
4 (QCD) which describes
*u the quark-gluon in the neutron
is explicitly CP-violating.
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Neutron Electric Dipole Moment (nEDM)

e QCD Lagrangian (a CP violating term)

~ ~

L@ — (OQCD + arg det Mq)g_;FuyaFuV — @%FF

a 87

Phase from Phase of Quark Gluon
QCD Vacuum mass matrix (60 ,) field strength

e Non-zero © =» non-zero neutron electric dipole moment

ldnl=IOI10-15e-cm (-n<O<m)

=> Go and measure the nEDM!
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Neutron Electric Dipole Moment (nEDM)
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Current bound:
=> |dnl<2.9 x10-26e-cm
O <~10°

Why the O is so small? = Strong CP Problem!
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Peccei-Quinn Solution

e Introduce an additional global chiral-symmetry U(1)prq : Peccei-Quinn (1977)

=» the new field (a) renders © a dynamic parameters O=» a/fa: 321,”2

e The associated Nambu-Goldstone boson (
fa

It’s quite similar to
the Higgs mechanism

Re(a) VEV : f. > 10°GeV

2

V(a) = —f20® + Ja* + (3 arg(a) — $2(0acn +0,)) (FF)
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Peccei-Quinn Solution

o After quark-gluon phase transition, QCD instanton effect tilt the potential : Aqco* = (~400 MeV)*

» Weinberg and Wilczek showed that the PQ-symmetry breaking implies the existence of
new pseudo-scalar particle with non-zero mass — the “axion”,

Peccei-Quinn showed

that this term becomes
explicitly zero!

CPV term vanishes,
hence solving
Strong CP problem !
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Axion Models

- Initially the temperature fa was assumed to be of Electroweak scale,
hence the CP breaking at the scale =¥ predicts relatively high mass axions
=» This classical axion model was subsequently ruled out by experiments.

J.E. Kim realized that fa can be very big.
“| found a solution that solves both the strong CP problem
and the dark matter problem.” (1979)

Then, Shifman, Vainshtein & Zakharov (1980)

|

I Also, Dine, Fischler, Srednicki (1981) and Zhitniski (1980)
| DFSZ axion model: Two Higgs doublets, quarks and leptons carry U(1)pq charge

These are called invisible axion models

I

I

| . |

KSVZ axion model: new heavy quark carries U(1)pq charge !
i

I

2016-11-23 Yoo 7




How to Detect the Axions?

- There are many ways of detecting axions.
However, the most popular method is to use inverse Primakoff effect.

E— E— S— 1_-:‘1

a 4 H
g |
H
B |
Charged particle I[
Primakoff effect 1]
/EI\/I-fieId strength tensor
Le FoF igaF By jmiad + dat + ..

(leta =» P)

e

Epseudoscalar — _%QbF;wﬁ‘w — g¢(E ' E) Escalar — _%qu’wF#V — g¢(E B — é ) g)

/ /

axion axion like particle
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Axion as a Dark Matter

* Nonthermal production of axions
In the early Universe

- The initial axial angle © determines
the potential energy to be released.

* The potential energy density
(order of Aqcp?) is converted into
cold dark matter

- Axion dark matter mass is determined
by the harmonic oscillator frequency
Mj = AQCDZ/fa< 10-3 eV !

VEV : fa > 10°GeV

e=a/fa
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Cosmic Axion Mass Range

f, (GeV)
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S. Borsanyl et al. Nature 539, 69-71 (2016)
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AXxion Search
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Axion potential energy decays at time t~1/ma..
If this is too late (too small ma) in cosmological time
the dark matter can be overproduced relative to the photons
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How to Detect Axion Dark Matter?

Assume: m, >~ ueV RF antenna
oo = 3 X 108 eV/ce =2.4 x 10~ %ev*4

B=10"3or < vy, >=10"3¢

1 ~ o ~
L=—-gaFF ~ FF
4ga 87Tpra
— gaE - B
&(E3/2)

p -E-(VxB)=g, a(E-B)

Oscillating source current =» RF photons

~ 10-21W at ma=peV
(assuming B=8T, V=0.2 m3 magnet and cavity Q =10°)

RF photon frequency = axion mass
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Axion Dark Matter eXperiment (ADMX)

- ADMX collaboration (hosted at the University of Washington)

- “Currently” the world most sensitive dark matter axion search experiment

* The experiment started in 1995 — more than 20 years of efforts

- Relatively low magnetic field (8Tesla) but large volume (140 liter, Q~80,000)

* Probing low mass (~ueV) axions

 The collaboration is upgrading the system to improve the scanning speed of the axion mass
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RF Receiver: High-Q Cavity

High-Q copper cavity (Q~200,000)

the cavity resonance frequency
IS tuned by changing
the two movable rods

Mode Map Rod2 at 0.967

-
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o
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Rod 1 Encoder
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ADMX: Power Spectra Scan
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Power spectra are measured
at each position of rod
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If Psignal < Phoise

=» Average over many measurements
to detect the small signal

Integration time for radiometer

" o ( Phoise )2 v 1
¢ — S
e P, signal Af

Assume a signal bandwidth of 1kHz,
and probe frequency range of
800MHz (3.3ueV) to 900MHz
(3.7peV). 5-minutes per each
frequency =» takes 1-year
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Institute for Basic Science (IBS)

IBS Headquarter (Daejoen by 2018)

-
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Center for Axion and Precision Physics Research (CAPP)

Physics
- Axion Search

- Proton EDM
- Muon g-2 experiment
- mu2e experiment

Funding
- Funded by IBS
- v$10M/year
for 10-years of startup

Expected HR

- 20 research fellows

- 20 graduate students
- 10 staffs

- Engineers/technicians
- Visiting scholars

CAPP/IBS at KAIST launched in October 2013
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CAPP’s Dark Matter Axion Search Strategy
Strong manetic field (18T — 25T — 35T)
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Lower the termal noise temperature
(cryogenics & low noise amplifier)

Superconducting cavity (Q~107)
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Prof. Hyoungsoon Choi of KAIST
P @ |
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m
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Reduce Termal Noise

J. Clarke
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Cavity R&D

Developing High Q-Factor Cavity
- Sputtering pure Cu and Al (Munich)
- Pure Cu and Al sheet roll in side stainless steel (Seoul)
- Tuning system and frequency mode simulation
- R&D program for Superconducting cavity

Cavity test in dilution refrigerator
- Design to achieve cavity temperature of <100mK
- Integrate Piezo Actuator(s)
- Monitoring, Control and Measurement
- Magnetoresistance study

SN Visualization of Distributed
e Vortices on BSCCO

2016-11-23

Cavity design w/ tuning rods

L A Approved for Fabrication

¥ e Suggestions to Mate to
Torier Tor udon 303 CAPP System |
Py : | STC_Assembly. am -
e | hepl oS
4

SC doped cavity using novel vortex
engineering (Q~107):

Prof. Jihnwhan Lee at KAIST is
making a huge progress

Multiple cavity R&D:
probe higer frequencies with a large
bore magnet

Toroid style cavity R&D:
No endcap, huge gain in volume
and achive high Q-value
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Multiple Cavity System R&D

Multiple-cavity detector
* Increase experimental sensitivity at HF regions
- Requres siganl combination in phase (phase matching)

N

~ -
ST f
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High Temperature Superconductig Magnet

Future technology HTS tech.
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A world record of 26.4T B-field (25mm bore)
2G HTS magnet by a Korean Company (SUNAM Co. Ltd)

I0P Publishing Superconductor Science and Technalogy
Supercond. Sci. Technol. 29 (2016) 04LT04 (6pp) doi:10.1088,/0953-2048/29/4/04LT04
Letter

26T 35mm all-GdBa,Cu;0,_, multi-width no-
insulation superconducting magnet

4
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CrossMark
Abstract
A 26 T 35 mm winding diameter all-GdBa;Cu307-x (GdABCO) magnet was designed by the MIT
Francis Bitter Magnet Laboratory, and constructed and tested by the SuUNAM Co., Ltd. With the
multi-width (MW) no-insulation (NI) high temperature superconductor (HTS) winding technique
incorporated, the magnet is highly compact; its overall diameter and height are 172 and 327 mm,
respectively. It consists of a stack of 26 NI double pancake coils wound with MW GdBCO tapes
in five different widths ranged 4.1-8.1 mm. In a bath of liquid nitrogen at 77 K, the magnet had a
charging time constant of 16 min due to the intrinsic NI characteristics. In liquid helium at 4.2 K,
the magnet generated a 26.4 T field at the center, a record high in magnetic fields from all-HTS
magnets. The results demonstrate a strong potential of MW-NI GdBCO magnets for direct
current high-field applications.
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Magnet (18T/7cm HTS Magnet)
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2016-11-23

A strong B-field and large bore
HTS magnet is commercially available
by the Korean company

2G HTS Superconducting Magnet
Magnetic field : 18 Tesla
Dimension: Z0 mm ID / 168mm OD
20 mm uniform field (>90%)
552 mm length
Quench free design (no-insulation)
Compact and easy to operate

Target DM axion mass range to probe:
14 peV to 20 peV range

The experiment will begin by summer 2017
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25T HTS Magnet Development at BNL

P .
.' »

e 25T/10cm large bore magnet

'\\/\\\

e Probe axion mass above 10ueV
e IBS contract with BNL (progress)
e Production schedule by 2018

e Experiment will start in 2019
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CAPP Dark Matter Axion Search Experiment

Magnet Controller
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KAIST Dark Matter Axion Search Schedule

2016 2017 2018 2019 2020 2021 2022

18T/7cm

material tests >
SuNAM

25T/10cm
BNL

12T/32cm
Oxford

Larger bore
magnet delivery

experiment

(plan)

Toriod
magnet delivery

§ experiment
(plan)

There are research and development efforts for higher mass dark matter
axion search experiments above 40 peV
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SO ELINEL

Low vibration facility is ready

The building will be ready in 2016

More than five large scale axion search
experiments can be hosted and operated
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CAPP Axion Dark Matter Search
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Axion Mediated Long Range Force

Long range effective potential by a boson exchange

ngg 1 1 -— . . Rota _
> ------ < U, () ==—250 (s e k(6 7)
8zm, Agr 1 ID

Induced magnetic field

_ 1 =
B, = EVVQ (r)(1+cos(nw t)) * Bext

e Non-magnetic rotating mass oscillates the interaction in resonance at : NnWrot
e A dense ensemble of polarized 3He gas with precession at : nwzHe
e NMR sample (®He) develops a magnetization perpendicular to its polarization

1
M(t)= Ens pLY Bt cos(wt)
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Axion Mediated Long Range Force
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e Axions, If discovered, the half-century long
Strong CP problem in the Standard Model
will be finally put to rest

e Axions could also be the main component
of the dark matter

e Exciting Axion Search Program
at CAPP/KAIST-IBS

e Discovery may happen anytime soon!
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