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Physics activities at CAPP
Yannis Semertzidis, CAPP/IBS and KAIST, Korea

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)
* Muon g-2 (J-PARC, FNAL), muon to electron, etc.




recruitment information and register yourself with the IBS Talent Pool DB for a future career with IBS.

o lﬁ ]nstitute fOl’ IBS looks forward to shaping the future in Basic Science with you. Visit our website for detailed
1 Basic Science ...

www.ibs.re.kr/en http://www.ibs.re.kr/talents
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Center for Axion and Precision Physics

Research: CAPP/IBS at KAIST, Korea

KOREA

ADVANCED INSTITUTE OF
SCIENCE AND TECHNOLOGY

. Four groups, goal: 50-60 people within 3 years
* 15 research fellows, ~20 graduate students

* 10 junior/senior staff members, Visitor program
* Engineers, Technicians

* Future: IBS building at KAIST 3




Temp.: Munji campus existing
. S




Plans to rectify the Bldg.:
3-storey bldg., w/ 7 pits, vibr. Isol.,
2-with Magnetic shielding

B Fae

Harny Themann at CAPP .
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-Rotational velocities in galaxies
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Cosmological inventory
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Strong CP-problem and neutron EDM

A
—_ a ~
L,=0-=2GG @8 |
87T Q@ |
Order of magnitude estimation of the neutron EDM:
dn(g)Ng e m, ~§-(6x10_17)e-cm, m. = m,m,
m, AQCD m +m,

M. Pospelov,
A. Ritz, Ann. Phys.
318 (2005) 119.

n

d (é)z—dp (§)z3.6><10_16(§ e-cm— 60 <2x1071°

Why is theta so small? - PQ symmetry



The 64¢

5 problem

The Strong-CP Problem

Peccei-Quinn / Weinberg-Wilczek
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— Explicitly CP-violating

« But neutron e.d.m.

Idhl <1025 e+ cm
— 6<10-10
— Strong-CP preserving

(Hnﬂdn) ” dn
T| In> | = zIn>

" —upt!
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* Why?

* 6 a dynamical variable

- T =1f; spontaneous symmetry

breaking

61 (x)

+ T<1GeV Vv (0)

— 0 dynamically — 0
— Remnant oscillation = Axion

Peccei-Quinn: 2013 J.J. Sakurai Prize




r  AXxions decay

y to two photons
¢ with very long

N ifetime. In a
-

strong Electric
or Magnetic
field they can

— g Convert to one
photon.



Energy loss from stars

Stars have a finite amount
of nuclear fuel

The speed at which it is burned (and
thus, the stellar evolution) is limited
by the effectiveness of the energy

drain from the interior

Main energy losses are:
- Photons from the surface
- Neutrinos from the core




Stellar Evolution Prof. Jihn Kim: “Invisible” Axions, 1989
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g, (GeV™)
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icrowave cav.= ADMX
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Excellent dark matter candidates
Axion mass range: 1ueV — 1meV
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Quasars

logm (g/l Gev_l)




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

Animation by Kristian Themann 16



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

J. Hong, J.E. Kim, S. NaquYkS
Animation by Kristian Themann hep-ph: 1403.1576



P. Sikivie’s method: Axions convert into
microwave photons in the presence of a
DC magnetic field (Primakov effect)
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a —= vy
The conversion power on resonance

2

a
P=( gV) VBozpacma_lQL

f

a
2

2-107° Watt ( d )( 5, ) (i)
500 liter /\ 7 Tesla 0.4
gV 2 IOa n/lac2 &
0.36 ) \ 5-10™ gr/em’ J\ A GHz )\ 10°

The axion to photon conversion power is
very small, a great challenge to
experimentalists. 19




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 ~1meV axion mass.

20



What's there to improve over ADMX?

2

a
g}/ VVBO2 IOa Cma_l QL

Ty,
« B?, energy density

P —

* Q, resonator quality factor

 B-field/resonator volume V

 Ampl. noise/physical temperature, S/N

21



B-field possibilities

* Magnetic field B:
— Develop 25T magnet.

— 35T magnet based on high T..

22



(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.

23
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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)

[ TR TR 1 PALARAE Yl TLBURLC R s
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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
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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

— YS Program duration: five years.



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% ) 7nR°’L 1 L R

0= -— ~=
S6) 2R +2aRL O R+L 20

Power loss/cycle



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
(Jhinhwan Lee/KAIST and CAPP)

Enhancement of the ngh Tc Superconductors byNoveI Vortex Eng|n|

h*afFléTdA p‘llbét B’n" Fia
+ RPN e
".‘fivﬂ.s.,, B _*-:‘f-% a

Lorentz Microscopy o T

_ : Visualization of Distributed &nlc}S'PM.LoborofoN
g ':. &y forlon Implantatlon Yo 4 AR Vortices on BSCCO : ”W‘ e
o R T 2SN : _ _ —
b e g

N TS B



CAPP: Toroidal shape cavities

Large volume for low frequencies (e.g.,
Tokamaks). Critical issue is temperature. Very
expensive. Opportunity for large collaborations.

Electric field simulation of a TM010 mode in a toroidal cavity,
ino Miceli;-et al.

10
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KSTAR Tokamac in Korea




KSTAR specs

Major radius: 1.8m
Minor radius: 0.5m
B-field: 3.5T

Field alignment: 0.1mrad

|deal!
Too busy with ~100 proposals/year

35



Toroidal magnet

« Most effective use of B2V
* Large volume
. Super-conductlng caV|ty waIIs

Woohyun Chung at CAPP



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.



COMET Phase-|
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Muon to electron
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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 39




Axion exp. development plan

-“““ = “

Magnet Prototype, testing of 25T, 3cm  Work on Magnet
cable characteristics. inner bore 35T, 3cm delivery;
design inner bore design of 25T,
construction 10cm bore
Lab space  Temporary building. Constr. of new building Delivery of
Design of new build. new building
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
Exp. a low field magnet test run. magnets



Within 2015 we plan to -

install the coldest o~

Axion dark matter experiment. e

Shooting for <50mK 1 _l_

DGSigll F€8U11'€S poar '
' Attaches to the still pla _ {

o

* Compact design: magnet does not
hang below the dilution refrigerator.

~Ud

* Fully modular design: individual Attaches to the MXC platg
modules for high tield applications

e o
(e.g. nuclear stage, microwave cavity) - N H I!
e T

.

o

can be designed to be put on the X

mixing chamber plate.

Hyoungsoon Choi/KAIST KAIST

and CAPP



ADMX goals and CAPP plan
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ADMX “Gen 2”: Science

ADMX Achieved and Projected Sensitivity

Cavity Frequency (GHz)
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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 at CAPP

Axion field gradient creates
effective B-field 44
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Axion mediated long range forces

Detection Strategy

Just like a magnetic field AA and Geraci (2014)

8
w
——— f T Bt
tatathatt
sty
TIT TT“ TTT . SOUID
T
Oscillating Source Mass NMR
Va _
AEyyp =225
myg

A. Arvanitaki,
Patras Workshop, 2014

On resonance:

—

M(t) =nNmr pii AENMR tsinwt
Signal grows till T

p: polarized Fraction. NNMR: density o{: spin n rhe detecror. TQ: spin re]axation time

45
® Unpolarized Source Mass



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

Noise characteristics 1

White noise level (fT/Hz'?)

55

5.0.:
5.
40
35-
3.0 4

2.5 4

20

1.5

From YongHo
at KRISS

White noise (@ 100 Hz) |

Lee’s group

S

Y v . v 1 § v
0 10 20 30 40 50 60
Channel number

Average sensitivity : 3.3 IT/vHz (@ 100 Hz)
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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



Dipole Moments in Storage
Rings:

a. Muon g-2/EDM experiments
(J-PARC, FNAL)

b. Storage ring EDM experiments
(proton, deuteron)



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

Proton EDM

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

 Projected final sensitivity of method: 10-3° e.cm

* Improvement on 9 by more than four orders of
magnitude

50



Marciano from CM9/Korea, last week

Generic Physics Reach of d ,~10-%e-cm

d,~0.01(m /Ayp)*taneN"e/2m,
~10-22(1TeV/Ayp)*tandNFe-cm

If $NP is of O(1), Ayp~3000TeV Probed!
If Aye~O(1TeV), ¢yp~10-7 Probed!

Unique Capabilities!

51



Marciano from CM9/Korea, last week
Outlook:

Heavy Leptons...

EDMs may soon be discovered: d,d,,d,...d,
Or significantly constrain “New Physics”
Eg CP violation in H2yy (Contemporary topic)
CP violation better explored by 2 loop edms
than all diboson (yy, ZZ, WW...) modes at the LHC!
Atomic, Molecular. Neutron, Storage Ring (All Complemerlgary)

52



Matter-antimatter asymmetry points
to BSM CP-violation
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Effect of Radial Electric Field

Spin vector
p_. * Low energy particle
 ...Just right
/l\ High energy

particle



Spin Precession in EDM Ring
(Top View)

Momentum
vector

——  Spin vector

—



The proton EDM uses an ALL-ELECTRIC ring:
spin is aligned with the momentum vector

at the magic momentum

Momentum
vector

0.7 GeV/c

——  Spin vector As in muon g-2

experiment at
BNL and FNAL

56

Yannis Semertzidis, CAPP/IBS, KAIST



Two different labs could host the
storage ring EDM experiments

_ « COSY/IKP, Jilich/Germany:
* AGS/BNL, USA: pmton deuteron or a combination

“magic” (simpler) ring ring

A
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The proton EDM in the AGS tunnel at BNL

—————
-
-

Circumferé“nce: 800m
Max E-field: 45kV/cm

~ -
i



Major characteristics of a successful
Electric Dipole Moment Experiment

. Statlf Ipower

Q?beams
= 4%? I
— Long Spi erengen

* An indirect way to Cancgm QP

* A way to cancel geometric phase effelsalll

59

» Control detector systematic errors



What has been accomplished?

v Polarimeter systematic errors (with beams at
KVI, and stored beams at COSY).

v'Precision beam/spin dynamics tracking.
v'Stable lattice, IBS lifetime: 10* s.

v Spin coherence time 103 s; role of sextupoles
understood (using stored beams at COSY).

v’ Feasibility of required electric field strength
5 MV/m, 3cm plate separation (JLab, FNAL)

v Analytic estimation of electric fringe fields and
precision beam/spin dynamics tracking. Stable!

v’ (Paper already published or in progress.) ©



Technically driven pEDM timeline

2014 15 16 17 18 19 20 ZIT 22 23

Two years systems development (R&D); Ring design;
Installation.

Cost (2011, 2012 engineering cost): $70M + tunnel.
Proposed cost-sharing with AGS tunnel:
— Owned by DOE-HEP; DOE-NP partner with running costs.

Foreign contributions: electric field plates, vacuum
chambers, SQUID-based magnetometers

61



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







The team at CAPP, students

* Hyoungsoon Choi, Yonuk Chong, Woohyun
Chung, Martin Gaisser, Selcuk Haciomeroglu,
Sookyung Jung, Mi Ran Kim, Yong-Ho Lee,
Young-Im Kim, Jhinhwan Lee, MyeongJae Lee,
Soohyung Lee, Yujung Lee, Lino Miceli,
Seongtae Park, Yannis Semertzidis, Yunchang
Shin, Harry Themann, John Vergados, Eunil
Won, Hyeran Yoon

* Seungpyo Chang, Dongok Kim, Young Geun
Kim, Doyu Lee, Bayu Adi Nugraha Putra,
BeomKi Yeo



Summary-1

Major R&D effort on improving the axion dark
matter experiment:

Higher B-field: 25 T and then 35 T

Higher Q-value with B-field present (factor of
>10 improvement)

Toroidal cavity geometry: Volume ~10

Detect axions in the 1-100peV even at 10% DM
by 2018-2020.

Monopole-dipole forces sensitive to large range
of axion masses well into meV. No dark-matter
needed. 65



Summary-2

The storage ring proton EDM method has been
developed. The breakthrough? Statistics!

Best sensitivity hadronic EDM method.
pEDM first goal 10-2° ecm.

Complementary to LHC; probes New Physics
>103 TeV.

Important role in the muon g-2/EDM
experiments 6



