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sensitivity in axion dark matter search

Yannis K. Semertzidis, IBS-CAPP & KAIST
Colloquium, Physics Dept., BNL, January 3, 2023

* South Korea, coming out of the war 1n the fifties, was a destroyed country
* Economically & technologically, it 1s now a modern/advanced country, member of G20 (2010)
* Q: Can S. Korea replicate the economic/technological miracle in the basic sciences as well?

A: It will, IBS-CAPP demonstrated that it is possible.
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Institute for Basic Science, 2011
Major Investment in Basic Sciences

 Economy is based on technology, exports
* They figured they need to invest in long term-basic science.

» Established the Institute for Basic Science, modeled after the Max Planck
Institutes

* “Foreigners are welcome, opening up the society/economy, Institutes...”



KAIST in Daejeon

« Korea Advanced Institute of Science and Technology, >10,000 students
 “Foreigners are welcome...”
 All courses are taught in English

« KAIST's 2015 target: 10% foreign faculty, 10% women faculty, 10% foreign
students



Republic of Korea
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Then: A satellite photo taken 20 years ago







Center for Axion and Precision Physics
KAIST, Daejeon, Korea
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Republic of Korea right after the war

Wonsan completely ruined



Republic of Korea

Seoul, South Korea
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South Korea GDP (PPP) evolution from 1911 to 2008 in millions
of 1990 International dollars. Source: Angus Maddison (log sczale)

Re

836,100

83,610

8,361

L) | 1

—t— e

KO

RARRANN

€d

ARARNANNNN

— ——
—
[a%hY

-/

http

£, 122

Miracle on
$40,000 -

$35,000 +

South Korea's Annual GDP Growth (%)

w A 0 o N

]
I
1
N

-

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

KKKKK
ccccc

Sources: Organization for Economic Cooperation and Development, Federal Reserve Bank of St. Louis.

the Han River, 70 Years Later

Gross National Income {GNI) Per Capita

= North Korea

Global financial
crisls

. $30,000 4

L\
Q‘O

= South Korea

Asian financial

$25,000
$20,000 4
$15,000 4
 $10,000

$5.000 4

iuyt7115 -
://common

$0
1952

p

crisis

Democratic reforms;
Roh Tae-woo
elected president

N\

Hyundai Motor
Co. Founded
LG Electronics
founded

1956 1960 1964 1968 19'72 19’76 19’80 19'84 19I88 19'92 19'96 20'00 20'04 20’08 2()'12 20I1G
Source: Maddison Historical Statistics Project, U.S. Global Investors

Own work, CC BY-SA 4.0,
s.wikimedia.org/w/index.php?curid=75102577

1911

1918 1925 1932 1939 1946 1953 1960 1967 1974 19817

1988 1995 2002



What made modern Korea possible?

* Hard work, highest levels of competency, integrity
* Dedication, perseverance
* Mission

* Critical: The industry underwent a “Phase-transition” that changed
everything! It worked.



Steve Jobs and apple

“When You Need A Miracle, Be Miracle”

“Don’t let the noise of others’ opinions drown out your own inner
voice."

“I've been rejected, but I am still in love.”
— Steve Jobs



Professor Jihn E. Kim

He worked hard to establish
IBS-CAPP to make axions
Visible




What made CAPP’s position possible?

* Hard work, highest levels of competency, integrity
* Dedication, perseverance
* Mission

* Critical: We had to change everything! It worked.

* The question is whether it will |ast...



CAPP-Physics: strong CP-problem and axion dark matter

* Dark Matter and CP-violation are both on the top ten most
important Particle Physics questions

* The axion coupling 1s feeble, it requires the effective application CAPP
of latest state of the art technology and lots of ingenuity (high-
risk, high-physics-potential) Avion and Precision

Physics Research

* CAPP (est. October 16, 2013) has acquired the equipment and
has developed the technology, know-how, and infra-structure to
effectively probe the 1-8 GHz in the next five years at DFSZ
sensitivity. CAPP is on the top of its field today.

* Projection: All the interesting axion frequencies will be probed
globally in the next 10-20 years




Dark Matter and Isaac Newton (1642-1726)

O

Isaac Newton unified the Physics phenomena:
falling of an apple with the planet, moon, star,
sattelite, comet motions, under Gravity!

—

) “45\‘ 0 He clarified the view of Heavens for Humanity!

He also gave us the ability to see what cannot be seen with ordinary methods. Looking

from deviations from his rules we are able to sense the presence of Dark Matter.
16



Newton’s laws: “observing” the unseen

* Gravitational law applied to the planets: by measuring the planet
velocity and its distance from the center, we can estimate the
enclosed mass.

2 . . o« .
P o= GMzm — mo~ 1915, Einstein’s General Relativity
r2 r Resolved the issue with Mercury’s precession
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1846, Adams and Le Verrier suggested the existence
of Neptune: First discovery of “Dark Matter”
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For gravitational attraction, n equals —1 and the average kinetic energy equals half of the average negative potential energy

(T, = — £ (Vior)s.

2
Origins of dark-matter: Zwicky (Coma cluster)

& Smith (Virgo cluster)

Virial motions within galaxy clusters:

“The difference between this result and
Hubble’s value for the average mass of a
nebula must remain unexplained until
further information becomes available.”

The “dunkelmaterie” of Zwicky 1936
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Origins of dark matter: Rubin, Gallagher, Faber et al.

Flat galactic rotation curves

Rubin, “1970’ s: The decade of seeing is believing.”
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Vera Rubin

* Her findings were cross checked and found to be correct.
* More galaxies were checked, most of them found to be part of extended halos
* Vera Rubin started a field in Astronomy that firmly established the 1idea of DM.

5 10 15 20 25 30

Figure 4: Rotation curves of spiral galaxies obtained by combining CO data for
the central regions, optical for disks, and HI for outer disk and halo (Sofue et
al. 1999). 20



[https://www.nature.com/articles/nature25767].

A Galaxy Without Dark Matter

C) 0 Comments

A Galaxy without Dark Matter, effectively
confirming Dark Matter!

A Yale-led research team has discovered a galaxy that contains no dark matter -- a finding that
confirms the possibility of dark matter as a separate material elsewhere in the universe.

The discovery has broad implications for astrophysics, the researchers said. It shows for the
first time that dark matter is not always associated with traditional matter on a galactic scale,
ruling out several current theories that dark matter is not a substance but merely a
manifestation of the laws of gravity on cosmic scales.



Characteristics of Matter

Gravitational lensing: The light path bends to the presence of ordinary and dark
matter forming multiple images of the same subject, called Einstein’s rings

Clumps together: Coalesces to large structures

In addition, ordinary matter interacts (friction)

22



Matter’s characteristic

te (2009-2013) — ~ 107

T

ESA Planck Satelli

Is that it clumps together

shown here from the el : ok
Cosmic
Microwave

Background measurements

Ordinary matter doesn’t have enough density to create the observed large-
scale structure. Not enough time..., requiring Dark Matter!
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Dark Matter’s smoking gun
* Two cluster galaxies colliding
* The regular matter (red) interacts, i.e., collides (friction) with each other
 The dark matter (blue) moves unaffected...

24



Dark matter: the Bullet Cluster

The smaller cluster has movec} .f}om left to right ihfo.L/gh the larger cluster,
and the collision has separate'd the X-ray-emitting hot gas from the galaxies.
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Blue regions show where *: 2% i e ®n 0t * X-ray emission (red) shows
most of the mass is, based o i s the hot gas, whose mass is
on gravitational lensing of . . ' s « M several times the mass of

background galaxies. % ‘ 1 EE all the system’s stars.
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@5, ermi Evidence for / Salient Features of Dark Matter

Gammaray

/ Space Talescopa

Eric Charles, Fermi-LAT Qollaboration

10

‘ R(kpc)
Comprises majority of mass in Galaxies M33 Rotation Curve
Missing mass on Galaxy Cluster scale

Zwicky (1937) Rotation Curves
Rubin+(1980)

Large halos around Galaxies

1(141)C /2% (K2

- Non-Baryonic

Almost collisionless Big-bang Nucleosynthesis,
Bullet Cluster CMB Acoustic Oscillations
Clowe+(2006) WMAP(2010)
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Rotation curves (10’s kpc)
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For the Milky Way fit yields at sun's position
po =~ (0.3 +0.1) GeV/cm®

i

100,000 Light vears
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Cosmological inventory

&
_ Ordinary Matter 4.4% »

(of this only about R Dark Matter.
10% luminous) 26.8%

-

&
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- H. Baer et al. / Physics Reports 555 (2015) 1-60

L | | | | L | | | |
o 3 —= 2 SIMP
Dark matter ;
0.—
candidates 1
? -10;-
i
Y _
- axion a axino
-25:_ ;fccurgfno]\'
30 |- T —
N gravitino g4,
_w:|.!‘“iv..|..|..ka.|..va..l..l..l..l..)ldqqu.:

-18 -1 -12 9 6 3 0 3 6 9 12 15
log,y(mpy, / GeV)



NMSSM
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Supersymmetry

Theories of
Dark Matter
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Axions: A leading Dark Matter Candidate
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Wavelike Dark Matter WIMP Dark Matter

106 1012

mass [eV]
l length - 1, ~ 2" 0 Number - v ~ 223
de Broglie Wavelength - 1, ~ =% ccupancy Number - v ~ 2223
myv m

@on (m ~ 1072 EV): Agg ~ 104 km Wiih ND

® WIMP (i ~ 100 GeV): 4, ~ 101 km with » ~ 10-

where ,,,, = 0.4 GeV/cm?
Adapted from B. Safdi



Axion Dark Matter: a Cosmic MASER

De Broglie wavelength of axions




Axion couplmg VS. aX|on mass
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Axion Couplings 5{:

* Gauge fields: =’=§w"

* Electromagnetic fields (microwave cavities)

_ u o ' D
. L = alF F/,w = gaWaE B

4
* Gluon Fields (Oscillating EDM: CASPEr, storage ring EDM)

L =2G 6™
v

Int
a

® Fermions (coupling with axion field gradient, pseudomagnetic field,
CASPEr-Electric, ARIADNE; GNOME)

d,a ,
:T\Pfy 7/5\Pf

a

int a5
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Axion Detection Scheme (Haloscope)

e Conventional axion haloscope technique consists of a high-Q microwave cavity
inside a homogeneous magnetic field to trigger the conversion of DM axions into
photons.

P. Sikivie, \Experimental tests of the invisible axion,"
Phys. Rev. Lett. 51 (1983) 1415.6, 53,61, 63

. a a
Woohyun Chung’s slide

7 f,

B-field —»

Running Axion Experiments (Haloscope)

ADMX
HAYSTAC
b CAPP

4

C. Boutan/Pacific Northwest National Laboratory; adapted by APS/Alan Stonebraker



Axion haloscope method by Pierre Sikivie

The ability to scan fast depends on B-field, Volume, Temperature, and Q,

Pgional = 22.51 W(gy)2< o )2< : )(C)( o )( < )( . )
signal = 2222 \0.36/ \1031T/ \36.85L/\0.6/\35000/ \1.1 GHz/ \0.45 GeV/cc

N — Most sensitive method
-
4> X Running Haloscope
. s |l e K Experiments:
g -+ g w“//J\-\\W\ CAPP
X ADMX
R — HAYSTAC

Figure 14: Conceptual arrangement of an axion haloscope. If m, is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted from the 37

cavity.



IBS-CAPP looked at all possible parameters

Physics Research

af _f1 [1.5 GHz] [O v [1.1 GHzﬂ 3 r 0.25 K1°

—— X
dt Q t year Vg SNR T [10.3 T]

sl losstavzed il el el 57

[. B-field, maximum value of magnetic field (8T, 9T, 12T, 18T, and
perhaps up to 257T)

2. Cavity volume, V, especially for high-frequencies (37/,12T)

3. Cavity quality factor, O, (4.5 X 10°)

4. System noise temperature, 7 (~150 mK, 1.1 GHz)

5. Geometrical factor, C (keep 1t high >0.6 with special techniques)
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Rochester Brookhaven Fermilab axion dark matter search

* The RBF-dark matter axion group, circa 1990

* Under the leadership of Adrian C. Melissinos (Rochester), 1929-2022, a daring
pioneer, full of energy, a great teacher.




frequency (GHz)
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Where to look? ADMX established in 1990.

* Below 1 GHz there is a “sweet” spot chosen by
ADMX:

 Large volume, with large B2V including a low-
cost low temperature superconducting (LTS)
magnet.

* Low noise Microstrip SQUID Amplifier (MSA)

* Dilution refrigerators became readily
available (reducing labor cost)

Yannis K. Semertzidis, IBS-CAPP and KAIST 41




Axion Dark Matter eXperiment

Vacuum Pump =

* Cryogenics (0.1K)

* Superconducting magnet
(>7.5T)

* Large volume cavity (140/)z

* Low noise amplifiers
*  From 12K to 1K

e  Currently SQUID and JPA
(<1K)

3.6 me

[

A

-+
|

..\.\

T
! 1 1
— ' — - =
| N\
~ - 3 - - - e e e e e e e e e e e e
7 T \ \ \ \ \ N
/ \ \ \ Y, R <
7 1 T T
\ \
\ \

Stepping motors

_~ Cryostat vessel

. Magnet support

~ Cavity LHe reservoir

~ Magnet LHe reservoir

} - L3K J-T refrigerator

1 - Cavity vacuum chamber

"~ Amplifiers

— Tuning mechanism

— Microwave Cavity

——— Dielectric tuning rod

|7~ Metal tuning rod

Superconducting magnet




ADMX reached KSVZ sensitivity in 2010; DFSZ 1n 2018.
Patience paid off

Frequency [Hz]

10’ 10° 10" 10" 10"

VIMOS

10_17 L Filled areas: Exclusion limits
Dashed lines: Projected sensitivities
Yellow band: QCD axion band
—19 j=
10 9 =7 =5 =3 ] I
10 10 10 10 10 10

Mass [eV]
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ADMX 2021 Exclusion

Gray Rybka’s slide

Axion Mass (ueV)
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

As we found no axion signals, we can
exclude an even wider mass range.

PHYSICAL REVIEW LETTERS 127, 261803 (2021)
[EanorsSuggestion | Fesured in Physics ]

Search for Invisible Axion Dark Matter in the 3.3-4.2 yeV Mass Range

C. Bartram,' T. Braine,' E. Bums,' R. Cervantes,' N. Crisosto,' N. Du,' H. Korandla,' G. Leum,' P. Mohapulm,l
T. Nitta®,"" L.J Rosenberg,' G. Rybka,' J. Yang,' John Clarke,” I. Siddiqi,” A. Agrawal,® A. V. Dixit,’ M. H. Awida,"
A.S. Chou,* M. Hollister,* S. Knirck,* A. Sonnenschein,* W. Wester,* J. R. Gleason.” A.T. Hipp,® S. Jois,” P. Sikivie,’

N.S. Sullivan,” D. B. Tanner,” E. Lentz,” R. Khatiwada,™* G. Carosi,* N. Robertson,® N. Woollett,* L. D. Duffy,”

C. Boutan,"” M. Jones,"" B. H. LaRoque,"” N.S. Oblath," M. S. Taubman," E.J. Daw."' M. G. Perry,""
J.H. Buckley,” C. Gaikwad,'"” J. Hoffman,'” K. W. Murch,'” M. Goryachev,"* B.'T. McAllister,”” A. Quiskamp,"’
C. Thomson.” and M. E. Tobar"?

ADMX (this work)
ADMX (2019) — i
Bl \laxwellian
650 700 750 800 850 900 950 1000
Frequency (MHz)

(ADMX Collaboration)




David Tanner, Univ. of Florida

Strawman 2: Single cavity

Axion mass (ueV) Axion mass (ueV)
0 10 20 30 40 0 10 20 30 40
1000 prrrrr—rr T ——— ———— T : - | . |
. 0t \ i
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100 |
: ~ IF E
f>; % 10“:r .
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C
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ol |
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0.1 " 1 " 1 " 1 " 1 i 10-6 L 1 L |
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Frequency (GHz) Frequency (GHz)
» Power and scan rate decrease as frequency goesup ®
» Just the opposite of what we want.
Patras 18 Cﬁ"ﬂjl\ﬁi

Yannis K. Semertzidis, IBS-CAPP and KAIST



IBS-CAPP recruitment time, making clear: Axion
research 1s like a Marathon, not a short-term effort

=
&enter for Axion and Precision Physics

Research: CAPP/IBS at KAIST, Korea

Se-Jung Oh (right), the president of the Institute for
Basic Science (IBS) in Korea, and Yannis
Semertzidis, after signing the first contract between
IBS and a foreign-born IBS institute director.On

15 October, Semertzidis became the director of the
Center for Axion and Precision Physics Research,
which will be located at the Korea Advanced Institute
of Science and Technology in Daejeon. The plan is to
launch a competitive Axion Dark Matter Experiment
in Korea, participate in state-of-the-art axion
experiments around the world, play a leading role in
the proposed proton electric-dipole-moment (EDM)
experiment and take a significant role in storage-ring
precision physics involving EDM and muon g-2
experiments.(Image credit: Ahram Kim IBS.)

CERN Couirier, Dec. 2013

« Completely new (green-field) Center dedicated to
enable the effective operation of the Center. CAPP Axion Dark Matter Research and Storage Ring

was established October 16, 2013. EDMs/g-2. KAIST campus.

IBS President Oh, Se Jeong at my recruitment

time (I was the first foreign-born IBS-Director):
“Just show promise...” when I stated 10-years as
too short for axion dark matter research to leave

my Senior-Scientist-Tenured position at BNL for

it. He gave me a very supportive contract to

Yannis K. Semertzidis, IBS-CAPP and KAIST 46



The process

* Spring 2012, I submitted a proposal to IBS to study the Strong-CP
problem, axion dark matter and proton EDM

 The Selection and Evaluation Committee with Prof. Dr. Peter Fulde
(Chairman of SEC, Max Planck Inst.) invited me to compete

47



The proposal to IBS
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16 September 2012
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From my presentation: HTS magnet

New record field, 16 T, for solenoid wound with

YBCO High Field Superconductor
High Field Superconductor =

High Temperature Superconductor at 4 K (not 77 K)
Previous record: 10T
YBCO tape: 0.1 mm x 4-12 mm

OHEP SBIR with Particle Beam Lasers, BNL as subcontractor
(2 Phase lls, 1 Phase |) — YBCO vendor: SuperPower

Full program: 3 nested coils, can test full setto~40 T

| =285A

id =25 mm, od 91 mm
700 m tape

Did not quench

R&D program at BNL, from P. Wanderer

49



Weighing the vacuum using

Highest field magnets

— LTS: NbTi 8 and 9T and Nb;Sn 12T/320mm
—  HTS: 18T/70mm; 25T/100mm

Lowest temp possible (<50mK)

Quantum-noise limited amplifiers SQUIDs and JPAs for <10GHz;
Single photon detector for >10GHz

High-quality factor microwave-resonators (>109)

Particle physics approach of massive parallel R&D

50



NbTi:
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Working with Ramesh Gupta of the BNL Magnet Division

BROOKHAVEN IBS Production Coil

Superconducting | (two single pancakes spliced to a double pancake)
Magnet Division

by s
L INTREAR ARSI AR NS

Major parameters:
e ji.d.:105 mm
« 0.d. 200 mm
» Turns: ~1250 (DP)

October 22, 2018 25 T Readiness Review d Analysis o 4 K Tests -Ramesh Gupta 14
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BROOKHEAVEN | No Insulation Approach to Magnet Protection

Superconducting (slides courtesy S. Hahn)
Magnet Division

No-Insulation HTS Wmdmg Technique No Protection Device: No-Insulation HTS Magnets

Seungyong Hahn
INS: Difficulty in Protection NI: “Quench Current Bypass” P P —

. Natond High Magnesc Fieid Laboratory
Insulation Degartment of Mecranicdl Enginsering
Flonda Siate Universky

WAMHTS-3
Lyon, Franca

Septamber 11, 2015

A decrease in field
implies that more
and more turns are

O Siow normal zone propagation in HTS Q “Automatic bypass” of quench current  getting shorted

=>» Slow quench detection through turn-to-turn contacts /
. 5 / 20 05

Q Larger enthalpy (stability margin) of HTS - ’ e
=0 > A N 1016 8 04 o
=> Difficulty in “activate-heater” protection |- o3 33
E &0 0.08 % 02 ?
REF:S. Hahn, D. Park, J. Bascuian, and Y. lwasa, "HTS Pancake Cal withcut Turno-Turn Insulation,” [EEE Trans. Appl. Supevcand., wol. 21, pp. 1592 - 1595 ‘Z’ —o— Current 355 E,

2011 T 3 004 .
H —o— Fleld B9z
S Hahn No-Insuation HTS Magnet Al —o—Voitage | & ©

<shahn@fsu.edu> WAMHTS3 | yon_ France (September 11 2015) 13 _ ‘

0 50 100 150 20 250 300
Time (s)

Successfully demonstrated to work in small coils, but not yet in big coils at 4K
October 22, 2018 25 T Readiness Review Magnet Design and Program Overview -Ramesh Gupta 9
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Part of review presentations, Ramesh Gupta

NATIONAL LABORATORY

Superconducting
Magnet Division

Shut-off Tests in No-insulation Coils
(an example @550 A, operating current 450 A)

600

500 1
400

——Current

w
o
o

~—Field(T)

Current (A)

N
o
o

Event at 09/10/2018 17:15

[
[~
(=]

-1000 0 1000 2000 3000
Time (msec)

550 A example (operating current 450 A):
« Slow internal deposition of energy (3 sec) |

NEESEE IBESRESEERESERs i\ Ui

5

w

Field (T)

2

1

0

4000

"+ No significant energy is extracted during shut-

offs or quenches in the no-insulation coils

* Energy is dumped/distributed inside the whole
coil with contact resistance between the turns

* Whether coil recovers or runs away depends
on how far away it is from critical surface

* Crucial test of inter-connect when it runs-away

03 018
———————— (scaled)

0.2 —

0.1 Voltages (V)

———
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| — —_—
—629.600 —600-500
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~

Current (A)

e
w
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« Fast run-away (<0.5 sec), once triggered 50060 o1 I\

This coil recovered (no runaway) up to 400 A

_ 2018 Applied Superconductivity Conference

Status of the 25 T, 100 mm HTS Solenoid

~=Hall Probe (scaled)

-1.0 0.5 0.0 05 1.0 15 20 25 3.0 3.5 4.0
Time (seconds)

-Ramesh Gupta, ... November 1,2018 14
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Punishing tests
BROOKHRVEN | Study of Large Local Defects @4.2 K

NATIONAL LABORATORY

superconducting | (simulated with heaters up to ~30 W)

Magnet Division

»13-'. 9 Py \
Coil V vs Heater Wattage @ 600 A, 4.2 K |\ "= ¢

45 3
40 -=-Coil Voltage (mV) 30
9 35 —-—Heater Wattage <
25 =
E 3 2
;;o < 20 E_':
% 5 15 g No degradation
S 10‘: in the coil
% 'S j:_; performance
observed
& 5 > é
) 0

1
h

1
W

October 22, 2018 25 T Readiness Review Magnet Design and Program Overview -Ramesh Gupta 11



Axion dark matter HTS magnet specs

* No Insulation quenches the magnet fast!

* Quenches safely. (Further tests with 3DP, 7DP, 14DP)

* What’s next? Material strength...
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>50% margins, R&D worked!

NATIONAL LABORATORY

Superconducting
Magnet Division

Copper Stabilizer

1200
1100

Stress (MPa)
8

October 22, 2018

Choice of Conductor

Silver Overlayer

(RE)BCO - HTS (epitaxial)

0.

Bare tape

SCS wire - 20um Cu

SCS wire - 40pm Cu

SCS wire - 100um Cu

Cu stabilizer

Dashed line - fitting Solid line - measured

0 02 04 06 08 1.0 12 14 16 18 20
Strain (%)

25 T Readiness Review

Magnet Design and Program Overview

Removing insulation increases
the current densities in coils

This creates higher stresses
within the coil

Reducing amount of copper
allows us to deal with the
higher stresses

Copper reduced from 40/ 65
microns in SMES to 20 microns
in IBS solenoid while keeping
the Hastelloy same (50 microns)

This choice offers >50% margin
on hoop stresses

-Ramesh Gupta 17
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Landscape

. 2014-2017. Setting up 2017-2020. Set R&D
Octobgr He, ZEL2 CAI.DP - infrastructure, purchasing goals, work in parallel to
established. No particle : ) : .
expensive equipment. achieve results fast. First

2020-present. Combine

achievements to create

competitive axion dark
matter experiments

or nuclear exp. physics SAEE
present at KAIST Started hiring "high setup and runs of

energy", dynamic people. prototype experiments.

Some points to consider:

1. No axion dark matter experimental activity in Korea prior to CAPP.

2. The prospects of reaching theoretically interesting sensitivities above 1 GHz
seemed remote.

3. IBS established 1n 2011. Not long Basic Science tradition in Korea. Nonetheless,
it was possible to make 1t happen since Korea learns fast.



Could CAPP produce a Nobel Prize opportunity for Korea?

Nature article
about our
CAPP/IBS
center in
Korea

Nature, V534, 2 June 2016

South Korea’s
Nobel dream

The Asian nation spends more of its economic
output on research than anywhere else in

the world. But it will need more than

cash to realize its ambitions.

BY MARK ZASTROW

ehind the doors of a drab brick building
Bin Daejeon, South Korea, a major
experiment is slowly taking shape.
Much of the first-floor lab space is under

INE

construction, and one glass door, taped shut, *

leads directly to a pit in the ground. But at the
end of the hall, in a pristine lab, sits a gleam-
ing cylindrical apparatus of copper and gold.
It’s a prototype of a device that might one day
answer a major mystery about the Universe
by detecting a particle called the axion — a
possible component of dark matter.

If it succeeds, this apparatus has the poten-
tial to rewrite physics and win its designers a
Nobel prize. “It will transform Korea, there's
no question about it,” says physicist Yannis
Semertzidis, who leads the US$7.6-million-
per-year centre at South Korea’s premier
technical university, KAIST. But there’sa catch:
no one knows whether axions even exist. It's

U NS D e 3 A




IBS/CAPP

*2014 and 2015 was major recruitment time.
* Traveled to major labs/Universities around the world.

* Absolutely exhausting!






IBS-CAPP period timeline, established Oct. 16, 2013

* 2013-2015, intense recruitment effort, not a single “axion expert” came to
Korea. We needed to develop all expertise in-house. A time of great growth
and 1nfra-structure setup.

* 2016-2019, turbulent period for IBS, budget was drastically reduced. All my
contract provisions were fully ignored by the second IBS administration.
Building up of CAPP prototype experiments and developing know-how.

* 2020-May 2022, returned to stability with thriving innovation period.
Breakthrough results from CAPP pouring out. New government change...



BNL 25T/10cm, HTS magnet review  october22,2018

* Magnet construction plan with single layer is sound 66
Q
.
* Magnet design with No Insulation making it @f@ rom
guenches and structural integrity ‘006%

Q,Q
e 16 out of 28 panca{@constructed
6‘0
>
i

= o

Figure 2.67: Manufacturing process (10 HTS conls)63



IBS-HQ, improvising mode

\!
W
* 2016, after the government changed, funding was cut, the strict @ﬁ}atlons
were enforced. IBS-HQ set priorities to protect the ¢ 1mp0,€t%tﬁ'i centers.

6
e
* IBS-HQ had mtervened and dismounted my (@ Icean collaborations with
KAIST (super-conducting cavities) anchi@l%&f (NIST equivalent) on quantum
noise limited RF-amplifiers ok g
e
* Set a priority on di1 Eﬁg@’ﬁ% type of centers, moving the funding around, changing

regulatmns se constantly. End of 2018 the HT'S magnet was cancelled
using nor\ er arguments

x‘?s
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Strategy at CAPP: best infra-structure and know-how

* Under (a brighter) lamp-post with microwave resonators
* LTS-12T/320mm, Nb;Sn magnet: for 1-8 GHz
* 12T for large volume 37 liters

* Powerful dilution refrigerator: ~5mK base temp.
* 25mK for the top plate of the 37 liter cavity

* State of the art quantum amplifiers (JPAs)

* Best noise for wide frequencies: 1-6 GHz

* High-frequency, efficient, high-Q microwave cavities (best in the world)



CAPP started from scratch in 2013.
Lab space at KAIST, 2014

Yannis K. Semertzidis, IBS-CAPP and KAIST
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Another room at KAIST.
We had to buy even screwdrivers.

Yannis K. Semertzidis, IBS-CAPP and KAIST
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CAPP had to create a miracle

Had to change everything:
* Several parallel R&D efforts. High-risk
projects, high-potential payout.

* Established decision making process

* Seniority based on age was eliminated.
Young people could be correct.

* High safety standards and transparency in
transactions were implemented.
Benefited from BNL experience.

* Developing state of the art infrastracture
at the same time.



Main CAPP tactics, targeting axions of 1-10 GHz

Develop infra-structure
Develop in-house expertise

Collaborate with the best around the world on amplifiers (long lead-
time) and others as needed

Yannis K. Semertzidis, IBS-CAPP and KAIST 69



Center for Axion and Precision Physics Research (IBS-CAPP) at KAIST

70

= 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

Created a state-of-the-

Operation model: art RF-lab at an
= Reward risk taking with high-physics potential existing bldg.

R&D efforts
= (Created a can-do environment with competent

and confident scientists.
= Fast pace, the Korean clock running three times

faster than regular clocks!

State of the art infra-
w ; structure: 7 low

— vibration pads for
parallel experiments; 6
cryo or dilution
refrigerators;

high B-field, high
volume magnet: 12T,
5.6MJ. Flagship exp.




Center for
Axion and Precision
Physics Research
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IBS-CAPP at eight-years and beyond
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We expect to reach DFSZ sensitivity even for a fraction of axion content in the local dark
matter halo. Target sensitivity: 10% axions in DM halo.

» S. Lee et al., Phys. Rev. Lett. 124, 101802 (2020)

J. Jeong et al., Phys. Rev. Lett. 125, 221302 (2020).
- O.Kwon et al., Phys. Rev. Lett. 126, 191802 (2021)
Hes Melon 34 Cavity Q Factor Measurement

Jayy [GeV™1]

2023 and beyond

Cu cavities are assumed
W/ SC cavities, down to 10% of axion
dark matter content can be probed



L TS-12T/320mm from Oxford Instruments

ByeongRok Ko, Team leader of CAPP-12TB including the Nb;Sn, LTS-
12T/320mm magnet. Here, with his team testing the Leiden system.

Saturday, September 21, 2019




[TS-12T/320mm magnet (12TB experiment)

NbsSn + NbTi, LTS-12T/320mm from Oxford Instr., delivered
March 2020, commissioned in August-December 2020.

This system can reach DFSZ level sensitivity in the 1-8 GHz, with
present technology. Using SC cavities probe more...

Wet system,
Leiden dilution system:
1.3mW at 120mK,

achieved 5.omK.




[ TS-12T/320mm from
Oxfrod Instruments

* Based on Nb3Sn and NbTi, new challenging
technology, 12T. Persistent mode switch

* The dilution fridge, ImW at 120mK

was delivered and commissioned in 2019
e Lowest temp dil. fridge base 5.5mK
e Cavity: ~37 liter, ultra-light cavity, <30mK

Figure 6. Recent picture of the LTS-12T/320mm magnet in its final form at the Oxford Instruments
laboratory. Its total energy content is 5.652 MJ, a powerful magnet that requires respect and caution
when energized. The system is to undergo its final tests before its scheduled shipment to IBS-CAPP
by March 2020.



LTS- 12T/320mm from Oxfrod Instruments

QN e
_— .

Magnet delivered early
March 2020 but couldn’t be

comissioned due to COVID-19

* Fully commissioned end of 2020 delivering 12T max field (5.6 MJ)



The CAPP-12TB, our flagship experiment

based on the LTS-12T/320mm magnet

e Axion to photon conversion power at 1.15 GHz
e KSVZ: 6.2x102%% W or ~103 photons/s generated
e DFSZ: 0.9x102% W or ~10? photons/s generated

* With total system noise of 300mK, Q,=10°, eff. = 0.80
e KSVZ: 25 GHz/year
 DFSZ: 0.5 GHz/year

* With total system noise of 200mK (250mK), Q,=10°

* With total system noise of 100mK (150mK), Q,=
e KSVZ: 200 GHz/year (90 GHz/year)
FSZ: 4 GHz/year (1.7 GHz/year)




The Josephson parametric amplifiers (JPA) from Tokyo/RIKEN are
guantum-noise limited. Best integrated system in the world.

* Collaboration with
University of Tokyo/RIKEN,
providing us with the chips,
while we provide feedback
for noise improvement.

. Currently we have the lowest §
noise temperature JPAS 1n the i N
world at:

1GHz, 2 GHz, and 6 GHz.

CAPP delegatlon vit ' ,‘ e LIk
Prof, INakamusasssl ab in Tokyo Jan 8, 2019




JPA Principle
JPA Principle

(Caglar Kutlu’s slide)

(no resistors)

Flux-driven Josephson Parametric Amplifier

A4 Pump
In <
Ouf °_| | mmry-j ?%
En~—
C. —

)

Tﬁf

L % 1
+S e : . ». — T feos (n )
V(1) ;t ‘ * The “parameter” is the effective inductance of the SQUID.

* With ¢ = ¢oc(iv) + Pac(Py, fp), the doc controls bare resonance frequency f..

* When the pump tone is present, its amplitude P,, and frequency f, determine

In phase Quadrature

/\ /\ / the dynamics of the system for a certain f..

\/ A7 AL £ P (GJ—l)AE G;A
RIS O yHN

.fs fz & fs
2

Input

P

2

Capacitor plate
distance ‘d

Ml;ﬂ ceoccccad

Output

3 wave mixing operation JPA [ e tPp
1

:" ' Time fp = fS —|— f’L Pump
fp

[1]1W. Lee and E. Afshari, "A CMOS Noise-Squeezing Amplifier," in IEEE Transactions on Microwave Theory and Techniques, vol. 60,
no. 2, pp. 329-339, Feb. 2012




G Kutlu et al

Cryogenics, RF-chain & JPASs

VNA SA
(o) "] [ 3

40 dB |-W - .
e Caglar Kutlu, JinMyeong Kim, Sacbyeok Ahn, Andrew sw w1 me on
Y1, ... KAIST graduate students under the leadership of "7~ "'IIIIXIIZIE:ZIZ
Sergey Uchaikin on JPAs created the best performing ] ] e ]/
quantum-noise-limited amplifiers. Chips/expertise R R e R e 7 et L
from RIKEN/Univ. of Tokyo, Prof. Y. Nakamura, Arjan
F van Loo. s0aalw] [w] zoas ] 7T MC Plate GOmI9
Alv ’JV — : MAttenuator :
% % % : Bandpassfilter 1
. . . . :km |\ ;ED'irt | Coupl
 Ultra-light-cavity (37 liter) and cryogenics, OhJoon e | e
Kwon, Woohyun Chang, Heesu Byun, Sergey source. S0, @ | s
. . . . . . &ET”_ Short: ESOQ't eeeeee tion
Uchaikin, Boris Ivanov achieved 25mK cavity physical o ][] T

temperature. The best in the world.

* Total system noise <200mK, measured with Noise
Source at 1 GHz. Best 1n the world.




CAPP status 1n spring 2022

* We have two small systems taking data at KSVZ sensitivity:

* BF6: Around 5.8 GHz, ~1 MHz/day, scanned: ~100 MHz, “Pizza” cavity, first and still best
in the world

* BF5: Around 2.3 GHz, ~1 MHz/day, first goal: 25 MHz, superconducting cavity, first and
still best 1n the world

* LTS-12T/320mm, after the heroic job by so man yms
* Taking axion dark matter data at DFSZ sensitivity e
at 1.1 GHz with ~1.4 MHz/day

L ,7777‘

ol | LS

* In preparation:

 HTS-18T/70mm, with SC cavity, 6 GHz
* BF3,at 7 GHz | A
* JANIS high Freq. at ~10 GHz p & e



CAPP-12TB RUN4, engineering run, spring 2022

CAPP in the DFSZ club. Axion search around 4.55 peV (1.09 — 1.11 GHz) with
DFSZ sensitivity, scanning at 1.4MHz/day

20 MHz
< Frequency (GHz) >
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' >
w6
= of-
_ o3
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~~
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This Work
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CAPP-12TB RUN4, engineering run, spring 2022

Andrew. Y. et al, Submitted to PRL

DFSZ Axion Dark Matter Search around 4.55 ueV

Andrew K. Yi,!»2? Saebyeok Ahn,!'? Caglar Kutlu,!»? JinMyeong Kim,!'? Byeong Rok Ko,? * Boris I. Ivanov,? HeeSu
Byun,? Arjan F. van Loo,** SeongTae Park,? Junu Jeong,? Ohjoon Kwon,? Yasunobu Nakamura,34 Sergey V.
Uchaikin,? Jihoon Choi,?: T Soohyung Lee,? MyeongJae Lee,?> ¥ Yun Chang Shin,? Jinsu Kim,!:2 Doyu Lee,? 8 Danho
Ahn,'2 SungJae Bae,2 Jiwon Lee,»2 Younggeun Kim,? Violeta Gkika,? Ki Woong Lee,? Seonjeong Oh,? Taehyeon
Seong,? DongMin Kim,? Woohyun Chung,? Andrei Matlashov,? SungWoo Youn,? and Yannis K. Semertzidis? !
IDept. of Physics, Korea Advanced Institute of Science and Technology, Daejeon 34141, Republic of Korea
2Center for Azion and Precision Physics Research,

Institute for Basic Science, Daejeon 34051, Republic of Korea
*RIKEN Center for Quantum Computing (RQC), Wako, Saitama 351-0198, Japan

“Dept. of Applied Physics, Graduate School of Engineering,
The University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan
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FIG. 2: CAPP-12TB receiver diagram.



New data: CAPP-12TB RUNSC, since September 2022

Achieved already sensitivity (preliminary), scanning at 4MHz/day

Mass (ueV)
4.4 4.5 4.6
2.0 . :

1.5

MW‘W

Expect to reach ~150 MHz at DFSZ sensitivity by end of Jan. 2023

DFSZ

ayy /9
[
o

023 From 22 candidate groups,

e 22 groups rejected
* 0 group under further checking
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The CAPP-12TB, our flagship experiment

based on the LTS-12T/320mm magnet

e Axion to photon conversion power at 1.15 GHz
e KSVZ: 6.2x102%% W or ~103 photons/s generated
e DFSZ: 0.9x102% W or ~10? photons/s generated

* With total system noise of 300mK, Q,=10°, eff. = 0.80
e KSVZ: 25 GHz/year
 DFSZ: 0.5 GHz/year

* With total system noise of 200mK (250mK), Q,=10°

 With total system noise of 100mK, Q,=2x10°
* DFSZ: 2 GHz/year for 20% of dark matter as axions




arX1v:2002.08769v1 [physics.app-ph] 19 Feb 2020

HTS superconducting cavity in large B-field!

TMy,, mode

Electric Field Norm (V/m)
Surface Current (A/m)

FIG. 1: Design of the YBCO polygon cavity. (A) Six alu-
minum cavity pieces to each of which a YBCO tape is at-
tached. (B) Twelve pieces composing two cylinder halves are
assembled to a whole cavity.

YBCO tapes on cavity walls
Phys. Rev. Applied 17, L0O61005 — Published 28 June 2022



arXiv:2002.08769v1 [physics.app-ph] 19 Feb 2020

HTS superconducting cavity in large B-field!
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Phys. Rev. Applied 17, L0O61005 — Published 28 June 2022



arXiv:2002.08769v1 [physics.app-ph] 19 Feb 2020

HTS superconducting cavity in large B-field!
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First and best in the world!

Rev. Applied 17, LO61005 — Published 28 June 2022
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History of HTS Cavity Development @ CAPP

First Gen. (6.9 GHz) Second Gen. (2.3 GHz)

HTS tapes:
Superconducting

« 1.2E+06 +. 3.00E+07
+ Co S [ - g 5.4 GHz Unloaded Q Factor
350 /' § 1.0E+06 § 2.50E+07 Coaded O lactor
4 L4 L4 £ 30x10° W 8. 0E+05 W 2.00E+07
e Q, ~ 330,000 at8 T Q, ~ 13,000,000 @ 8T
cavities 1n large Sk e e e e
= 20x10 "
S inc 7 -§ 4.0E+05 § 1.00E+07
? 1o .g 2.0E+05 © 5.00E+06
soxict & o o 5 0.00E+00 :
_le Or lrs T B S T S S R S 012 8 46 67 8 9 0 1 2 3 456 7 8
Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

t i m e Generation | Material \ Substrate Volume [liters] Frequency [GHz] Q-factor
* 150,000 @ 8 T
15t Gen YBCO NiwW 0.3 6.9
330,000 @ 8T
2" Gen GdBCO Hastelloy 1.5 23 ~ 500,000 @ 8T
EuBCO + APC Hastelloy 15 2.2 ,4_'500'000 gy
34 Gen Waiting for Magnet Test
EuBCO + APC Hastelloy 0.2 5.4 ~13,000,000@ 8T

2022-10-06 2022 October Fermilab Seminar 25




SuP,erCOI,lduCtmg 3rd Generation Cavity using EuBCO Tapes
cavity with

O=13M in large
B-field!

I 8\ | S ) o 2.50E+07
T~ 50 mK (when ramping stopped)
T~ 150 mK (during ramping)

2.00E+07 w/o magnet ramping

TMO10 (5.4 GHz) Riaw™3-44€-5 Ohm
Q~13e7@8T

1.50E+07

CAPP plans to make
a 36-liter HTS cavity
for CAPP-12TB

Q Factor

1.00E+07

TMO011 (5.6 GHz)
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A'cavity m'gd}@?EU'B tapes
withladditional\pinning centers

0.00E+00
0 1 2 3 4 5 6 7 8

Magnetic Field (T)
Ramping Rate (0.002 T/min)

2022-10-06 Danho Ahn / CAPP-PACE 33



CAPP-PACE Detector

<4 HEMT Run JPA Run SC Run
HTS CﬂVltleS Phys. Rev. Lett. 126 (2021) arXiv:2(2&7r.1Ji3r155?17kil::]%2£izl|:;rocess) In process
Speed up Frequency Range 2.457 —-2.749 GHz 2.27 - 2.30 GHz 2.273 —2.295 GHz
scanning -
Magnetic Field (B) 72T 7.2T 6.95T
rates
Volume (V) 1.12 L 1.12 L 151L
Quality Factor (Q,) 100,000 100,000 500,000
Ge"mEt['Cc)a' Factor 0.51—0.66 0.45 0.51-0.65
System Noise (T ) ~1.1K ~ 200 mK ~ 180 mK
Scan Rate (Norm.) 1 18 310

ocC B4V2C2Q0/Tsy52



Our place 1n the world, CAPP 1n red, now
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Our place 1n the world, CAPP in red, now
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Near future




CAPP’s target for 2023, 1-10 GHz

CAPP’s scans 1n solid red

Frequency [GHz] Hashed areas within 2023
1

The axion could show up any day.
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Heterodyne-variance method, 2209.07022

Can always reach QNL performance even when the power detectors (bolometers) are noisy

Variance statistics

. . Junu Jeong’s slide
* SNR of the variance estimator 10°

Detector sampling rate: f;

Photon rate: N = Nxf; 107

10°

S/N. 2~ Ns(1 + Np/fs)\/fslit LN JRE 7
g2 = , . . [2f. g
(Np + Np) (2 + fs/(Np + Nyp) T s £ 100
, a
Ny, > f "Z 101
. . . 101
* Region l: N, <f;, Np < fs
* Region II: N.D > fs N?’ <Js 10705 101 10! 10° 10° 107 10°
. Region li: Np > fs» Np > fs N, [photons/s]

Injecting probe increases the SNR, converging to 1\'/D|eff - 2fs
* Region IV: Ny < f;, Ny, > f;
Injecting prboe reduces the SNR

log10(SNRg2)



CAPP’s timeline

Goal

Scan 1-2 GHz

Scan 2-4 GHz

Sensitivity

Better than 1.5 x DFSZ

Better than 1.5 x DFSZ

Axion fraction
of dark matter,
assumption

100%

100%

Timeline

By end of 2023,
CAPP-MAX

By end of 2024,

Readiness; systems developed
or issues under development

On going; JPAs, cavities

Preparing; JPAs, cavities

CAPP-MAX

Scan part of 4-8 GHz KSVZ level 100% By end of 2024, | Ongoing and Preparing; HTS
Smaller systems | cavities, metamaterials
Scan part of 8-25 GHz | Few x KSVZ 100% By end of 2024, | Preparing; Metamaterials,

Scan 1-25 GHz

Smaller systems

By end of 2032,
CAPP-MAX

single photon detector

Developing; Variance method,
HTS cavities, single photon det.




Rybka’s slide from Patras, August 2022
ADMX 2021 Exclusion - Context

Axion Mass 1((;)geV) He welcomed CAPP to the DFSZ club!
ADMX: USA-based

10—11 E

ADMX sidecar

Tz
3 : = &
107"t g |2z
3 g 2 2
K o < S
1015 e
g
= il tiwer:
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10 104

Frequency (MHz)
Rybka - August 2022 11



ADMX: Rybka, August 2022

Future ™" 5
Plans 0™

1072

Bigger 10-16

ADMX (2021)

HAYSTAC

-
-
-
—___,—
-
-
-

ADMX sidecar

HAYSTAC

-
O
-

QUAX

tuning rod

Rybka - August 2022

103

Frequency (MHz)

14

10




ADMX: Rybka, August 2022

Future E
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ADMX: Rybka, August 2022

ADMX-EFR — Design Overview Proposal to DOE

Magnetic shield

—

Electronics dil. - MRI Magnet™
fridge

Resonator dil.
fridge

Resonator
array

Low noise
——amplifiers

25mK

0.01 Gauss Site: Fermilab

~ 5 X scan speed of current ADMX




Actively planned axion exps.
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>>100 participants, 12t Patras Workshop on AXIONs, WIMPs, and WISPs, Jeju
Island/Korea, 20-24 June 2016.

th PATRAS Workshop on AXIONs, WIMPs & WISPs

e s 20-24 June 2016, Jeju Island, South Korea
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Accelerator based Precision physics research

* Muon g-2, good physics and training ground

 Storage ring electric dipole moment (stEDM) experiment development

Selcuk Haciomeroglu, CAPP. On Kim, PhD from Zhanibek Omarov,
Currently at Istinye KAIST, Post doc PhD from KAIST
University, Istanbul

Yannis K. Semertzidis, IBS-CAPP and KAIST 105



Muon g-2 announcement, what does 1t mean?

* Physics: >8500 participants dialed in on “zoom™ and YouTube channel during the
announcement. It was estimated that the muon g-2 news reached >2.7B people.

* Blind analysis, meaning the frequency has a constant offset, so you don’t know the
result when analyzing. The offset was set by Fermilab people outside the
collaboration.

* The result 1s right on with the BNL experimental value.

* The theory on hadronic contribution based on e"e- and lattice are at odds. There’s
significant work towards the theory value.

Yannis K. Semertzidis, IBS-CAPP and KAIST 106



Experiment and theory 4.2 sigma (theory based on e"e” data)

a,(Exp) = 116592061(41) x 10~**  (0.35 ppm)

BNL g-2 : . ! 370
FNAL g-2 + — + 330
< 420 >
O : @ + 420
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
a,x10° =1165900
a,,(Exp) — a,(SM) = (251 £+ 59) x 10~

107




Is the SM calculation “correct”?

* The contribution from the strong interaction (Hadronic Vacuum Polarization, HVP) is challenging
Tension between two different methods: 1) “lattice calculation”; 2) “dispersive approach”
* Ongoing work to clarify the tension

1) -

2) A

)0

I|-||YIPIfIr(|)m:II|IIII LI

NAL

LM20
| BMW20

ETM18/19 | Ps
Mainz/CLS19

4 not yetin WP

FHM19 l &
PACS19

RBC/UKQCD18

BMW17

RBC/UKQCD
data/lattice A

BDJ19 -
J17 1

| T not used in WP20
DHMZ19 i
KNT19 HEH
WP20 -

-60 -50 -40 -30 -20 -10

(aiM-asz ) x 10

10 20 30

Graziano Venanzoni’s slide, Liverpool, Nov. 2022




Muon g — 2 experiment at Fermilab

Overview of Muon g — 2 Experiment at Fermilab (E989)

» Kick

- Muons are kicked onto the design orbit by the
fast non-ferric kicker magnet system.

50
= B — Kicker Pulse from Magnetometer Data
g 3 .-..TO Pulse

. r N Cyclotron Period

-e -

@ 100 [~

Rl [

> L

=

[7) L

< L

(]

£ 50 -

Wt

- 1 1 L I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 L
%0200 02 0.4 0.6 0.8

Time [us]
Yannis K. Semertzidis, IBS-CAPP and KAIST 109

On Kim  (bigstaron9@gmail.com) Colloquium in Korea University



Coherent betatron oscillations influence the g-2 phase

* CBO frequency f.po= /. (1 —v1 - n) Radial oscillations, through aliasing,
became a problem

* A very high-frequency, cascaded through various effects down to g-2 frequency

Yannis K. Semertzidis, IBS-CAPP and KAIST 110



Muon g — 2 experiment at Fermilab

Straw trackers

» Straw trackers
- Measures trajectories of the decay positrons and extrapolates to find the muon distribution.
Time since injection: 5.0 us
80 100  30r —
E T Coherent Betatron Oscillation
60 E20F
5 [ I
&, 105
3 3 o
s L. c OF
>onl_ .. c r
20 B 8_10__
N =
o P
: £ _F
5 £ 25
20— °'. ~ E
[ . 3 20
- o -
40~ D15
- o —
B S 10:—
~60 — » _F
B . s 5
u . o -
_80IIl|l|||III|'lIl|lII|l|l|l|||||| 0 oo b v o by v v by by v by v o b v v b v by w1y gy
-80 -60 -40 -20 0 20 40 60 80 0 5 10 15 20 25 30 35 40 45 50
Radial Position [mm] Time [us]
Yannis K. Semertzidis, IBS-CAPP and KAIST 111

On Kim  (bigstaron9@gmail.com) Colloquium in Korea University



CBO in the 2001 Data Set
f(t) = Noe M[1 4+ A cos(wat + ¢)]

Residuals from fitting with the 5-parameter function

o - s E g
e o 0 5 %L : m :
£ 120— v O | E . F ol & high-n
< L :q_t» “— OW-n <140 O
B £ _F "
5100_ 3120— 1
o - o - 1
[y N = E i
100— '
N - s o i
+ 0 eo:— | +
&) a4] B i ) O
g & ok B & 8
M (oY - :\-|9 u9 \;9
20— i N
||||||||||| 1 1 l o | M 1 1 1 1 | |
. 0.6 0.8 1 2 0 0.2 0.4 0.6 0.8 1 1

. 1. e 2 1.4
requency [ 1 Frequency [MHZ]

Yannis K. Semertzidis, IBS-CAPP and KAIST 112



CBO in the Data Set

The effect depends on

= 1
§ I the CBO frequency
;.‘0.8_—
o.s:—
0.4_:.— é
02;_ I Frequency pull cancels
b i) fntegrating all detectors

CBO Frequency [kHz]

around the ring (assuming
FIG. 36. The relative pull (Aw) versus the CBO modulation

frequency if not addressed by the fitting function. A typical full perfeCt SymmetrY)
vertical scale is several ppm: the actual scale depends on the
specifics of the fit and the data set used. The RO0O data were
acquired under run conditions in which @, was very sensitive to
CBO. This sensitivity was minimized in the ROl period where
low- and high-n subperiods, each having CBO frequencies well

below or above twice the (g — 2) frequency, were employed.
Yannis K. Semertzidis, IBS-CAPP and KAIST 113



Yuri Orlov suggested to fix 1t by applying RF: same frequency as CBO
but opposite phase: We applied his method at Fermilab; it worked.

PE plates are 1m long
Apply rf E-field 470KHz

Yannis K. Semertzidis, IBS-CAPP and KAIST 114



RF CBO amplitude reduction (data from muon g-2 experiment)

[WW] pPl0JIudd |BJUOZIIOH

50

40

30
Time [us]
On Kim et al, New J. Phys. 22 (2020) 063002

20

10

Reduced C b an order of nitude
and muon losses by a factor of five
Applied in Run 5 and 6 (current)

Yannis K. Semertzidis, IBS-CAPP and KAIST



Storage ring lectric ipole oments

kspin = kinXKkout sensitive

/ direction Frozen spin method:

>

. Kepi
polarized spin

beam .
=

* Spin aligned with the momentum vector

* Radial E-field precesses EDM/spin vertically

* Monitoring the spin using a polarimeter

POLARIMETER
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On Kim’s slide from his Snowmass talk

Physics motivation

* Big question: Is there BSM CPV?

d, (e - cm) 4
1071 —+ “Natural” order from Strong CPV 8 = 0 (1)
10726 1 Experimental upper limit = Strong CP problem: 8 < 10710
BSM CPV Physics reach of d,, = 0(107%%) e - cm: )
1. Three orders of magnitude improvementin 6.
oy . — 1_3
10-2° _|L . . Sensitive to Myp = 0(10°72) TeV.
Projected pEDM sensitivity. 3. Baryogenesis (* 10728 ¢ - cm expected in MSSM).
4. Two-loop Higgs coupling: tan ¢pnp =~ 0(107%).
10731 Upper bound from the SM expectation (Weak CPV: CKM & PMNS)

* Storage ring pEDM experiment
o First “direct” measurement/constraint of d,, with improvement by 103 from the best current d,, limit.

o Complementary to atomic & molecular EDM experiments.
o Dedicated ALP/vector dark matter or dark energy search.

On Kim (bigstaron9@gmail.com) Snowmass Rare Processes and Precision Frontier



John Benante, Bill Morse in AGS tunnel,
plenty of room for the EDM ring.




Timeline
* Snowmass/white paper. BNL & srEDM to produce a technically advanced proposal. P5

* CDR, proposal/TDR, prototype/string-test, ring construction (3-5 years), storage (2-3
years) to first publication

 Effort scale similar to muon g-2 experiments. Interesting results within a decade.
10719

—&— Neutron EDM (Achieved)
—&— Proton EDM indirect (Achieved)
—— Proton EDM (Planned)

10—21
—%¥— Deuteron EDM (Planned)

'c 10-23
by
2
¢ .\-
T 10725 -
>
=
=)
L

10-27 A

10729 ~ X\v.

1960 1970 1980 1990 2000 2010 2020 2030 2040 119
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So, what works?

* IBS-CAPP has achieved greatness in less than 10 years operation. What’s the
recipe? Combine young people’s innovation with older people’s experience...

* Have a great research subject with high physics potential. Lots of patience.
* Challenging (1important to set a successful path with small steps-celebrate success)
* Adequate funding (challenging R&D fails most of the time...!)

* Provide ownership, favor independence, confidence building measures, while
protecting them from failures. Establish decision making process, stick with 1t!

* Checks and balances, without burdening them with reviews, exclude gossip.

* Prepare for reviews with simple/few messages (understand your reviewers’ level,
a reviewer from an irrelevant field or no experience can do immense damage).

* Regular communication with the leadership of your institution, work as a team.

* The political parties need to declare cease fire and work together 120



Summary

* IBS-CAPP has achieved all its R&D goals and now could cover

* 1-4 GHz axion freq. in the next 2-years (DFSZ)
* 4-8 GHz within the next 5-years (DFSZ)

* 1-25 GHz within the next 10 years, even for 20% of axions as dark matter

* HTS-based cavities and single photon detectors can bring a phase-transition in
high-frequency axion cavity searches. Heterodyne-variance method is a bridge...

* Large volume dielectric/metamaterial microwave cavities are sensitive and able to
reach the high frequency axions

* The international effort is intensified, promising to cover all the available axion
dark matter parameter space within the next 10-20 years.

* Storage ring EDM has excellent prospects, completed a comprehensive systematic
errors study, Snowmass req. for a strong proposal at BNL, now at P5 121



Extra slides

Yannis K. Semertzidis, IBS-CAPP and KAIST 122



Axion dark matter results using an LHC dipole magnet at CERN

Frequency (GHz)
48 49 50 51 52 53 54

10—11.
D 10—12.
|
>
Q
D 10-134
N—’
T
P
<
=20 10-14]  Ksvz
---__D-F—SZ HN CAST-CAPP ADMX-Sidecar
1015 T . T T T T
19.5 20.0 20.5 21.0 215 22.0 22.5
mac? (peV)

Fig. 5 | CAST-CAPP exclusion limit on the axion-photon coupling as a function
of axion mass at 90% confidence level (left), and compared to other axion
search results'>*>°***! within the mass range 1-25 peV (right). The higher

Nature Communications | (2022)13:6180

nature communications 8

Article https://doi.org/10.1038/s41467-022-33913-6

Search for Dark Matter Axions with
CAST-CAPP

Published online: 19 October 2022

Piezo-actuator Coupler

Locking device

x Sapphire strips
Fig. 1| A photograph of the elements of a single cavity assembly (top) and a
technical drawing of CAST-CAPP tuning mechanism with the two sapphire

strips (bottom). The static B-field is shown by the arrow and is parallel to the two
axes of the tuning mechanism.

Locomotive mechanism

[

55|




Ring planarity:

The average vertical speed in deflectors
needs to be zero!

0.1 mm
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Hybrid, symmetric lattice storage ring. Great for systematic error reduction.

4.16m40cm

|
e e

. REV. D#0S5, 032001 (2022) e

Z.. Omarov et al., p

Hybrid (fourfold)

ST

D)  Symmetric-Hybrid

—— Target sensitivity

T T T T

10710, ¢ o o ¢ o o

!.!‘.. At aahibn:
0 0 20 30 40

igned Quad index

0 10 20 30
Misaligned Q

Sensitivity of radially polarized beam (sensitive to V. DaMdatiorls nergy,
P. Graham et al., PRD, 055 010, 2021), most sensitive to vertical velocity problem



Efftect as a function of azimuthal harmonic N

COMPREHENSIVE SYMMETRIC-HYBRID RING DESIGN FOR A ...

PHYS. REV. D 105, 032001 (2022)

10—8 _
@ Cw
10-9 Q- CW - CCW .
—— Target sensitivity
n _ —
= 10710 E ﬁeld
o
.
3 1071}
U)>‘
ko]
10—12 i
10—13 |
0 5 10 15 20
N

FIG. 7. Longitudinal polarization case S; =1, sensitive to
EDM. Vertical spin precession rate vs E, =10 V/m field N
harmonic around the ring azimuth. For N = 0, the precession rate
for the CW (or CCW) beam is around 5 rad/s. The difference of
the precession rates for CR beams (orange) is below the target
sensitivity for all N. Irregularities of the low values are due to the
inability to determine the exact precession rate from the simu-
lation results. Hence, the points only show a statistical upper limit
of the possible vertical precession rate; actual rates could be
lower. More about this is in Appendix B.

107°
B-field
0
©
o
:' 10—11 i
8
U)>‘
S
10—12 I
-@- Cw
—— 1nrad/s spec
10_13 - i L I L
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N

FIG. 8. Longitudinal polarization case S; = 1, CW beam only.
Vertical spin precession rate vs B, = 1 nT field N harmonic
around the ring azimuth. The magnetic field amplitude is chosen
to be similar to beam separation requirements in Sec. IVA, and
more than B, = 1 nT splits the CR beams too much. Irregular-
ities of the low values are due to the inability to determine the
exact precession rate from the simulation results. Hence, the
points only show a statistical upper limit of the possible vertical
precession rate; actual rates could be lower. More about this is in

Appendix B.
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CAPP’s flagship experiment status and plans

* In spring 2022, covered 20MHz at DFSZ sensitivity, scanning rate at 1.4 MHz/day
@ 1.1 GHz with our LTS-12T/320mm magnet from Oxford Instr.

* Covered ~60MHz at DFSZ sensitivity in September 2022, scanning at 4 MHz/day
* Target 1-2 GHz by the end of 2023 at 3 MHz/day.

* Target to cover 1-4 GHz within the next two years at DFSZ sensitivity.



Is the axion quality factor (10°) the limit?

It depends on the noise temperature. For high-frequency,
single photon detection is everything!

Revisiting the detection rate for axion haloscopes

To cite this article: Dongok Kim et al JCAP03(2020)066



Is the axion quality factor (10°) the limit?

It depends on the noise parameter: )\ = 7,44 /Tog Dongok Kim et al JCAP03(2020)066
Single photon detector wins big! ;6

10°+
104

df /dt (norm.)

Oc/Qa

Figure 6. Comparison of the scanning rate between the original (eq. (1.4)) and revised (eq. (5.2))
calculations as a function of normalized cavity quality factor, Q./Q,, for three different values of A,
the relative noise contribution. The former and the latter estimations are represented by dashed and

solid lines, respectively.



Hete rodyne-Variance meth()d, Omarov, Jeong, YkS, 2209.07022

Injecting photons into the microwave cavity can enhance the axion detection rate

SyStem NO]SG Tem pe I‘atu re Adapted from Junu Jeong’s slides

* Noise Sources

R 1 1
Tsys = Tthermal ampllfler kB <exp [h f /kB Tphy] 1 + E) + Tamplifier

|:| |: Shot noise (Randomness of Amplification)

Bosonic statistics + Zero-point fluctuation
Dilution Refrigerator sufficiently reduces Tiperma1 down to the limit (0.5 hf)

* Heterodyne

« Amplifier Noise [']
TEurERiPest ~ 1.2 hf,  Tamplitier = 0.5 hf Mixing two frequencies
11— 1,
o = 5 Egig + EELO + 2EigE1 0 cos(wsigt + @) cos(wyot)

Heterodyne haloscope

Assuming the axion and the probe are the same frequency but random phase

* Thermal noise + Axion + Probe
T}? T? AY
9 € ' %

— —_ >
X X

= Injecting the probe simply shifts the signal in IQ plane
= It does not change the signal-to-noise ratio in IQ plane

1939W Jomog




Heterodyne-variance method, 2209.07022

Intermediate method before low-noise single photon detection

dtls2 = At ~ S/N,. 2Af, * Tamp ~ Tqu = hf:
Ordinary method is fast

af | A _ 1 ( P, )2 Qa * Tamp = 2TqL = 2hf:
dtlord At S/N,\kgT/ Q Variance method is fast

Comparisons
« SNR comparison with Single Photon Detector Junu Jeong’s slide
N N
S/N 2 ~ ——/At S/N, ¥ ———+/At
2fs VN, + Np
. . Np [kHz]
» The denominator changes from ,/2f; to /Ny, + Np, 102 : - 2 2 =
+ In the case that Nj, > 2f;, S/N,2 > S/N,, Hity U P
— 5 —
» Scan rate comparison with Ordinary Method g 10'y) — 00// - ——
df N Af, B st Af, § / /

_—

(f=1.0 GHz|

100.

R’ ]’’’y -

0.2 0.3 0.4 0.5
Tamp [K]
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The low-freqguency domain




Dark-Matter Radio, probing the low frequency axions at
SLAC/USA

Low frequencies (long Compton wavelength) _—

kHz MHz GHz

favor induction coil detection 05

-1 L gHAFT™ > ABRACADABRA

DMRadio-50L

1077
10—19
10—2 |
Dilution peV neV peV
Refrigerator mac2
Low field region for

capacitor and SQUIDs
Superconducting

Bucking Coils
20mK Copper
Coaxial Pickup
Superconducting
Solenoid Magnet
-
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(a) (b) |



Dark Matter Radio, 2203.11246

Frequency
kHz MHz GHz
10—9 | ! T T | T
I Ikl A /ﬂ’"’l ADMX-SLIC .
101! - SHAFT— . ABRACADABRA / _
— 10718 | -
- _ DMRadio-50L
B 10-1 |- DMRadio-m?
- B i
S 10717 | DMRadio-GUT -
10—19 - |
102 | .
peV neV ueV

Mg [eV]

FIG. 4. Projected sensitivity for DMRadio-GUT in pink. The total scan time to cover this reach is ~ 6 years, depending on
R&D outcomes. Various scenarios are outlined in Table II| Existing limits are shown in grey.



Electric Dipole Moments
They set the current limits on SUSY-like New-Physics

Energy
Fundamenhlztﬁphues
Tev |
aw |
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T 0,d d w
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Haloscopes using spins
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Dima Budker, CASPEr
Nuclear Magnetic Resonance (NMR)

- = =
- = =
- = =

Resonance: 2uBg; = w



Dima

SQUID
pickup
loop

Budker

CASPEr

o
Yy
Y

l

oy

ext

/ axion “wind” U,

OR E*

Larmor frequency = axion mass = resonant enhancement

SQUID measures resulting transverse magnetization

Example materials: liquid '2°Xe, ferroelectric PbTiOs
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axion coupling g4 (GeV2)

10

10

10

10

-10

-15|

Dima Budker

The experimental reach of CASPEr

frequency (Hz)

10? 10° 10%° CASPEr-now at BU: @R

‘ + thermal spin polarization, i'9
SN1987A « 0.5 cm sample size, HESING - SIMONS

* 9T magnet, homogeneity 1000 ppm IMON

* broadband SQUID detection FOUNDATION

phase Il:
+ optically enhanced spin polarization

* 5 cm sample size,
* 14T magnet, homogeneity 100 ppm
* tuned SQUID circuit?

CASPEr-now

phase II

-20 phase llI:
* hyperpolarization by optical pumping
* 10 cm sample size,
12 -8 -4 * 14T magnet, homogeneity 10 ppm
*10 4 el o) 10 + tuned SQUID circuit?
[Phys. Rev. X 4, 021030 (2014)]
Planck GUT scale
scale

Slide by Alex Suskov (adapted)
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GNOME

* Global network of GPS-synchronized optical magnetometers

* Sensitive to localized dark matter: domain walls, axion stars,
¢ Multi—messenger astronomy sl T
Nature Physics, V. 17, 1396-1401, Dec. 2021 5 Hefel, China
« Fictitious magnetic field By, ~ Mainz, Gemnany e
o 4 o
Bfic — _fS_BmaCZ S COS l/}S Jena, Germany
Hp fint Yr.s Berkeley, e § Krakow, Poland
* Optically pumped atomic LALS | ' ¢ Beijing, China
Hayward, ——% %" Oberlin, .,
magnetometer detects By, CA, US OH, US | ° T Daejeon, South Korea
 Direct detection of local dark Los Angeles, | figti;Cile
matter with network detector oA, 15
ﬁ Canberra, Australia
Fribourg, _— Be'er Sheva,
Switzerland Israel
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ARIADNE

Axion source: nuclear mass. The axion field gradient acts on fermion spins

m, [eV]
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Experimental scheme Projected Sensitivity (first phase)
Plan

* Now in R&D of sub-components

* First Prototype measurement in
2022

* Fictitious Igagnetic field Bg,:
= gSgp - A ( 27-[ 1 ) -2 Ara
Be. = —m8— . — 4 — r/Aq
fic 8y, M, (0-7) 1 2 e r

* Spin system resonantly enhance By,
* Scan broad axion mass range from one measurement. ¢ Full scale exp. In 2024
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Storage ring proton EDM at 10-?° e-cm: Timeline, physics reach

 In progress or still ahead: Snowmass, CDR, proposal/TDR, ring construction, injection, storage.
* Experience with muon g-2 experiment; possible to have interesting results within the decade.

* Competitive EDM sensitivity:
* New-Physics reach at 103 TeV.
Best probe on Higgs CPV, Marciano: proton is better than H-> yy, and 30x more sensitive than electron with same EDM.

Three orders of magnitude improvement in 8ycp sensitivity.
Direct axion dark matter reach (best exp. sensitivity at very low frequencies).
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ARIADNE and nucleon EDMs
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Dipole-monopole interactions for the storage ring experiments

arXiv:2210.17547v1 [hep-ph] 31 Oct 2022
Axion field acting on muon (g-2) and proton EDM

CW vs. CCW beam storage? 10_26_

- = = #Black hole spins |,

10712 1077 0.01 1000.00
my (eV)

Figure 2. Expected sensitivity to axion forces in the proton storage ring experiment. The blue line corresponds
to cubic lead bricks of 10cm size around the ring at a distance around 10cm from the beams generating spin
precession out of the plane (EDM-like signature). We consider the conservative case of covering only O(10%)
of the ring with bricks. This fraction is an important parameter, as the reach increases linearly with it. The
green dashed line corresponds to the limits due to the axion field from the ground nucleons (spin precession
on the ring plane). It is assumed that the ring is located around 150 cm above the ground. Combination of
both configurations gives the strongest bounds to monopole-dipole forces on nucleons, beating astrophysics
and existing laboratory bounds for any mass below my = 10~° eV. Bounds adapted from [30].

10728

1

Z «
=)

1 0—30

1 0—32

. Black holespins =
107" 107" 1077
my (eV)

Figure 1. Axion-mediated monopole-dipole forces on muons. The red line corresponds to the values required
to explain the (¢—2), anomaly at Fermilab and BNL assuming a signal at the level dw, =~ 4 rad/s. Bounds from
astrophysics are shown in gray. The anomaly can be more easily explained in the region around my ~ 102
eV, where the new force limits are the weakest. This is still in slight conflict with SN bounds. Note that the
stronger bound on a new force with mg ~ 107'" eV would also apply at my ~ 107'2 eV if the force violated
the EP maximally. Thus, for this relaxation of limits, we require the new force to obey the EP at the ~ 1
percent level, which is reasonable in many models (e.g. mediation via the higgs). The green line corresponds
to the expected sensitivity at J-PARC, which will reach the 0.45 ppm level of precision. The final sensitivity
of Fermilab (g — 2),, at the 0.1ppm level which corresponds to dw, = O(0.1) rad/s, is in blue.
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Haloscopes with dielectrics




Axion dark matter: open resonators, MADMAX

1801.08127v2

Dielectrics for high frequency-short wavelength

WALAANL

Dielectrics to Reverse direction
suppress negative of B-field
E-field

NV

VIVVUVTY

A

Figure 19: The geometric factor of an ideal 1D cavity in a homogeneous B-field (green arrows) cancels
between crests and valleys of a high mode (left). The cancellation can be avoided by placing high-n
dielectrics —grey regions— in the valleys (centre) or by alternating the polarity of the external B, field
to track the mode variations (right). This case can be done by introducing wire planes with suitable

currents [563].
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wonne-IMABMAX: Physics at the interface

#\20 )| Ax Magnet

How it could look like

-

:35.000 m

: > 700.000 m NbTi

MADMAX (dark matter)

Site in HERA hall north being prepared
Magnet studies by Bilfinger-Noell and
CEA Saclay, aim for magnet decision in
late 2018

MADMAX collaboration
. Founded at DESY in 2017



B. Majorovits

Experimental approaches: Effect of Dielectric

Mixing of axion with photon in extrenal B-field Y----- X
-> Sources oscillating E-field

At surfaces with transition of €: Discontinuity of E-field

> Emission of photons B

I

electromag. wave emission_ \/\/VWWW\\ANWWW’

scaled
ﬁeldA
strength
a
E /N /v L
\_/ \/ X
!
Ej=E|
e=1e=4
5 D. Horns, J. Jaeckel, A.
Lindner, A. Lobanov, J.
E ~72. 10—27£ ﬂ (g m )2 Redondo and A. Ringwald
A/ mirror m2\10 T ayy""a JCAP 1304 (2013) 016

[arXiv:1212.2970].
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Axion dark matter: MADMAX

1801.08127v2

PP rIIreettte '
— Awvs = 200 MHz ]
= Awy = 50 MHz

]
— Awvyg=1MHz i
]
. 248 249 250 251 252
U I i v, |GHz|
Mirror Dielectric Disks Receiver

Figure 21: Left: sketch of the dielectric haloscope experiment. Photons in the B, field are emitted from
the dielectric surfaces and reflected in the leftmost mirror and other surfaces to be measured coherently
by a receiver, from [585|. Right: Adjusting the distances between the layers, the frequency dependence
of the boosted sensitivity can be adjusted to different bandwidths, from [590].

~80 dielectric |spacing ~cm
discs €=24 |for 10-100GHz boost

metal disc

receiver

10T magnet

~10K cryogenic parabolic mirror

enviroment

Figure 22: The concept of the MADMAX experiment, see text for details. From [590].
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e

MAgnetized Disc and Mirror Axion eXperiment

Mirror
10 T dipole Horn

magnet antenna
(+ receiver)

80 adjustable

Separate
dielectric discs Parabolic cryogenic
@: ~1m Mirror volume
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David Tanner

Strawman: Single cavity

» Single cylinder, 8 T field; change size to resonate at search
frequency

2.67
P =130 yW (1 GHZ)

» Volume decreases as 13, the O decreases as /23 while the
mass increases as f

5.0 T T

+ Length as well as diameter
changes because the cavity <t
cannot get too long

- The longer the cavity, the

more TE/TEM modes there
are

- Typically: 1
L~44r o -

. ' 1 F] L L H A
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CAPP experimental hall, top view




Equivalent noise temperature

Noise contributions

hf 1 1 G2-1 Slide by SungWoo Youn
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1. The uncertainty principle limits the lowest equivalent electronic noise of
the system (quantum noise limited amplifiers)
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CAPP-HF’s target for 2023

Frequency [GHz]
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Our place 1n the world, CAPP 1n red

Frequency [GHZ]
10 10 10

CAPP (2023)




_______________________________________

Cavity Radius: 132
Cavity Height: 560

Left: The cryostat, and dilution refrigerator for the LTS-12T/320mm magnet
based on Nb;Sn from Oxford Instr. Right: Microwave cavity dimensions in mm.



Oxford Oxford i !
18 T HTS magnet 25T - kelvinox - Leiden LTS, Janis
' HTS magnet 4 = ) Ll T —

—

70 mm 100 mm 50 mm 320 mm 120 mm
4K 4K 30 mK 30 mK 300 mK
Working 2019 Testing 2018 Working

Liquid helium type superconducting magnet system at CAPP
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18 T no insulation magnet

18 T magnet

NA

I .
Piin i Bore size 70 mm
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15t coil
for 25 T magnet
1/28

44 double pancake coils
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Projected Sensitivity
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IBS-CAPP main contributions that improve sensitivity
1. Low noise SQUID based second order coaxial planar gradiometer

2. Superconducting thin film shield

3. Source mass geometry optimization
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Snowmass paper on pEDM

7

ALP-EDM coupling

Signature Vertical rotation of polarization.
Setup Longitudinal initial polarization.
Sensitivity

logio(Frequency/Hz)
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SN1987A

_28 | ] !
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l0g10(m,/eV)

P. Graham and S. Rajendran, PRD 88, 035023 (2013)
S. Chang et al, PRD 99, 083002 (2019)
On Kim and Y. Semertzidis, PRD 104, 096006 (2021)

N

arXiv:2205.00830v1 [hep-ph] 25 Apr 2022

The storage ring proton EDM experiment
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Storage ring proton/deuteron EDM

* Oscillating EDMs, Graham & Rajendran, PRD88, 035023, 2013

* Resonance: axion dark matter and g-2 frequencies (PRD99,
083002, 2019 and EPJ C80, 107, 2020). First run spring 2019 at
COSY/Juelich/Germany.

* Storage ring probe of DM and DE (PRD103, 055010, 2021)

* New method with RF-Wien..., On Kim (PRD104, 096006,

2021), great advantage on systematic errors
ALP frequency [Hz]

1077 10= 1071 102 10° 108

The RF-Wien filter is NOT
operating at the g-2
frequency, avoiding spin

1077

dynamics systematic error! ”; 107
9 107!
It can be fully implemented ° —_— .
in the present muon g-2 ring .
by injecting polarized .

1
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Muon g-2 announcement, theory vs. theory

<" Hadronic Corrections: Comparisons
* Theory :
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From the ISAC report

* CAPP has made tremendous progress and has arrived within
five years becoming a serious player 1n a field that was
dominated by others for more than twenty-five years. The
projects are well-balanced and wise choices made.

* Our LTS-12T/320mm magnet from Oxford Instruments and
the HTS-25T/100mm magnet from BNL have the highest
priority and their delivery should not be delayed at any cost.

* The funding support needs to continue at the promised level,
while micro-management can severely adversely affect the
quality of the Center.
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