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v'Storage rings: muon g-2 and proton/deuteron EDM
v'Axion dark matter experiments

v'High field magnets; high volume geometries
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IBS/CAPP-Physics approach
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IBS/CAPP-Physics approach
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IBS/CAPP-Physics approach

e Cosmic Frontier ( |
B-field, Volume, Resonator-Qu

Pirsa: 17080024 Page 9/185




IBS/CAPP-Physics approach
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IBS/CAPP-Physics approach

e Cosmic Frontier (
B-field, Volume, Resonator
noise. ‘Check dark matte

Improvo

. Togethor with longnrange monopole dlpole (ax1on rnodlated) forces -
~ probe axion Physws' '
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Major activities

1. Develop lab infra-structure. Run several axion dark
matter experiments (4 - 5 LVP) in Korea CULTASK:
CAPP Ultra Low Temperature Axion Search in Korea
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Major activities

. Develop lab infra-structure. Run several axion dark
matter experiments (4 - 5 LVP) in Korea CULTASK:
CAPP Ultra Low Temperature Axion Search in Korea

. Collaborate with ARIADNE, and GNOME

. Muon g-2 at Fermilab on systematic error reduction.
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Major activities

. Develop lab infra-structure. Run several axion dark
matter experiments (4 - 5 LVP) in Korea CULTASK:
CAPP Ultra Low Temperature Axion Search in Korea

. Collaborate with ARIADNE, and GNOME
. Muon g-2 at Fermilab on systematic error reduction.

. Proton EDM development for an exp. @ CERN
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Magnetic Dipole Moments
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A circulating particle with
charge e and mass m:
H, L

¢ Angular momentum

L =mvr

* Magnetic dipole
moment

u=1A4
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For particles with intrinsic
angular momentum (spin S):

= € g
H=8—29
2m
In a magnetic field (B), there is a
torque:

—
—

T =X




Definition of g-Factor

magnetic moment

eh/2m
angular momentum

h

gE




Definition of g-Factor

magnetic moment

o= eh/2m
angular momentum

h

g-2 measures the difference between the charge and mass distribution.
g-2=0 when they are the same all the time...
From Dirac equation g-2=0 for point-like, spin 2 particles, e.g leptons.
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Magnetic Dipole Moments: p

® Nuclear Magnetic Resonance: a new direct method of detecting
NMR, I. Rabi et al., 1938

......

ds _ =
=uxB
dt i

e Used in Magnetic Resonance

BEAN (WTENSITY
3 E

Imaging
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MDM can also tell us
about Quantum Field
Fluctuations

® A “soup” of virtual particles is coming in and out of

existence affecting the MDM interaction of particles with
B-fields.

® The interaction is estimated using Feynman diagrams.

e [t is expressed with the so-called g-2 factor: a = (g-2)/2,
the anomaly.
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g-factors:

Proton (g,=+5.586) and the neutron (g,=-3.826) are composite
particles.

The ratio g,/ g.=-1.46 close to the predicted -3/2 was the first
success of the constituent quark model.
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g-factors:

Proton (g,=+5.586) and the neutron (g,=-3.826) are composite
particles.

The ratio g,/ g.=-1.46 close to the predicted -3/2 was the first
success of the constituent quark model.

The g.-2 (of the electron) is non-zero mainly due to quantum
field fluctuations involving QED. A “soup” of virtual
particles coming in and out of existence...
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g-factors:

Proton (g,=+5.586) and the neutron (g,=-3.826) are composite
particles.

The ratio g,/ g.=-1.46 close to the predicted -3/2 was the first
success of the constituent quark model.

The g.-2 (of the electron) is non-zero mainly due to quantum
field fluctuations involving QED. A “soup” of virtual
particles coming in and out of existence...

The anomalous magnetic moment of leptons can be estimated
with high accuracy
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Electron Magnetic Dipole Moment

D. Hanneke, S. Fogwell, and G. Gabrielse, PRL 100, 120801 (2008)

. e . i .
U=-gf—|s d—S=ﬁxB
2m At

r/2=1.001159 652 180 73 (28) [0.28 ppt]
- 1efl) s ofs) +of2) +a()

(”)s It’s a triumph of QED!
+ Ciol — '

OA

+...*a,+ Uhadronic + Ayeaks (4)

T =
trap cavity electron top endcap PPt 0 2 4 J L 10 12
— @) [" Fe4 " " Harvard 2008 ' ' ‘ ‘
quartz spacer Sleciiods . —*—" Harvard 2006 _ UW 1987
compensation . ; h—— — . ‘ —
electrode 180 182 184 186 188 190 192

. . (g/2 - 1.001 159 652 000) / 10"
nickel rings

)ﬂih /;— ring electrode

5 ppb -5 0 5 10 15
0.5cm] Y WP compensation ()= " "vet Harvard 2008 i '
bottom endcap _: v - B electrode “Rb 2006 e Harvard 2006 Cs 2006
- " | — . H H . . i — T - . 2 T 1
electrode 15 ——___field emission 5.0 85 5.0 0.5 10.0 05 710

microwave inlet —*¢ point (o - 137.035 990) / 10°

FIG. 2 (color). Cylindrical Penning trap cavily used to confine  FI|G. 1.
a single electron and inhibit spontaneous emission.

Most accurate measurements of the electron g /2 (a),
and most accurate determinations of « (b).
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g-factors: Muon case

¢ The g,-2 is more sensitive to a class of partlcles than the g,-2
by (m /m,)?>~40,000. A thicker “ soup " of virtual particles
coming in and out of existence..
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g-factors: Muon case

The g,-2 is more sensitive to a class of partlcles than the g,-2
by (m /m,)?>~40,000. A thicker “ soup " of virtual particles
coming in and out of existence..

Muons are sensitive to W, Z, and new physics, e.g. SUSY:
neutralino
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Interact weakly through the
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Interact weakly through the

Quarks
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Interact weakly through the

Quarks

Recently discovered at LHC: the Higgs boson
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Interact weakly through the

Quarks

Recently discovered at LHC: the Higgs boson
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Muon decay

® Decay is self analyzing
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Muon decay

® Decay is self analyzing

The Muon Rest Frame

V

B ' €+ momentum
[, —>

B — — S

Spin
% Ve ST

: + .
Highest energy € are along muon spin

The positron carries the muon spin

® The highest energy e* from p* decay carry information of
the muon spin direction.

Page 34/185



Pirsa: 17080024 Page 35/185




Pirsa: 17080024 Page 36/185




the anomaly
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Radiative corrections change g from its Dirac value of 2.
We symbolically express these corrections as Feynman
diagrams

Dirac Schwinger
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Radiative corrections change g from its Dirac value of 2.
We symbolically express these corrections as Feynman
diagrams

Dirac Schwinger

We have a pertubation expansion:

a0y =124 (20 (2 v (2 40 (2) -
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g - 2 for the muon, SM contributions

1 Hf
Largest contribution : a, = 20[ ~ 8(1)0 y/
T gy

h]
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g - 2 for the muon, SM contributions

l W
: : o 1 v
Largest contribution : a u = y/

27 800 !
Other standard model contributions :
e
Y

QED
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g - 2 for the muon, SM contributions

1 Hf
Largest contribution : a, = 20[ ~ 8(1)0 y/
T gy

Other standard model contributions :

e

Y

QED hadronic
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g - 2 for the muon, SM contributions

1 Hf
Largest contribution : a, = 20[ ~ 8(1)0 \V
T gy

Other standard model contributions :

e

Y

QED hadronic weak
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Muon g-2 experiment:. major
challenge to the Standard Model

e E821 at BNL: 1997-2004

e E989 at FNAL.: first data in 2017

LIFE OF A MUON:
THE g-2 EXPERIMENT

Protons from the AGS
(Alternating Gradient
Synchotron).

Target.

Pions decay
to muons.

Pions, 1/6 the
weight of protons,
are created.

Muons are tiny Muons are fed into
magnets spinning a uniform magnetic
on the axis like field and travel in a

After each turn,

tops. cirele.
./ / a muon's spin axis
= 1

changes by 127, yet
it keeps on traveling

One of 24 detectors
sees an electron, giving
the muon spin direction;
"' is this angle divided

by the magnetic ficld
strength the muon 1s
traveling through the ring.

After several turns,

the muons spontancously
decay to electrons and
neutrinos in the direction
of the muons' spin.

in the same direction.
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Spin Precession Rate at Rest

ds
dt

—ﬁxB+§xE

Pirsa: 17080024  Page 45/185



The Principle of g-2

ds . -
Atrest: —=uxB
dt
Spin vector Moving: Thomas precession!

—

Momen vector

CP




The Principle of g-2

ds . -
Atrest: —=uxB
dt
Spin vector Moving: Thomas precession!
| eB
W =—
C m,}/
eB eB
Q__l_(l_ )_
m my




The Principle of g-2

ds . -
Atrest: —=uxB
dt
Spin vector Moving: Thomas precession!
, B
Ty
eB eB
£—+(1— )—
m my
g—2\eB eB
=l =a—
2 )m N m
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'Effect of Radial Electric

Field

Spin vector

e Low energy particle

Vioment ector

e _..just right

/ \\. e High energy particle




The Principle of g-2

ds . -
Atrest: —=uxB
dt
Spin vector Moving: Thomas precession!
, B
Ty
eB eB
£—+(1— )—
m my
_g—2 eB eB
- = =a—
2 |m N m

Independent of velocity!
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'Effect of Radial Electric

Field

Spin vector

e Low energy particle

Vioment ector

e _..just right

/ \\. e High energy particle




Effect of Radial Electric Field

Spin vector

—-

® . justright, Y"“29.3
for muons,
“magic”
momentum

(~3GeV /)




Breakthrough concept: Freezing the
horizontal spin precession due to E-field
qg| = a_(mc) pxE

w =——=3aB-
B

P
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Breakthrough concept: Freezing the
horizontal spin precession due to E-field

2

=

. — mc x F
o =-LlaB_|a-| 25 P
m D C

" - - S

Muon g-2 focusing is electric: The spin precession due
to E-field is zero at “magic” momentum (3.1GeV/c for
muons, 0.7 GeV /c for protons,...)

p=E,withG=a=gT_2

Ja
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We measure the difference frequency between the
spin and momentum precession

g— 2\ eB
Wa = Wg — WO = ( ) B = <B>u—dist

2 me

With an electric quadrupole field for vertical focusing

> — 1 3 x E
WDg = — ° [a,,‘,;B — (aﬂ, — ) &

™m v2 —1

Viomentum

Ymagic = 29.3
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Experimental Technique

Protons Pions Inflector

—

p=3.1GeV/c
(145T) >

Injection orbit”

Storage
ring
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Experimental Technique

Xe =77 mm
B =10 mrad
B-dl=0.1 Tm

Pions Inflector

p=3.1GeV/c _
Target | (1L45T) >

Injection orbit””
Muon storage ring

Storage " Kicker
ring P Modules
(& —
— Za,B
T
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Experimental Technique

Protons Pions Inflector

—

p=3.1GeV/c
Target (1.45T) X

lﬂi(-pli()l] “f'hil"""( \
Muon storage ring \

_ RN |
Kicker

ring Modules

focus by Electric Quadrupoles Storage

€ —
— —ayuB
™’m

Electric Quadrupoles 3
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Experimental Technique

Protons Pions Inflector

—

p=3.1GeV/c
Target

Muon storage ring

focus by Electric Quadrupoles Worage

L] 4. j.
e 24 electron calorimeters Mring

(& —y
m
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Space limitations prevent matching the inflector
exit to the storage aperture

,ﬁ Outer cryostat

i1 R=7112 mm from ring center
|

_ | :
| i Upper Pole Piece
Inflector 77 mmi
i
gﬁ%}}cf\ L.~ Muon storage
vregion p = 45 mm
yd B S 1
¢ P Beam vacuum
Inflector _ |
_ cryostat chamber
Superconducting _ Partition wall .
: coils Passive superconducting
shield
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Detectors and vacuum
chamber

Scl-Fl Calbrlmeler
module

Measures Energy
and time

e

spin forward, more
high energy e

spin backward, less [ 400 MHz
high energy e digitizer
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Energy Spectrum of Detected Positrons
depends on spin direction

3
= r j -,

35 - M t
) YAVAVAI SN

30 -
r ——  Spin vector
25 -
20 —
Momentum
15 - vector
10 i «———  Spin vector

ot N
0'_" llilllllllllllilllliLlllll IllllJAl‘l‘ L

0 o5 1 15 2 25 3 35 4 45 5
Energy (GeV)
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Muon g-2: 4 Billion e* with E>2GeV

A
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Muon g-2: 4 Billion e* with E>2GeV

t
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The £ 1 ppm uniformity in the
average field is obtained with
special shimming tools.

<B>azimuth

£
o
S
@
Q
c
S
=t
2
=
©
L
) =
@
>

hONaoanwah

4 -3-2-1012 3 4
radial distance (cm)

Osyst ON <B>,u,—dist = +0.03 ppm




CompaRson of
Theory/Experiment

A i A AN MY AR R A
HMNT (06 il i
N (09) e
Davier et al,  (10) HH

Davieretal, e’e” (10) |

JS (11) e

HLMNT (1) e

-- experimen| --------memeeene e e s et e Aoesisnsish

BNL (new fromshiftind) | | | |

) 1 1 1 E
i 170 180 190 200 210
Yannis Semertzidis au x 107 — 11659000

Figure 1: Standard model predictions of a, by several groups compared to the measurement from BNL
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Comparison of
Theory/Experiment

Davier et al, e'e” (10) l—-—i | |
HLMNT (11) W ,
- experiment ------- ------- -------- ------- ------
BNL (new from shiftinA) | ; | L

] 1 1 1 E
i 170 180 190 200 210
Yannis Semertzidis (l“ x 107 = 11659000

Figure 1: Standard model predictions of a, by several groups compared to the measurement from BNL
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o[ 100GeV |

m

Susy

a,” = sgn(,u)x 13x10

yz,

tan

W. Marciano, J. Phys. G29 (2003) 225
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Muon g-2 sensitivity to the
“image world” ot SUSY

a,”’ =13x107"" tan S sign(,cz)[lgg(}ev]

/ SUSY

Mass of Neutralino!

Standard particles SUSY particles




The muon ring moved to Fermilab
(22 June — 25 July 2013)

, FerMilab ,gmlt haven
] &
’ fl
. = '
§ o= oy, %
' L4 °b'o~ Y ]
' ¢
[ ] 5
N:.\-\ ‘.'_ - Fr_“'
sl R & -

L BiaMove o\ §

Jﬁlof ESveem— - ', :

owooo [T '
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The muon ring arrived at Fermilab

38
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The muon ring is at Fermilab

e Goal: 0.14ppm (20 times the statistics)

e Reduce cycle time from 3s to s, more muons/proton (L1 lens), run
longer.

¢ Longer beam-line to double the number of muons/proton. No pion or
proton contamination, no need to gate-off electronics (gain stability).
Better matching of beam-line with ring phase-space, reduce CBO.

40
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Office of

#Fermilab i@“ENERGY Science

Muon g-2 Project Overview
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G 1.8, DEPARTMENT OF ‘ Office of

m ENERGY Science

2% Fermilab
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count/2*149 ns
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T-method Wiggle plot

First

f

T-method Wiggle plot

plot from engineering run of 2017
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E989 Muon g-2 Collaboration

8 Countries, 33 Institutions
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Systematic errors for the muon g-2 exp. at BNL and at

FNAL (projections)
Category 821 | E989 Improvement Plans Goal
[ppb] [ppb]

Gain changes 120 | Better laser calibration

low-energy threshold 20
Pileup 80 | Low-energy samples recorded

calorimeter segmentation 40
Lost muons 90 | Better collimation in ring 20
CBO 70 | Higher n value (frequency)

Better match of beamline to ring | < 30
E and pitch 50 | Improved tracker

Precise storage ring simulations 30
Total 180 | Quadrature sum 70
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Systematic errors for the muon g-2 exp. at BNL and at

FNAL (projections)
Category 821 | E989 Improvement Plans Goal
[ppb] [ppb]
Gain changes 120 | Better laser calibration
low-energy threshold 20
Pileup 80 | Low-energy samples recorded
P —_calorimeter segmentation 40
Lost muons 90 | Bettyr collimation in ring 20
CBO 70 | Hightr n value (frequency)
[ — | Better match of beamline to ring | < 30
E and pitch 50 | Improved tracker
Precise storage ring simulations 30
Total 180 | Quadrature sum 70
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The Ring Layout

inflector

< traceback
~chambers

‘®FBM K1
K2

K3

cryo pump

FBM
|
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The Electrostatic Quadrupoles: u * polarity

— .. -:';:'?!nf:".
T T M

~ +24 kV at full power, 17 kV for beam scraping after injection

Pirsa: 17080024 Page 85/185



Pirsa: 17080024 Page 86/185




Pirsa: 17080024 Page 87/185




Pirsa: 17080024 Page 88/185




Pirsa: 17080024 Page 89/185




irsa: 17080024 Page 90/185




Pirsa: 17080024 Page 91/185




Pirsa: 17080024 Page 92/185




Pirsa: 17080024 Page 93/185




Pirsa: 17080024 Page 94/185




Pirsa: 17080024 Page 95/185




Pirsa: 17080024 Page 96/185




Pirsa: 17080024 Page 97/185




Pirsa: 17080024 Page 98/185




Pirsa: 17080024 Page 99/185




Pirsa: 17080024 Page 100/185




Pirsa: 17080024 Page 101/185




Pirsa: 17080024 Page 102/185




Pirsa: 17080024 Page 103/185




Pirsa: 17080024

Weak Focusing Betatron

- - o g e
Field index: n = BBy = 0.135

T = o/ 22 08T e

fm — fC\/]. = 1= O.929fc

® Detector acceptance depends on the radial coordinate x.
The beam moves coherently radially relative to a detector
with the “Coherent Betatron Oscillation” (CBO)

fceo=fc—fz=Q0Q-v1—-n)fc
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Frequencies in the (g-2)

6.23 MHz | 160 ns
0.477 MHz | 2.10 us




CBO in the 2001 Data Set
f(t) = Npe M1 4+ Acos(wat + ¢)]

Residuals from fitting the 5-parameter function
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Concepts

By PhD student: On Kim, KAIST

e RF scraping!

» Dipole RF field with the CBO frequency.
@ RF matching

» Quadrupole RF field with twice the CBO frequency:.
e RF CBO reduction (New)

» Quadrupole RF field with the CBO frequency.

Y. Orlov and Y. Semertzidis, To Get Rid of CBO (and to get scraping without
resonance crossings), E821 Note No.431 (2003)
bigstaron@kaist.ac kr 2017 Jul. 32

-
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CBO amplitude in simulation

Beam horizontal moments [mm]
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9,015 muons in the magnetic ring with continuous and ideal quadrupole

On Kim (KAIST) :

E-field.
The bin width is 149 ns (the revolution period).

2017 Jul.

5/23
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CBO amplitude in simulation
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(a) FFT of horizontal mean (b) FFT of horizontal RMS

Oscillates with the CBO frequency = 650 kHz.

2017 Jul. 6/ 23
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Simulation result with RF
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CBO amplitude :
RMS amplitude :

7.0 mm — 0.7 mm (a factor of 10 improvement),
2.1 mm — 1.0 mm (a factor of 2 improvement).

2017 Jul.

Y e
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ibs Yet another idea with RF matching@

« RF matching can be another solution for the scraping

- Stretching the beam with opposite phase, and bring it
back with correct phase

w/ opposite phase

i) b=} k=) .
" © ® w/ correct phase
£ £ £ 6
Warmin
! ' Cooling 4 ; qt
2 2 1 2
Cooling
0 lp— — 0 =i =
"""'”“””;“‘3 Wartming Cooling
2 ) t 2 1
4 a 4 y
- Cooling —p Warming
B B &
~40-30 2010 0 10 20 30 40 ~40-30 20 10 O 10 ~40-30 20 10 0 10 20 30 40
x [mm] Part of the beam hit x [mm] x [mm]

the wall and scraped

Simulation: Dr. Soohyung Lee
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H

Circuit simulation D>

: : QUAD plates
ADS simulation _ , LAty ~ 300 pF
: - Capacitor : : o

Mbe -

f 2K % N @D

RFpoweramp. = | EREC

Combine HV DC and RF

7 RF:for 20:us: : by

RF source
chgetes S L o - o G e S
o _' LR

- ADS simulation results :

f“‘ L - 1.3 MHz

harmonics

.......... b rrerd reeer e reee| V= T ———
a - 3 g 8 o i oo o2 ca ao cs 1.0 < A 12 )

Slide: Dr. Younglm Kim
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CAPP’s work on the RF promises to

e Reduce the CBO amplitude due to the phase-space
mismatch between the beamline and the storage ring:

¢ Insufficient amplitude of the fast kicker pulse

¢ Momentum dispersion in the stored muons

e Reduce significantly muon losses with minimal statistics
loss

62
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Electric Dipole Moments in
Magnetic Storage Rings

d—S=c_ix Vx B
dt

e.g. 1 T corresponds to 300 MV/m for
relativistic particles

Yannis Semertzidis




Indirect Muon EDM limit from the g-2 Experiment

Yannis Semertzidis
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Fundamental particle EDM:
study of CP-violation beyond
the Standard Model
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Indirect Muon EDM limit from the g-2 Experiment

m 2C
— Y — —
W = a)a T a)cdm
tan @ = Ledr
a)a

Ron McNabb's Thesis 2003 <« D T x 10 e -cm 95% C.L.

Yannis Semertzidis
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Fundamental particle EDM:
study of CP-violation beyond
the Standard Model




Fundamental particle EDM:
study of CP-violation beyond
the Standard Model

Pirsa: 17080024 Page 120/185



Proton EDM proposal: d=10-%°e.cm

e High sensitivity experiment:

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

Sun

proton
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Why is there so much matter after

Inflation

W._Z bosons r unl,u-,-'

® meson
T A phaton
g elvoh L g e baryon

a slor
o eleclron as lon '

1 muon Tlaw

&Y aton Q blsck
Vo Adutring '{'_I! ok hale

—— Particle Data Group, LENL (c) 2000,

Buppa

A Uogerpe; anemaon NS

81,

Med iy DOE and NSF

From the SM:
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Neutron EDM Limits

1E+06 hi N
™ Beamexperiments
3
o 1.E+04
~
T 1.E+02
Trapexnerments
inlcc
1.E+00
1950 1960 1970 1980 1990 2000 2010
Year,

B. Morse 69
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Proton storage ring EDM experiment is
combination of beam + a trap

Neutron EDM Limits

1E406 o N
™ Beamexperiments
5
o 1.E+04
~
T 1.E+02
rapexnerments
inlcc
1.E+00
1950 1960 1970 1980 1990 2000 2010
Year,

B. Morse 69
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Stored beam: The radial E-field force is
balanced by the centrifugal force.

Yannis Semertzidis, IBS/CAPP & KAIST
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~ Stored beam: The radial E-field force is
balanced by the centrifugal force.

Yannis Semertzidis, IBS/CAPP & KAIST
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~ Stored beam: The radial E-field force is
balanced by the centrifugal force.

Yannis Semertzidis, IBS/CAPP & KAIST
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~ Stored beam: The radial E-field force is
balanced by the centrifugal force.

Yannis Semertzidis, IBS/CAPP & KAIST
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The proton EDM uses an ALL-ELECTRIC ring:
spin is aligned with the momentum vector

Momentum
vector

—  Spin vector

Yannis Semertzidis, IBS/CAPP & KAIST
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The proton EDM uses an ALL-ELECTRIC ring:
spin is aligned with the momentum vector

at the magic momentum

p= M€~ 0.7 GeVie

a

Momentum
vector

—  Spin vector

Yannis Semertzidis, IBS/CAPP & KAIST
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The proton EDM electric ring, 500m circ.
Current goal 10-2%e-cm; upgraded: 10-3%-cm.
New Physics reach >10°TeV and improve present
theta .QCD limits by >three orders of magnitude

" It has been approved as a PB”Qcandidate project at
.. CERN. A comprehensive study.is underway with the
< conclusions to be presented at the European Strategy
meeting in Venice 2019. |

“Beyond
“Colliders
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SUSY-like physics induces a non-zero

theta QCD probing the axion mechanism!
6meV 600peV 60peV 6peV axion

~
PO Axion [, in Ge\ mass
ur""”‘; 1010 1! 1012
Fxperimental Bounds
[0~ !
\\'li‘ll]l\‘vl{"li and |',\|-l'liJ|u ntal Bounds
[
|.,—I seC
T5=1000 sec
m-‘“‘i\'\.
~.
"‘-.,___ S
-.-----_.QQUH 5(’"“““. Li
.SL:nmtuj Pro
“cted Regep
10-39 L . P S S S T . e e ey s o . S o
0.01 0.1 | 10

Force Range in em
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SUSY-like physics induces a non-zero

theta QCD probing the axion mechanism!
6meV 600peV 60peV 6peV axion

PO Axion [, in Ge\ mass
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Axion Dark Matter

11111111111



'H. Baer et al. [ Physics Reports 555 (2015) 1-60

'lTIITIIl]IlllIl |Illlll|ll|'ll llll
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Axion Dark matter

e Dark matter: 0.3-0.5 GeV/cm?

e Axions in the 1-300peV range: 102-10'*/cm?3, classical system.
e Lifetime ~7x10%s (100peV / m,)>

¢ Kinetic energy ~10°m,, very narrow line in spectrum.

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

a(t)

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

ey

B

Animation by Kristian Themann
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Axion dark matter

81
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Axion dark matter

1. Addresses one of the most important Physics
questions today Dark Matter, Strong CP-problem

2. Microwave cavity technology: It is possible to probe
axions with existing technology in the 1-10GHz today
and develop new techniques to expand sensitivity
range to higher frequencies

81
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Axion dark matter

. Addresses one of the most important Physics
questions today Dark Matter, Strong CP-problem

. Microwave cavity technology: It is possible to probe
axions with existing technology in the 1-10GHz today
and develop new techniques to expand sensitivity
range to higher frequencies

. Cavity exps: CULTASK, ADMX, HAYSTAC,...
. High/low freq.. CASPEr, MIT (ABRA...), MADMAX
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>>100 participants, 12th Patras Workshop on AXIONs, WIMPs, and WISPs,
Jeju Island /South Korea, 20-24 June, 2016.

‘12th PATRAS Workshop on AXIONs, WIMPs & WISPs |

20-24 June 2016, Jeju Island, South Korea
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>>100 participants, 13th Patras Workshop on AXIONs, WIMPs, and WISPs,
Thessaloniki/Greece, 15-19 May, 2017.

L

e ULl L ]

o, ST &
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Axion mass target and technique
10° ——— —_
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Axion mass target and technique
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Axion Detection Scheme  a-

P. Sikivie’s Haloscope: XBo
Axion Conversion Power (~10%W): p  _ g &BEVC min(0 0 )
a—=yy “ayy m mnp 1L %q
a

Scan rate:

df
| dt
Cryogenics | SQUID Amplifier

Sign‘dl t() Nﬂise Ratio: SNRE Px‘r’gnnl —_a2n

noise B syst

- B-‘]-V:-’.C}’.Qf T 2

. spst

<50mK To RF Recelver SQUID or JPA (commercial?)
I I @‘) |
photon -
ur.J
. . ~ axion - r - s Bl .
High Field SC Magnet e, High Q Tunable Cavity

25T and then 35T - Superconducting Coating
BNL (HTS Technology) Design Virhisl photon Prof. Jhinhwan Lee of KAIST

e ﬂ
L s

(Reverse) Primakoff Effect

Woohyun Chang
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a —»> Yy

The conversion power on resonance
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IBS/CAPP axion plan

Scanning rate:

G LI ISR 10vGev)' | 22E 2( 4 )3(0.25 K)3
d Qt vyear V" f SNR T

() (55) () ()
257 ) \0.6) \51) \10°

irsa: 17080024 Page 157/185



- [BS/CAPD - Slan .

Scanning rate: j |
G S TOH2 0, 10nGev) |2 0R ( ! ) |
dt Qt yege " f SNR) |

e High field solenoid magnets: B

® High volume magnets/cavities: V

® Low noise amplifiers: Ty

® Low physical temperature: T,
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- [BS/CAPD - Slan .

Scanning rate: j |
G S TOH2 0, 10nGev) |2 0R ( ! ) |
dt Qt yege " f SNR) |

e High field solenoid magnets: B

® High volume magnets/cavities: V

® Low noise amplifiers: Ty

® Low physical temperature: T,
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Overall Plan

Main effort: Comprehensive Axion Dark Matter experiments.

Use different type of resonators depending on the resonant frequency.

High volume, high quality factors.

Use new powerful magnets,...
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IBS/CAPP axion plan

® Major improvement elements:
High field solenoid magnets, B: 9T->25T->40T
High volume magnets/cavities, V: 5/>50/
High quality factor of cavity, Q:10°->10°
Low noise amplifiers, Ty 2K-2>0.25K

Low physical temperature, T, 1IK->0.1K

Scanning rate improvement: 25x10°
Improvement in coupling constant: 70




Overall Plan

Main effort: Comprehensive Axion Dark Matter experiments.

Use different type of resonators depending on the resonant frequency.

High volume, high quality factors.

Use new powerful magnets,...
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CAPPSsR& D

HTS 25T-10¢m (->35T) by BNL Jhinhwan Eee
HTS 181-7em (SuNAM) Equipment setup complete

HTS 26T-3.5cm (SUNAM:WR)

e First Sputtering Sc coating
LTS 12T-32 cm (Oxford)

R&D for
N N Axion
Small Toroid 12T, V=80 L ReSeaI‘Ch

Giant Toroid 5T, V=9900 1

Andre1 Matlashov

MSA from Young-Ho Lee (KRISS)
JBA/JPC from Yale (QCI)

MSA from M. Mueck (cz-SQUID)

SungWoo Youn
Higher Freq.
Phase locking
R&D in progress
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IBS/ CAPP at Munji Campus, KAIST, January 2017.
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Low vibration facility
For axion search

More than five large scale axion search
Search system to be installed and operated

DonLak Kim’s slide
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Low Vibration Pad Assignment

take out Dry 8T/155 mm + DF
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small toroidal magnet

Slide: ByeongRok Ko (1m diameter) + new DF

Pirsa: 17080024 Page 171/185



Low Vibration Pad Assignment

take out Dry 8T/155 mm + DF
_él % - 11300,0 A 15t Ceiling Open Boundary
. () (Y E ()
[ L
et 1) g Dry D
) - a o/ | O e
dia 5 4y 5 § }
- ] M : n
wide bore 18T_
magnet Magnet
12T magnet
+ new DF.
Add 25T magnet

small toroidal magnet

Slide: ByeongRok Ko (1m diameter) + new DF

Pirsa: 17080024 Page 172/185



Future Solenoids:
High- Temperature Superconductors

CurrentDensity Across Entire Cross-Section
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Traditional magnets: LHC magnets
made with NbTi conductors

-

a1 9T max
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Next magnets are made with
Nb,;Sn conductors

This model magner recenily
achieved afield of 16 2T ar
CERN, rwice the nominal
field of the LHC dipoles,
offering promise for a
long-term acceleraror-based
future for the laboratory.

By Fabiola Gianotti

Over the next five years, key events shaping the future
of particle physics will unfold. We will have results
from the second run of the LHC, and from other
particle and astroparticle physics projects around the
world. These will help us to chart the future scientific
road map for our field. The international collaboration

16T max B-field.

Page 175/185



Prototype high T, magnet development with Brookhaven

National Laboratory (Dr R. Gupta, Magnet Division)
5 ST ‘ L'y o RVER

Contract approved for 25 T, 10 cm diameter High Tc magnet.
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iMulti-cavity phase matching demonstrated.
Will be applied soon...
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iMulti-cavity phase matching demonstrated.
Will be applied soon.
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Multi-cavity phase matching demonstrated.
Applied to double and four-cell cavities...
(% | gpmmme

SungWoo Youn
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18T HTS Magnet (7cm Bore)
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A strong B-field and large bore
HTS magnet can be commercially
produced by SuNAM Co. Ltd.

2G HTS Superconducting Magnet
Magnetic field : 18 Tesla
Dimension: 70 mm ID / 168mm OD
200 mm uniform field (>90%)
552 mm length
Quench free design (No-Insulation winding)
Compact and easy to operate

The magnet delivery by summer 2017

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

-> Then apply multiple cavity method
to probe higher mass range search
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CAPP18T Schedule

Janis He-3 fridge - 18 T HTS magnet integration plan 2017

cantents 4 5 b 8 9| 10 1
I Panis system dimension confirm

nJ

2 |Janis modification item & drawing

3 |prepare madification parts

4 |SuNAM 18 T magnet delivery & inspection test

5 |SuNAM 18 T magnet lift out & confirm structure dimension

6 '-uNAf..‘ 'q T. \I.1l:)lll“1 separale \‘.'iIT mag. support

7 Panis insert lift out from cryostat & re-( heck dimension | kRS
10 |18 T magnet install on Janis tap-plate | ||
11 |lanis cryostat-18 T system cool-down & current charge test
12 Panis cryostat-18 T system magnetic field mapping ' =
12 Panis He-3 fridge IVC replace for 18 T magnet
14 Panis He-3 fridg-18 T system integration ' =
15 Panis He-3 fridg-18 T system cooling & performance test
16 Jinstall field cancellation coll on Janis He-3 fridg
17 i
& Panis He-3 system performance test H |
19 anis He-3 system + cavily test operation -
Initial test and
commissioning
ﬁ
Assembly
ﬁ

PATRAS2017-05-16 Yoo
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Magnet schedule
——

delivery

) (e ration

2016
BNL solenoid
25T, 100 mm

Oxford solenoid
12T, 320 mm

SuNAM solenoid

18T, 70 mm

SuNAM solenoid
26T, 25 mm

Small toroidal
magnet 12 T, R=500
mm, r=110 mm

The small toroidal magnet schedule depends on available funding
frequency (GHz)

T ¥ T L | ¥ 1 1 T l T |1|O
101?
_—
-
b Ksvz
8 1044 o
e
S ol |DFsZ
- ‘ _
3 —
L
L 257,100 mm bore HTS solenold
o 12 T, 320 mm bore LTS solenald
/ 16T, 70 mm bore HTS solonold
7 T, 600 mm hore LTS solenold
16 | - 6T, LTS toroldal magnet
10 i IR i i i

Slide: Byeong RS k Ko n v’
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Axion Coupling |9, | (GeV')
=

Sensitivity

Cavity Frequency (GHz)
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Non RF-cavity Techniques

I 18T magnet (2017 -)

B 2G Ultimate Goal

I 3G Goal

PATRAS2017-05-16
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10 100 1000
Axion Mass (ueV)
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Summary

* Muon g-2 is online! Major challenge to SM. Significant
improvements in statistical and systematic errors.

* Dark matter 1s a great mystery and challenge. IBS/CAPP 1s
established to answer whether axions are the dark matter of our
universe and develop the best hadronic (proton and deuteron)
EDM experiments.

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

* Within the next five years we will be reaching (publishing?) the
theoretical axion parameters in the mass range possible by
microwave cavities. Within next ten years major progress!

* Proton EDM exp. and ARIADNE probing axion Physics 1n
unique ways!
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