Axion detection using a ferromagnetic phase of
superfluid Helium-3

Risshin Okabe (Kavli IPMU, U. Tokyo)

Based on JHEP 09 (2024) 191
with So Chigusa (MIT), Dan Kondo (IPMU),
Hitoshi Murayama (Berkeley, IPMU), Hiroyuki Sudo (ISSP)

Hitoshi Fest, 17th Dec. 2024

“# UTokyo iP

AV L I

Z
n
=
_|
D C
_|
[l
DT
2
)
I
Om
-
I
.<
)
@)
n
>
Z
O

<®



Hitoshi and condensed matter

S o g ; d - - ) P Es . g - - - - ¢ - - D (i - © : = - ¢ - -

. - - o - - o —t . P -
- R N - NPT > e el = - P TIN < EAOXS = R T 3 %5 - P T N < EAOXS

gl -

.
P o = - . DL K

CAY -

Hitoshi is expert not only In particle physics
but also In condensed matter physics.

| Let’s start some project combining
| particle physics &
condensed matter physics!
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* Strong CP problem

> A CP-breaking in Quantum ChromoDynamics is unnaturally tiny.
* This can be solved by Peccei— Quinn mechanism.

» introduce an additional global symmetry U(I)PQ

» spontaneous symmetry breaking of U(1)p
generates a (pseudo-)Nambu— Goldstone boson = Axion

 Axion can be Dark Matter (DM)

- preferred mass region: m, ~ 107° —= 1075 eV
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Neutron star cooling
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We propose a novel experiment
to explore axion-neutron coupling

using superfluid Helium-3

Risshin Okabe (IPMU, U. Tokyo) Axion detection using a ferromagnetic phase of superfluid Helium-3 Hitoshi Fest (17th Dec. 2024)



R’ NV S - - < 4 S 0 N G < a S Ve 0 Gl = 4 S NV S -

. P - P g P - PP Y ... P g
R d O3 8 % - P TIN QSO Ty — o e - - PR o' o DSl - o G — o e - - P T o el = @ PO 2T — o o o a0 o G — o ——-

Cooper pair
A (spin-triplet p-wave state)

T <25mK

N
: \\ 4 4
N N
4 \ . :
N2 A
3He nuclei
(S=1/2)

Superfluid
Spins of protons and electrons are canceled

» |nteraction between axion & 3 He = Interaction between axion & neutron
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A1-phase

> Ferromagnetic phase for
nuclear spin

> has a magnon mode
(= collective excitation of spins)

REAREERAAE

Type-B Nambu— Goldstone mode

[Watanabe & Murayama (2012), Hidaka (2013)]

normal
liquid
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[D. Vollhardt, P. Wolfle and R.B. Hallock (1990)]
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Axion-neutron interaction induces (homogeneous) magnon modes

> Resonantly enhanced when

m, = magnon energy gap @;

— }/BHeBZ ~ 13 ,M@V IOZT

By applying magnetic fields of O(10) T ,
ueV axions can be probed using this resonance
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1. Put superfluid 3He sample

TTTTTT In a cavity

2. Apply magnetic field
TB T¢$$Tt to align nuclear spins
SHe

Cavity
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Experimental setup
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AXxion

3. Axion excites “magnon” mode
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. Magnon modes mix with cavity photons through interactionys, - B _.

> “magnon polariton”

> Mixing Is maximized when

Magnon energy gap w; = cavity frequency w..,,,

2r m, -
~ 1.2m

D¢y puevV

Typical size of cavity :
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Finite mass region can be explored by gradually scanning small regions.

» The targeted axion mass m, can be

—

scanned by varying B and ., Eann
while keeping

cav

Q) =60L=ma

Resonance of

Resonance of ,; |
| axion-magnon convergion |

| magnon-photon mixing |
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. Magnon
) '0A 3-

\ w 4. Magnons mix with

Cavity photon cavity photons

4

5. Amplify and measure
the signal of cavity photons
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| 2] Quantum
— fluctuation

~ For hw/kyT 2 O(1), quantum fluctuation dominates thermal noises
= Quantum limit

> Our experiment: Aiw ~ ueV, T ~ mK N=~1/2

But, quantum measurement techniques can circumvent quantum noise!
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[Today’s talk by Lindley Winslow]
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Quadratures

(AR)(ATD) > %

V2 V2

» Usually, we measure #photons X2 + Y? by observing X&yY simultaneously

I—

. Quantum fluctuation AX ~ AY ~ 1/2 becomes dominant in low T

Imposing quantum fluctuation to Y (squeezing) & Sq”ez"‘g

observing only X (homodyne measurement), AYl. N N
can reduce quantum noise less than 1/2 ?
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Result: expected sentivity for DM axion

me/(27) [Hz

SN1987A * Total observation time: 2 years

Neutron star cooling
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* Hitoshi Is also knowledgeable about condensed matter physics.

* Axion-photon coupling has been well explored, but NOT for nucleon coupling.

* \WWe have shown that axion-neutron coupling can be probed by using
(nuclear) magnons in A1 phase of superfluid 3He.

> sensitive to ueV axion, which is favored for DM axion

> can explore heavier mass regions than other projected experiments

* We also quantitatively evaluated enhancement of sensitivity by quantum
measurements. _
Happy birthday!!
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