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Outline

* AXion dark matter
* Axion nucleon coupling, nuclear magnetic resonance
o Superfluid Helium 3, homogeneous precession domain

» Searching for axion dark matter with Superfluid Helium 3

with Y. Kahn, J. Schutte-Engel, M. Backlund, B. DeMarco,
E. Goldschmidt, A. Mande (UIUC);
W.P. Halperin, M. Nguyen, J.W. Scott (Northwestern);
J. Foster (MIT)
arXiv:2208.14454 (PRL 2022)
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Axions are light Pseudo-scalars

* (Goldstone bosons from new symmetries, naturally light.
* Couplings to SM are naturally small.

* Axion’s mass comes from breaking of the new symmetry.

Spontaneous
breaking

Explicit

breaking
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Axion and Axion Like Particles

Peccei & Quinn (1977)
Weinberg (1978)
Wilczek (1978)

e« QCDAxion Mgfa ~ My fr

Kim (1979),
Dine et. al (1981)

Svrcek & Witten (2006), Arvanitaki et. al (2009)

 Many axion-like particles (ALPs) exist in the string landscape:

f is usually at Grand Unification scale: 10'® GeV

Masses of ALPs independently span a vast range.
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Axions can be Dark Matter

Preskill et. al (1983), Abbott & Sikivi (1983), Dine & Fischler (1983)

* | arge occupation number
e Cold dark matter v ~ 10 °¢c

 An example of Wave-like DM

apm(t) ~ agcos (mgt — mgVv - X)

PDM = 51,0
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Axion Nucleon Coupling
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Axion nucleon coupling

Ling D gaNaluCLNV'uﬁYE)N JaN — 27, CN

 JaN IS constrained by astrophysical processes, such as
star cooling.

Beznogov et. al 2018)  Jann < 2.8 X 10_1OGGV—1 (90%CL) m, < 10keV

.
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Axions couple to nuclear spins

Ling D gaNaluCLNV'uﬁYBN JaN — 27, CN

e JaN allows us to search for axion DM using Nuclear
Magnetic Resonance (NMR).

apm(t) ~ cos (met — k - x)

H.g D 5 (gaNﬁa)

S~ NGN B

~ 1070 ()

10-19GeV—1

AdDM
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Nuclear magnetic resonance

e Resonance condition: w = wy =By

By

o
e

B | coswt
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Nuclear magnetic resonance

e Resonance condition: mq = wr, = 7By

B

* Tune Bo to match axion mass with
Larmor frequency Wi

Graham, Rajendran (2013)

o
Sy

By, ~ sin(mgt)
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Constraints on axion nucleon coupling
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Pulsed NMR
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Superfluid Helium 3
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Properties of “He

0.05
HELIUM-2

0.04 bec (Solid) ) Spm 172

* Very low temperature, superfluid phase (~
Bose Einstein Condensate)
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Properties of “He

* Very low temperature, superfluid phase (~

Bose Einstein Condensate)
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Pulsed NMR with “He — B

[Bunkov and Volovik, arXiv:0904.3889 and arXiv:1003.4889]

Fomin (1984) pumping N magnons

spins randomly oriented
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Pulsed NMR with “He — B

[Bunkov and Volovik, arXiv:0904.3889 and arXiv:1003.4889]

Fomin (1984) pumping N magnons
>
)TN _ =T N RN :
B <~ - w\' ~ ) - ) coherent precession
(Z) - AT TN T T at fixed tip angle

\ o~ =~
o / 2Vovilr's T ED fo = cos™(~1/4)
{/-:) ‘Q:’ {/" :) /’_: :) and same frequency
&i > b ' a» 4 wr,(z) = 7Bo(2)

_ _ 0 i o

- -~ _ - NO precession
/~ S S ~ (completely
Y relaxed)
spins randomly oriented two domains!

This behavior is known as the homogeneous precession domain (HPD)
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Pulsed NMR with “He — B

[Bunkov and Volovik, arXiv:0904.3889 and arXiv:1003.4889]

Fomin (1984) pumping N magnons DOF: Euler angles
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spins randomly oriented two domains!

This behavior is known as the homogeneous precession domain (HPD)
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Pulsed NMR with “He — B

[Bunkov and Volovik, arXiv:0904.3889 and arXiv:1003.4889]

Fomin (1984) coherent decay of BEC:
magnon BEC formed N decreases
with the same N BEC volume decreases
magnon
/ / ~ | BEC / ~ / ~ -
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This behavior is known as the homogeneous precession domain (HPD)
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Adding axions
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Axions wind pumps magnons into HPD

oufl

apn ~ Ba cos(mgt + @) 1 dVipr 1

@i T B, cos(mgt + ¢4 ) sin (wr, (t)t)

e No axion: v ~ Vye t/1

!
dBo‘ %%73 ()
dz ] a
*wa\;\

<%\+>
Assuming transverse axion wind
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Axions wind pumps magnons into HPD

EQDM ~ B, COS(mCLt T ¢) 1 dVypp 1 ]
@i T B, cos(mgt + ¢4 ) sin (wr, (t)t)
Bo(2)
e No axion: Vv ~ Ve t/T
-

B e e When wi(t) = m, £ Am,
d_zo| = %%730,@)

e —

\ ~ B,T, axion coherence time

<#T> AVipp

Assuming transverse axion wind
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Axions wind pumps magnons into HPD

EQDM ~ B, COS(mat T ¢) 1 dVypp 1 ]
Tl T B, cos(mgt + ¢g4) sin (wr, (t)t)
Bo(2)
e No axion: Vv ~ Ve t/T
-
= i) <0

4 e When wr(l) =mq + Am,
@‘ L) Ba(t)
dz — !

M\Ej

\ ~ B,T, axion coherence time

<#T> AVipp

20 VZB AVHPD
By Vo

Assuming transverse axion wind AVipp — Awr ~ wr,
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Signal is a frequency shift

Sional Aw - 0, B
— ~ Ya a “07Ta
Igna wo |DM JaN BO 07,
By, ~ By cos(mgat + ¢) 3w 1013 JaN 10~ "eV\ [ 200,B/Bg
10—10GeV ! Me 0.02
Bo(z)
— Céﬁ — 20
!
@‘ %%73 ()
dz = a
Ofa —T—
4
I~
Assuming transverse axion wind
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Signal is a frequency shift

| Aw 0, B
Signal — ~ guN Va 20Tq
wWo |IDM By
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Statistical analysis (Ongoing work)

Fractional volume change due to axion wind

dr(1)
dit

~ —B, cos(mgyt + ¢) sin (wg (¢)1)

t

2V (t, Trn) = gan cos(wsTr) / dt Va(t’) sin(w,(t)t')

0

t
+gan Sin(wgThm) / dt'V L a(t') sin(w, (1)1')
0

Assume Standard
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Fractional volume change due to axion wind

da'!) S :
1 f

| : | E
2V (t, Tpn) = gan cos(weTrn) /0 dt'Va(t') sin(w, (1)) Bl :

t & | :

T GaN Sin(weBTm)/ dt,vld(l‘/) Sin(a)L(t’)t’) 2 ]

0 - v

1t | :

Assume Standard Halo Model  (z{Y(¢)) = 0 3 E / 3
o 1 [ 2 3 4 3

UNIVERSITY OF

ILLINOIS

AAAAAA -CHAMPAIGN

29

Statistical analysis (Ongoing work)

41 [sec]

Resonance occurs
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Scan axion mass

dr(1) |
ke — B, cos(mgt + ¢4) sin (wr (¢)1) Wi, = VB (2anl) ~ & (1 zogZB ;1)
By(2) * Decay of HPD naturally sweeps through

many axion masses.
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Signal to noise

dz 1) . - 2 2 2 _ 200.B
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Axion nucleon coupling limit
me/(2m) MHZ]
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10" 101
L] ! I I I I I I T .
10 SHe HPD (L, Yirp Bo oz ) SN 1987A = SNR ~ yBg v/ Virppnas (Titine )/ * x min[v/t,, /Tal-
- —— (10, 10, 0.55, 0.005, 10 min) Neutron star coofin =
1077 —— (100, 100, [0.5,0.55], 0.01, 1.3 years) = N = tine/Th
— —— (1000, 100, [0.05,0.55], 0.2, 1.5 years) -
10—11§ E
LF 1 e By <055T 3 e _
= el M T e to prevent “He — B
O, E m, /(27) [MHz] - from destabilization
B 16.0 16.5 17.0 17.5 18.0 B
= 13 P L L B L L | L Y
= 1077 10 - = _ _
S F — | - -+ Very compelling reach even with
0L SNR — : _ a conservative setup
— - 1071 g = =
— 3 : - -
1017 RIS Zo SINSNSESENSESINN S |+ More rigorous treatment
B QCD Axion B 7Io[ ]7I2 EE— ~ OﬂgOiﬂg, Stay tuned!
1016 mg eV 10 _
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NMR: axion DM search

e Tune Bo to match axion mass with
Larmor frequenCy WL  Granam, Rajendran (2013)

» CASPEr-ZULF- comagnetometer 5o

Jan < D x 107°GeV ! (95%C.L.)

| Hyperpolarized }}
liquid
Xenon

mg € (1le—22,1.3e—17) U (1.8e—16,7.8e—14)eV

o
Sy

 Many challenges to improve sensitivity, but

direct evidence of 9aN is crucial for testing Bapy ~ sin(mat)
QCD axion.
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