UNIVERSITY OF

Axion Wind Detection with the Homogeneous ILLINOIS
Precession Domain of Superfluid Helium-3

Christina Gao 1/30/2023 U



50 Orders of Magnitude

Wavelength Bs Elementary
In a galaxy particle
>

1074 eV 1eV 1keV 1GeV 100 TeV 10 GeV

—

Owave-likeO Dark Matter WIMP Dark Matter Primordial Black HoleE

3
nD|\/|!dB! 1

Behaves as classical field

o iLLINOIS & Fermilab

"""""" R > Christina Gao | Axion Wind Detection with the Homogeneous Precession Domain of Superfluid Helium-3



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. SchYtte-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.

Explicit

Spontaneous |, , a
o breaking

breaking
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Axion and Axion Like Particles

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

e« QCDAxion Maf, ! m f,

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.

UNIVERSITY OF

ILLINOIS 2= Fermilab

““““““ R - Christina Gao | Axion Wind Detection with the Homogeneous Precession Domain of Superfluid Helium-3



Axions can be Dark Matter

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

* | arge occupation number
. Cold dark matter  v! 10 °c

 An example of Wave-like DM

apm () ! agcosmat" myv ax)
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Axion Nucleon Coupling
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Axion nucleon coupling

11 i1 — 1
Lint ! Oan '’ ual\@ H SN JaNn = 2faCN

 UaN is constrained by astrophysical processes, such as
star cooling.

Beznogov et. al (2018) gann < 28' 1()' 1OGeV! 1 (QO%CL) ma " 10ke\/

a .
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Axions couple to nuclear spins

11 i1 — 1
Lint ! Oan '’ ual\@ H SN JaNn = 2faCN

« UaN allows us to search for axion DM using Nuclear
Magnetic Resonance (NMR).

apm () ! cosmat" k ax)

Hel ! S é-(gaN : a)

| 10 67 N

o Baon 10 10GeV/'
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Nuclear magnetic resonance

e Resonance condition: ! =1 = "Byp

Bo

o
e

B, cos!t
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Nuclear magnetic resonance

e Resonance condition: ma="!_ = "Bp

Bo

« Tune Bo to match axion mass with
Larmor frequency ! L

Graham, Rajendran (2013)

o
Sy

Ba,, ! Sin(mat)
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Pulsed NMR
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Superfluid Helium 3
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Properties of °He

0.05
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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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Properties of °He

e Cooper pairs

A//-’: \\

.,’ ‘l o
/ L\

_‘.-_" \

Unbroken phase

B-phase

Christina Gao | Axion Wind Detection with the Homogeneous Precession Domain of Superfluid Helium-3

* Very low temperature, superfluid phase (~
Bose Einstein Condensate)

2= Fermilab



Pulsed NMR with He! B

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

Fomin (1984) pumping N magnons

B(z) =~ -

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

B@) | L e o el
- ‘\/ 2Wait (/\/’/*:, (\/§:) | o = COS' 1(! 1/ 4)

f//“ ) /;?\’ oS a 4B and same frequency

1T; ;_:-: ' e/\/_’:'\, \;:Z'\ 1L (2) = "Bo(2)

)

NO precession

/~\ L I S S — (completely
)

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 / ~ / B [ :
B (2) o ) 0 domain R -’ 8
= b
/ / - / o N / 3 4
) — c
~ 5 ~ - - u> U ~ ~ —~ -
PN =~ ~ magnctometer .
/ | / | cg.5QUD) —
N ~ _5 - ~ -~ '_g"
- {

/ /\)u={ A A\A A

S~ Sy ~ » /

1

magnon A N N N
free
T I I I domain
U

no magnons, W <

u<U

Frequency (kHz)

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

B,. ! B,cosMmat+ ") 1 qv 1
DM HPD | I T | - T
Voo & T B, cos(mat + ! 5)sin(" L (t)t)
Bo(z)
e No axion: v ! vye /T
écz}dd
i
“||
M ———
<%\4>

Assuming transverse axion wind
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Axions wind pumps magnons into HPD

B,. ! B,cosMmat+ ") 1 qv 1
DM HPD | I T | - T
Voo & T B, cos(mat + ! 5)sin(" L (t)t)
Bo(z)
e No axion: v ! vye /T
— i
\ e When!L(t)= mgx! my
% pl“/%74%&(0
dz <ua§l\% |
v | Voon | | B.I - -
<HT> * VhPD: ° Pa‘a axion coherence time

Assuming transverse axion wind
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Axions wind pumps magnons into HPD

B,. ! B,cosMmat+ ") 1
. 1 dV 11 J | - 1
DM D " B, cosmat + ! g)sin (M (1))
Vipp Ot T4
Bo(Z) :
e No axion: v ! Ve !
1= “0 | — |
dB 4p(t  When - L(t) = mat ! my
d—zo| </%>‘Ba(t)
vW% |
4 ! VhpD e | Bala axion coherence time
I~
Zo# ,B 1V
Assuming transverse axion wind ' Vypp ! P " T 07 2 APD
Bo Vo
ILLINOIS 3¢ Fermilab

25 Christina Gao | Axion Wind Detection with the Homogeneous Precession Domain of Superfluid Helium-3



Signal is a frequency shift

T .
gna l 9 DM dan Bo

ZoHa

E%aDM I BacosMmat+ ") I 3" 10 13 dan 10 ‘eV ~ zy! ,B/B

10 10GeV' *t m, 0.02

B 0(2)

@| p.('[/ I Bal(t)
dz <%

Assuming transverse axion wind
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Signal is a frequency shift

S. I l I : I n "ZB #a
igna —1! a Z
g o DM JaN By 0
Ba,, ! BacosMat+ ") av 10 . Oan " 10 eV~ z!,BIB g
| 10 10GeV' * Ma 0.02
B o(2) A 3
. _
dB t(t & > ° -
2| == %7‘861(0 S8 |
e ——— 25% -
+— T 2 5 _
<> c 3% :
= O © -
S |2 \ B
L C - 1
- : - ? - #=3 Oy =5! 10 °GeV' 1 +
Assuming transverse axion wind I 4= 39/ 2 X -
! 4_| | I tres !| 0.04se! | -
1 0.2 1 0.1 0.0 0.1 0.2
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Statistical analysis (Ongoing work)

Fractional volume change due to axion wind

dx(l)
dt

1" Bacosmat+ !g)sin("(t)t)

t
2V (t,T,) = gan Cos(weTm)/ dt'Va(t!) sin(! (tht!)

0

t
+gan Sin(wgTin) / dt'V 1 a(t!) sin(! | (t)t!)
0

Assume Standard
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Fractional volume change due to axion wind

dx(l)
dt

t
2V (t, Trn) = gan Cos(weTm)/ dt'Va(t!) sin(! (tht!)

L
+gan Sin(wgTin) / dt'V 1 a(t!) sin(! | (t)t!)
0

Assume Standard
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1" Bacosmat+ !g)sin("(t)t)

Statistical analysis (Ongoing work)

X (t1)x W (tp)"

0

t> IseC

lalo Model IxW ()" =0

t1 IseC
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Scan axion mass

ax 1" Bgcosmat + ! g)sin ("L (t)t) y 0 Zo",B t
dt ? a0 L= "B(zwan) ! 'L 1 Bo T
Bo(2) * Decay of HPD naturally sweeps through

many axion masses.

}
) <“<t/\\->rsa(t)
e —

S O 10 g
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Signal to noise

dx(l)

o z
Bo

B

Assume poisson noise

in magnon number N,

- 1" B, cosMmat + ! 5)sin(" L (H)t) Signal I 121 "avoay ! L Ta#
1
- 1124 | —2n2
B o(2) Noise bkg Ng L
( ¢ 10 ©
— 3@ LO 4! T
) I
Bo| e Ba(1) )
‘ <vua§|\% - :
| | 2 !
- SNR! NY2 2 o
* I ' bkg - Monochromatic
! 2_— — #=9%/2
N = number of measurement: T T s
al —— #=392
1 02 01
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Axion nucleon coupling limit
m./ (2! ) [MHZ]

10 10
L] ! I I I I "l I T N
10 °g SHe HPD I Jeld \g';g, 297 0, tint SN 1987A - SNR ~ vBo v/ Vitep s (Titing) '/ X minfv/t,, \/Tal-
i — (10, 10, 0.55, 0.005, 10 min) Neutron star codin 5
10%% —— (100, 100, [0.5,0.55], 0.01, 1.3 years) = N = tine /T
; 113 — (1000, 100, [0.05,0.55], 0.2, 1.5 years) —
10 11 =
S f 1« By! 055T 3e |
1012k M reergl 4 0 to prevent "He: B
O E M/ (2!) [MHz] E from destabilization
B 16.0 16.5 17.0 175 18.0 B
2 10 131 e = | |
> E = | 5 * Very compelling reach even with
0. gNR=1 8 _ a conservative setup
= 10 1 . -
10 15 10 2 asssssesesaead 2 |+ More rigorous treatment
- QCD Axion ~66 68 710[ ' ]712 72 76 - ongoing, stay tuned!
g 161 Ma [V 10 _
1 — | | ]_(Ij 3 | | | | | | | I]__(j .
m, [eV] .
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NMR: axion DM search

* Tune Bo to match axion mass with
Larmor frequency ! L  Granam, Rajendran (2013)

» CASPEr-ZULF- comagnetometer Bo

gan < 5! 10 °GeV' * (95%C.L.)

| Hyperpolarized 1}
liquid
xenon

my ! (le" 22, 1.3¢" 17)# (1.8" 16,7.8¢" 14)eV

 Many challenges to improve sensitivity, but { e
direct evidence of YaN s crucial for testing Bapy ! Sin(Mat)
QCD axion.
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