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Basics of NMR

Pulsed NMR, Bloch sphere visualisation
(B, pointing down)

o Spin-1/2 into an external magnetic field,

splitting is yB, — 1)
By
o Polarize spins (thermal or optical) in a 0000
sample —_— |0)
(e.g. 129Xe, 3He) x
© RF resonance condition wy, = yB,, Sample e 72 pulse in time. £ — 277;31
o Pulsed NMR (e.g. MRI)
o Continuous wave NMR (e.g. CASPEr)
B cos wot
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Spin projection noise

Spin-1/2 in magnetic field H = wq.J,
J=0/2
., Jo] =i, ~, 2

The spin has non-zero
projection along the x-axis

In @ macroscopic setup, we can perform a

macroscopic measurement of the total ’ Transverse magnetisation
magnetic moment i error
oM, 1

~

_ 7 (i) “ M,
/vbfc—zzo_w \ y 0 \/N

Net magnetisation

(Ja) =0 \J / —VN/2 VN2

x Standard Quantum
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AT, = (J?) = (J,)? = T Limit (SQL)
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Hyperpolarisation

p~O(1)

Polarisation

Thermal polarisation is too weak,

even at cryogenic temperate and
high field

Spin exchange optical pumping

(SEOP)

1. Optically polarise alkali metal atoms (e.g., Rb) with
circularly polarized light

2. Transfer polarization to the noble gas nuclei
(Xenon-129) via spin-exchange collisions between

atoms
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Cosmic neutrino background (CvB)

NMR: Nuclear spin splittings have low energies 1078 — 107%V
ESR: Electron spin splittings 1076 — 10~%V

Bauer, Shergold, 2023
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Strategy: resonant continuous NMR in hyper polarised samples
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CuB (scatterings)

Superradiant interactions

We can enhance scattering coherently

A>R, I'~N?~R®

Axions (absorption/emission)

P‘lc\gtal(R? ml/) =2 F}cgotal(R7

~0.2 H (
Z 3
( R
X
10 cm

my) e.g., liquid He densities

Ng 2
1022 cm—3 )

) ()

N (N k3
L. =— (== 1 0 ~ 2

N \? m
~ 1H ( )
‘ (1015) 2.10 8eV

Net effect i =7_ — 7, >0

No net effecty_ =y,

1. “Quantum coherence” needed
2. Coherence is only partial if Aiy S R
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Relic neutrino interaction

G )
H=wyJ, +3,J, +X_J_+3_J, =) TQQAﬁz‘(Vl Tiy?)(1 =)
T 7

Spin raising and

lowering operators Inelastic
Xt
o Single spin
v @ v ~1.1 X 10~4® Hz
ﬁ Tnet = V- — Y4 = 6 X 107° Hz Tnet X Wo
O N spins Hs = w0 32

4-Fermi vertex

v v

Xt Xt

®O® Hi(t) =Y S0J& +e 00y "5 J% 4 oty "5 ¢

1
ﬁ Fj: X G%—w/ d,LL Fj:(q)
! ~~  Form factor, including
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Dicke superradiance

Gross, Haroche, 1982

Spontaneous emission: probability of \ s // Uesto \
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Dicke superradiance

Spontaneous emission: probability of
detecting the emitted photon decreases
exponentially with time passed since its

excitation

In 1954, Dicke considered the situation in
which emitters decay in close proximity to
each other

Dicke basis |j, m)
J<N/2, |m|<j

Eigenstates of the collective operators .J2, J,

Lem = Yem(J+J-) = Yem(j + m)(j — m + 1)
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Fully excited state
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Dicke superradiance

Emission rate
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Maximal cooperativity

Dicke superradiance
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Dicke superradiance

Emission rate

= Fully Excited Coherent State

=== Equatorial Coherent State
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An open quantum system

d
H = Hg + Hp + Hiy d—iz—i[H,p]
The dynamics of the total
neutrino-spin system is governed by
the Liouville-von-Neumann equation

p=ps @ pB ps = Trg(p)

In the Markovian limit, the evolution of ™8 < 7g
the subsystem is governed by the
master Lindblad equation

dps .
Ps _ |

dt HiIntapS] + ZfYkDOk [ps(t)]
k

Environment
correlation time is
smaller than the
subsystem relaxation
time

Total system, S + B

Bath, B

1
Dolps(t)] = OpsO' — §{OT07PS}




An open quantum system

H=Hqs+ Hp + Hyy % — _i[H, ] Total system, S + B

The dynamics of the total
neutrino-spin system is governed by
the Liouville-von-Neumann equation

p=ps @ pB ps = Trg(p)
In the Markovian limit, the evolution of 78 <75 _FWironment Bath, B
the subsystem is governed by the smaller than the

! : bsystem relaxati
master Lindblad equation FeySIEl reaxaon
dps :
L5 — ]

1
T Hiy.psl+ Y wDo,lps(t)] Dolps(t)] = OpsOT — 5{0@, ps}
k

e Born approximation: neutrinos have weak interactions
e Markovian limit: relic background
e Secular approximation: NMR frequencies very large



Dissipative channels

dp : 1
d—f = —i[Hiy, ps] + Y Do, lps(t)] Dolps(t)] = OpsO' = S{0O10, ps}
k



Dissipative channels

dp : 1
= ~ilHi ps] + Y mDo, [ps (1)) Dolps(t)] = OpsO' — {010, ps}
k
Process Operator Rate
Collective Neutrino emission D_=J_pJy — %{J+ J_,p} =
effects

N2 Neutrino absorption Dy = JypJ_ — 2{J_J, p} Yt




Dissipative channels

dps i 1
g = Hig ps] + Ek:wok [ps ()] Dolps(t)] = OpsOF — 5{(9*0, ps}
Process Operator Rate
Collective Neutrino emission D_=J_pJi — %{J+ J_,p} v_
effects
N2 Neutrino absorption Dy = JypJ_ — 2{J_J, p} Yt
Local Local emission Dloc =3 (JE‘in — %{Jj‘_‘]ﬂ‘, p}) Ayloc
oca
effects Local absorption Dloe =% (JﬁpJE‘ — %{JE‘Jﬁ, p}) lec
N Local dephasing Dg)c = >, (JopJ¥ — 2{(J)?%, p}) ,.yé)oc




Dissipative channels

d . 1
% = —i[H{,, ps] + Y wDo,[ps(t)] Dolps(t)] = OpsOF — 5{(9*(9, ps}
k
Process Operator Rate

Collective Neutrino emission D_=J_pJi — %{J+ J_,p}
effects

N2 Neutrino absorption Dy = JypJ_ — 2{J_J, p}

Local
effects




Dissipative dynamics

1F ® T T T T T
Total neutrino-induced collective effects Y+ < ] >
X
/v— =0.9 of
’Y‘F /Y_ ° Z
-1 ] 1 1 1 1 1
, 00 02 04 06 08 10
Starting from the 1FT ' ' ' ' '
coherent state <]y>
\ 0 L o
-1 1 1 1 1 1 1
7 00 02 04 06 08 10
/ ) y 10 B I T T T T T
(J2)
. 0.5
0.0p_p ] ] ] 1 ]
00 02 04 06 08 10



Dissipative dynamics

Total neutrino-induced collective effects Y+
V+/7- =09 .

Starting from the
coherent state

1F ® T T

()

0.0 0.2 0.4 0.6 0.8 1.0
1FET T T T T T
|
B - ] 1 ] 1 1
0.0 0.2 0.4 0.6 0.8 1.0
10F T T T T T T
(Jz)
] 0.5F
0.0p_p 1 ] ] 1 1
0.0 0.2 0.4 0.6 0.8 1.0

o Transverse coherence is only lost because system moves away from the equatorial plane

o Ratio between +/- sets decoherence timescale

Ynet X 1 — 7+/fy—



Dissipative channels

dps rrrl 1
g = Hig ps] + zk;%pok ps (1)) Dolps(t)] = OpsOT — 5{@0’ ps}
Process Operator Rate
Collective
effects
N2
Local
effects
N Local dephasing Dg)c =0 (JopJ — 5{(J2)%, p}) ngbOC




Dissipative dynamics

Effects of local dephasing ’yiboc

Starting from the
coherent state

1_

0 |

1

0.0 0.2 0.4 0.6 0.8 1.0
T T T T T T
°
1 1 ] ] 1 1

0.0 0.2 0.4 0.6 0.8 1.0
T T T T T T
[ ] ] ] ] ]

0.0 0.2 0.4 0.6 0.8 1.0




Dissipative dynamics

1

Effects of local dephasing ’yiboc (Jx)
zZ ' y
—1
Starting from the !
coherent state <]y>

o Transverse coherence is lost because of incoherent effects

o No energy evolution

1 ] ] ] ] ]
0.0 0.2 0.4 0.6 0.8 1.0
— T T T T T
- o
1 ] ] ] 1 1
0.0 0.2 0.4 0.6 0.8 1.0
T T T T T T
- £ ] ] ] ] ]
0.0 0.2 0.4 0.6 0.8 1.0



Dissipative channels

dps e 1
g = Hig ps] + E};wok [ps ()] Dolps(t)] = OpsOF — 5{(9*0, ps}
Process Operator Rate
Collective
effects
N2
Local Local emission Dloc =3 (JS‘in — %{Jj‘_‘]ﬂ‘, p}) Ayloc
oca
effects Local absorption Dloe =% (JﬁpJE‘ — %{Jﬁﬂ]ﬁ_‘, p}) lec
N Local dephasing Dg)c = >, (JopJ¥ — 2{(J)?%, p}) ,.Yé)oc




Dissipative dynamics

Effects of local interactions (dephasing + relaxation)

loc loc

Yo T+ z

Starting from the
coherent state

1

()

0.0 0.2 0.4 0.6 0.8 1.0
I I I I I I
L J
1 1 | | 1 1
0.0 0.2 0.4 0.6 0.8 1.0
I I I I I I
1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0




Dissipative dynamics

1F © T T T T
Effects of local interactions (dephasing + relaxation) ()
0

loc loc

Yo T+ z
-1 1 1 ] 1 1 1
. 0.0 0.2 0.4 0.6 0.8 1.0
Starting from the 1FT ' ' ' ' '
coherent state
A
— 1 1 1 1 1 ]
\/ 00 02 04 06 08 10
y 1 T I 1 1 1
B 10-1F
(Jz)
x 1073
1075 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

o Transverse coherence is lost because of incoherent effects (both dephasing and relaxation)

o Energy evolution to the thermal steady-state




Relaxation and dephasing

Longitudinal relaxation: T} (T.(1)) = (T.)% = [(T.)°4 — (T.)(0)] etV H+A0)
® Recovery of magnetisation along the magnetic field WAL Eylfc — yloe
¢ Driven by energy exchange with the lattice : 2 Aloc 4 Hloc

(spin-lattice relaxation)

e In liquid-state NMR, e.g. T ~ 1000 s Tl—l _ ,y:(_)c 4 Aloc




Relaxation and dephasing

loc 100)

Longitudinal relaxation: T} (T.(8)) = (T.)°0 — [(T.)°0 — (T.)(0)] e 1O+

® Recovery of magnetisation along the magnetic field WAL Eylfc — yloe

e Driven by energy exchange with the lattice 2 ~yloc 4 Aloc
(spin-lattice relaxation)

e In liquid-state NMR, e.g. T ~ 1000 s Tl—l _ ,y:(_)c 4 Aloc

Transverse relaxation: 15

® Loss of coherence in the xy-plane due to spin-spin interactions (7, (¢)) = Nt tocylee) 2
e Typically shorter than in 7 solid-state 2
e Experimentally limited by local field inhomogeneities (T¥) N 1, joc oc oc

2 Tt = S0 + 2+ 1g)

T, < 1000 s



Relaxation and dephasing

loc 100)

Longitudinal relaxation: T} (T.(8)) = (T.)°0 — [(T.)°0 — (T.)(0)] e 1O+

® Recovery of magnetisation along the magnetic field WAL Eylfc — yloe

e Driven by energy exchange with the lattice 2 ~yloc 4 Aloc
(spin-lattice relaxation)

e In liquid-state NMR, e.g. T ~ 1000 s Tl—l _ ,y:(_)c 4 Aloc

Amplitude damping channel (ADC)

Transverse relaxation: 1>
® Loss of coherence in the xy-plane due to spin-spin interactions  (7,(t)) =
e Typically shorter than in T solid-state

e Experimentally limited by local field inhomogeneities (T7F) _ 1, 1o e oo
2 Tyt = SO 92 + ")

g otV A ) /2

Ty < 1000 s

Phase damping channel (PDC)



Permutational invariance and Dicke basis

Energy m Symmetri(': N Pem = ’Yem<<]+ J—>
o[RS s =y Lem = Yem(j +m)(j —m + 1)
2
N 1
One can consider all of the two-level 9 ,-)
systems as identical and identically J=J
prepared at an initial time: permutational
invariant subspace of the full Hilbert
Space Superradiang Subradiant
0 e state Local dephasing state
Coherent interaction: |N/2,m) — |N/2,m £+ 1) N?
4
Local interactions connect different energy ladders
ective neutrino o Col'.ler.ent
N interactions 17,9) emission
N
2 | Ground state o
N N J

2 2 Cooperativity



Solving the master equation

Hilbert space dimension grows as 2" with the number of spins N
Liouvillian space grows as 4"

With permutational symmetry up to N° entries in the density matrix

Full method

dps

dt

=v-Dg_|ps| +v+Dyg,[ps]

+ yloc Z D e [ps] + ¢ Z Dz [ps]
+ e Z Djalps]

= L{ps(t )}




Solving the master equation

Hilbert space dimension grows as 2" with the number of spins N dps

Liouvillian space grows as 4"

With permutational symmetry up to N° entries in the density matrix

2nd order method

+ Z :l:,yloc

- va[u% +
m[
> e [(Th) - 372 F

-2 £y [(T2) = (T2 F (7))

e
2

)

(T2) F (N = 1)(T:) -

)

J-)

F2ATNITZ) + 2<$><J2>}

— 1)<jz> - ];r]

Full method

- = 1-Da lps] +7+Dg. [ps]

+ yloc Z D e [ps] + ¢ Z Dygps]
+ e Z Djalps]

= L{ps(t )}

(T, T2, T?)

Semiclassical approximation: higher moments of the
operators are factorised. Truncate the hierarchy and close
the system

(T2) = (T)TZ)
(T.T?) = (TT?)

&Q

Effective mean-field theory that improves for large N

Cons: gives access to limited information about the
system’s state (in our case only up to second moments)



Numerical methods

dps o5F
el v-Dg_[ps] +v+Dz, [ps] s
~~
+9°°) " Dyalps] + 75D " Dislps) N 2o
- ° Z -
+95°) " Dyelps] <
N Nz 15
= L{ps(t)} 22
10 man
QuTiP 0.0001
Quantum Toolbox in Python (N Nt ] PE— ot
[ Try QuTiP from your Browser! ] _00001 _| R = Fuu/znd order -1 |
. PR | f M | f L1l il
qutip.org 102 10-1 100 10! 102
tNvy_

o Full density matrix solutions with collective dissipation for N < 10
github.com/gpierobon/OpenNu

o Full density matrix solutions with collective dissipation and local

dissipative channels for N < 70 : : :
github.com/qutip/qutip

O Fast second-order approximate solutions for arbitrary N
github.com/gpierobon/pyOpenNu



Drift observable

First-order observable

<‘7Z> ~ fYnetN27 07, ~ \/Nv SNR ~ ’YnetN3/2

[VN/2
X \J S Spin projection

noise
Ideal for CuB searches



Energy evolution: including local effects

1. Neutrinos-only with 6, > 1: steady 100 e e
state reached after the dissipative F —— Neutrinos only
timescale -

L1 L I EERET L1 aauul L1 aauul L1 aauul L aauul
1073 1072 1071 109 10! 102 103

tNy_



Energy evolution: including local effects

1. Neutrinos-only with 6, > 1: steady 100 e —rrrrre
state reached after the dissipative F —— Neutrinos only
timescale | —— Neutrinos + dephasing

- 1071k

2. Local dephasing: coherent effects Z s
suppressed ~_

. S -2 =
Neutrino steady-state reached at the — 1077
dissipative timescale =

N 3
v 1073
~—
10—4 n
107°

1073 1072 1071 100 101 102 103

tNy_



Energy evolution: including local effects

1. Neutrinos-only with 6, > 1: steady
state reached after the dissipative
timescale

2. Local dephasing: coherent effects
suppressed

Neutrino steady-state reached at the
dissipative timescale

3. All local effects: relaxation adds
dissipation in the energy

Thermal steady-state reached at the
dissipative timescale

N loc __ l_oc
<jz>eq = _7+ i

2 ’Y}EC +')/1_OC

1005 T T lllllll T T lllllll T T lllllll III
f == Neutrinos only
[ = Neutrinos + dephasing
101k~ Relaxation + dephasing -
~
~—~10?F E
~ N 3
"ﬂ <\7Z>
N—"
Y
ﬁ 1073E E
~_— <‘72>eq
10~4F E
tN')/net ]
10—5 L1 il ul

1073




Energy evolution: including local effects

. Neutrinos-only with 6, > 1: steady
state reached after the dissipative
timescale

. Local dephasing: coherent effects
suppressed

Neutrino steady-state reached at the
dissipative timescale

. All local effects: relaxation adds
dissipation in the energy

Thermal steady-state reached at the
dissipative timescale

N loc __ l_oc
<jz>eq = _7+ i

. Including all effects

2 ’Y}EC +')/1_OC

100— T llllllll T llllllll T T lllllll

f == Neutrinos only
[ = Neutrinos + dephasing
1 0—1 | —— Relaxation + dephasing

f = Neutrinos + relaxation + dephasing

104k =

tN')/net E

10_5 1 1 LLLL 1 1 LLLL 1 Ll L LLLL 1 Ll L LLLL 1 llll 1 llll
1073 1072 1071 109 10! 102 103



Diffusion observables

Second-order observable

N
(TP~ + 9N (N +1) ¢,

N
(T ey = 5 + 2 NN+ 1) £,
0. =T Py — (T=)ip

N
~ e N (N + 1)t + O(#)

T — T ——
| === Numerical solution fdiss = (Nf)/ i)*l

Perturbative solution

wl FEETTT T B

o1 100 100 10?

T T T R AR TTT B A T
107¢ 10~ 10~* 10°°% 1072 1

tN Ynet



Diffusion observables

LELILLLL N 1) SN N L N 1L RN N

Second-order observable osf T Numerealsoution  fiog = (Ny=c)
2 N %\1105_
<jz>|P>%Z+7totN(N+1)t7 5
2 N 104-_
(Taliey 5 + 20+ N(N +1) ¢,
107 107> 107* 10=% 1072 10! 10° 10! 102
tN’Ynet
0. =T Py — (T=)ip 2
N 2
~ — 4+ Yot V(N + 1)t + O(t°)

4

Spin projection

<‘.72:> ~ fYtotN2, O'jz2 ~ N, SNR ~ 'YtotN /\]y / noise

Ideal for axion DM searches



Non-Markovian case: axion DM

2m 1
Teoh = i ~ 28s
Mg VOV

1079 eV

zeV aeV feV peV neV peV meV eV
1 1 1

Frequency =m/2m

km  km

pII-Iz mII-Iz I-{z kI;Iz MII-Iz GII-IZ TI[Iz
Coherence time ~ (mv?)~!
104| yr centlury yr weiek hlr min g ms Hs
Coherence length ~ (mv)~!

m

cm

I SR, I\ U I\ B\ A U- N \- N U VB VA § W, (\ SR R R | 6 5 A 3 12 A Q
407407 407 407 407 407 407 407 407 407 407 407 40T 407 407 407 407 407 407 407 407 10

Dark matter mass [eV]



Non-Markovian case: axion DM

2 1 1079 eV
Tecoh = ——=— ~28s | ——

Mg VOV My
For large 7 limit, correlations decay

For 7 < 7, the axion field exhibits correlations

l

Non-Markovian behaviour

eV

zeV aeV fev peV neV peV meV
1 1 1 1 1 1
Frequency =m/2m
pII-Iz mII-Iz I-%z kI;Iz MII-Iz GII-IZ TI[Iz

Coherence time ~ (mv?)~!

104I yr centlury yr weiek hlr mlm g ms Hs
Coherence length ~ (mv)~!

pc mpc AU Rg Ry 100km  km m cm

I SR, I\ U I\ B\ A U- N \- N U VB VA § W, (\ SR R R | 6 5 A 3 12 A Q
A0 407 407 407 407 407 407 407 407 407 407 407 107 407 407 407 407 407 407 407 407 A0

Dark matter mass [eV]



Non-Markovian case: axion DM

2 1 109
Tcoh:—ﬂ-—22.88 107" eV
Mg VOV My

For large 7 limit, correlations decay

For 7 < 7, the axion field exhibits correlations

l

Non-Markovian behaviour

p(t) oc N*Q?7.t Short coherence times

p(t) oc N2Q*t? Long coherence times

0% = 2ppmv?/ f2 Rabi frequency

zeV aeV feV peV neV peV meV eV
1 1 1

Frequency =m/2m
pHz mHz Hz kHz MII-Iz GII-IZ TIl-Iz
| L L | L L L L L L L L L L L

Coherence time ~ (mv?)~!
10*yr century yr week hr min S ‘ms us
1 I 1 1 1 1 1 1 I

Coherence length ~ (mv) ™!

pc mpc AU Ry Rg 100 km  km m cm

A 0

s\ S, T\ T U N |- T /A U- U \ T U - B A W S S 1 6 5 A 3 1
A0 A0 A0 A0 A0 A0 A0 A0 407 A0 407 407 40T 407 407 407 407 407 407 407 407 40

Dark matter mass [eV]

In the non-Markovian regime the system is
influenced by a coherent drive

If the axion is on resonance, phase and
direction are measured and
Lindblad prediction fails



Non-Markovian case: axion DM

2m 1 109
Teoh = i ~ 28s (—O eV)
Mg VOV My

For large 7 limit, correlations decay

For 7 < 7, the axion field exhibits correlations

l

Non-Markovian behaviour

p(t) oc N*Q?7.t Short coherence times

p(t) oc N2Q*t? Long coherence times

0% = 2ppmv?/ f2 Rabi frequency

zeV aeV feV peV neV peV meV eV
1 1 1

Frequency =m/2m
pII-Iz mII-Iz Hz kHz MII-Iz GII-IZ TIl-Iz

Coherence time ~ (mv?)~!
10*yr century yr week hr min S ‘ms us
1 I 1 1 1 1 1 1 I

Coherence length ~ (mv) ™!

pc mpc AU Ry Rg 100 km  km m cm

A 0

5 S, L\ S C N N T A U N\ TR U S V- B VA | U (\ S | S 1 6 5 A 3 1
A0 407 407 407 407 407 407 407 407 407 407 407 107 407 407 407 407 407 407 407 407 A0

Dark matter mass [eV]

In the non-Markovian regime the system is
influenced by a coherent drive

If the axion is on resonance, phase and
direction are measured and
Lindblad prediction fails

Pre-discovery: SNR does not care about
Markovian vs non-Markovian

Post-discovery: Lindblad or coherent drive
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Experimental modeling

Idealised NMR experiment using polarised 129Xe nuclei, as
envisioned in future stages of the CASPEr

Vf = eq)pick

- Readout chain
Nxe ~ 1.35 x 10?2 em ™3

T5 ~ 1000 s
Ty ~ Th




Experimental modeling

Idealised NMR experiment using polarised 129Xe nuclei, as
envisioned in future stages of the CASPEr

Vf = Eq)pick
- Readout chain
Nxe ~ 1.35 x 10?2 em ™3

T5 ~ 1000 s
Ty ~ Th

Noise sources Walter et al. (CASPEr) 2504.16044

10 —— Power spectral density
o Spin projection noise (shot-noise) 9 N ~ 107 Scan range 1348450-1348690 Hz
osqub = 7 /squib =
o Instrumental noise % .
e SQUID poise. 3 . PSQUID 2 10
e Electronic noise (e.g. amplifier noise) FsqQuip X ————— 10"
® Mechanical vibrations PspN 1 i 3 5 |

10t 10 10 10

Frequency (Hz)



Statistical analysis

X2<5V) = Nshots Z d; [0_1] ij dj
]

A

di = (J=(t:;00))1py — (T=(ti))|P)

o Fiducial model does not contain the neutrino signal

o The theoretical prediction includes neutrino effects
tuned by the overdensity parameter 6,




Statistical analysis

X2<5V) = Nshots Z d; [C_l]ij d; Cij = C«thh + UgQUID5ij
]
U%z<ti;5v)a t=17,
. th _ 2 (f. — (YA ROt — 1) <
di = (T=(ti:60)) 1Py = (J=(8:))p) “i 7 o) Nt gy
o7, (tj;6,) e 7= TR g > g

o Fiducial model does not contain the neutrino signal

o The theoretical prediction includes neutrino effects
tuned by the overdensity parameter 6,




Statistical analysis

X2<5V) = Nshots Z d; [0_1] ij dj
]

A

di = (J=(t:;00))1py — (T=(ti))|P)

o Fiducial model does not contain the neutrino signal

o The theoretical prediction includes neutrino effects
tuned by the overdensity parameter 6,

Two-time correlation functions

L VAN

0% == e[ (LT + 7)) — (T (ONT(+ 7))
—(TOT2(E+ 7)) + (TONT2(t+7))]

— <7tot + ’YL(-)C + 71:)0) 0-\272 (ta t+ T)

Cth —

1074 1073 102 10!

_ th 2
= G + 05quindij

(tza 5V) 3

2
sz loc
0?% (ti; 0v) e (="
0% (tj38,) e 0= 4%

loc

loc loc

(5=t
Itti—t;)

=7,
1< 7,
1> 7,

- I, = Fdiss

T7 = tgiss

= Neutrinos only

_— T = Fdisss =T
- = 1) = tgiss, 11 =10T;

100

10!

TNy_

102
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Forecast constraints

* : Pv
wg = min | yByax, ——
0 <’Y ma. m,,R)

Assuming optimal splitting, normal hierarchy, 129Xe
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Forecast constraints

* : Pv
wy = min | YBmax,
0 <’V ma m,,R)

Assuming optimal splitting, normal hierarchy, 129Xe

KATRIN mass and overdensity bounds 10155' L I A A A B LR

my < 0.45eV  §, <10
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Forecast constraints

KATRIN mass and overdensity bounds

my < 0.45eV  §, <10

Future CASPEr constraint using Xenon

2
0y AR < 5.3 % 10" (E)

p

Larger sample and low instrumental noise

6% <1.7x 10", 90% C.L.

Worse by factor O(10) compared to
perturbative estimate

10"° prem

=
('Q\ 1014
>
—
o -
N
g 1013
¥
o]
—
g 1012
@)
an)
= 10!
O
1010

* : Pv
wy = min | YBuax, ——=
0 <’Y ma. TTLVR>

Assuming optimal splitting, normal hierarchy, 129Xe

| CASPEr (future)
= R = 1 cm, SQUID-limited

— = SPN-limited, T; /T, = 1
— =+ SPN-limited, T; /T = 10
SPN-limited, T}/ T> = 100

103 102 101 100

my (eV)



Squeezing protocols

ensemble

yz plane squeezing xy plane squeezing
Galanis, Hosten, Arvanitaki, Dimopoulos, 2508.20520 Boyers, Goldstein, Sushkov, 2502.14103
o Collection of spins inside LC circuit coil
© System very far off-resonance w; - > wy

o Effective spin-spin interaction induces non-linear
squeezing Hamiltonian



Squeezing protocols

ensemble

yz plane squeezing xy plane squeezing
Galanis, Hosten, Arvanitaki, Dimopoulos, 2508.20520 Boyers, Goldstein, Sushkov, 2502.14103
: C o : _ 2
o Collection of spins inside LC circuit coil H = xJ;
© System very far off-resonance wy -~ > w, I Need very
. L . . large N!
o Effective spin-spin interaction induces non-linear very weak e

coupling
squeezing Hamiltonian
One-axis twisting (OAT)
Hamiltonian



Nxt = 0.005,

Squeezing evolution

& =1.000 (—0.0dB)

Q

102F

1072E .

101E

10—1E

g — (A].Z)z

(A]y)?

10~2

10-1

txN

109 10!



Observe anti-squeezing induced by axion DM

Axion DM and CvB reach

Axion DM

dissipation

Frequency in Hz

103 10* 10° 10° 107 108
‘—|‘> T T L L T L | T L L T LR T T T T TTTTg T
S n0
s 10 1
k= |
g ,
8 10—12* i
i=]
5
[=}
05 TACT squeezing
E OAT squeezing
(=8
8 L
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Observe drift in energy with reduced variance and
improved SNR

Promising potential of table-top detectors
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Summary

While can have enhanced rates in inelastic
scatterings, CuB is still out of reach

Protocols for dark matter (e.g. axions) can be
viable and accelerate search for dark matter

|dentified experimental challenges to probe
weakly interacting relics

New framework for future works



