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V. Axion searches by way of their coupling
to the spin

Thanks to the QUAX collaboration, B, Braggio et al 2016



2. Why 0<10710 2 0G ., G

How do we know that 6 <1079 2

0G,.,G" is T-odd and (almost) the only source
of T-violation in the SM
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= Make 0 a dynamical field forced in its cosmological
history to relax to O (almost) and (possibly) appear as DM



A quick infroduction to axions

See lecture 11
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QCD Axions in cosmology
Mafa =~ 1074 eV - 101 GeV
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For 6; of order unity m, ~ 107" ¢V is mostly interesting



The dynamical field, a, is the “axion”

fulGeV] inverse axion coupling
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he classic search

— -

L=l = aw.mulmaﬁmm.m

Axion Coupling Ig,,, | GeV™)

— — — —

—

N4

o-.—o
7
4|
N
O s
L 8"
,Mu,
M
N u/
o-K ”D,
= S
MO
=
/Mu,
o-;m L m/ \\\\\
B =
N
N\
16 \.500 MHz-
o \. R&D

Y

-
| S

ADMX Achieved and Projected Sensitivity

Cavity Frequency (GHz)
1 10 100

O\O\0\ White Dwarf and Supernova Bounds N\ NN NN\

2014
Target

2015
Target

2016
Target

-

ADMX searches where axions are 1
most likely to be found ]

PR ST SR | L L PR ST S ST S N |

10 100 1000
Axion Mass (ueV)

Not easy

to

explore the
most relevant

reqgion

107 <mg/eV <1077

Rybka

ADMX



The coupling to spin (1)

L = ¥(z)(ihdz — me)Y(z) — alz)(z)(gs + igpys ) ()
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The axion as a source of an effective mcv

1. By the DM axion wind seen on earth
moving in the galaxy ¢ ~ g sin(met — ma? - )

mm: H @@@ H ,QHSQQ ag COS Myt

e e
My ~ 10~ %eV  (as reference) w = m, ~ 100 GHz
f, ~ 101 GeV

Ma ao ~ /pom ~ 0.3 GeV/em® v~ 107°

1
coherence length ym ~ ~ 10 m
MgV
27 _
coherence time T, ~ 5 ~ 10~ sec
MV
Berr = 10~22 Tesla Ma (on electrons)
10—4eV

(1000 bigger on nucleons)



Comparing numbers
(From the DM axion wind)

B.re(e) & vnBosr(N) & 1020y 2@
YeBerp(e) = ynBegs(N) Ty
dE ~10"%"eV E (CASPET)
108V /em
versus, e.g. (Gabrielse et al)
B
Alg—2). <1078 = ~.B<107 eV
(g ) Te c Hh Tesla
d.<107%®c.em = dE <107 1'7eV E
: A 1011V /em

Need to work on some resonant phenomenon



The axion as a source of an effective mva

2. From a static source Moody, Wilczek 1984
. 1 2 Ao = 1/my
D = dipole o r 5
M = monopole T a nuclear spin @
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Proposal 2 (a static force from a rotating source)

Rotating segmented cylinder sources B >_‘.<93:.Q_Am\ Geraci 2014

N %\/un__mo_ Bias field B,

3He sensor )
Solving Block eq.s, at resonance
squid pickup loop dM _ Q\H/\H « B _ 1 M
dt Ty, T
Superconducting shielding
My = ~2 yB I ngt cos (wt)
T — Q\muz e,N'*S T = Trel

N w =200 Hz !

Beps/T <107 Mp/T <1072



Proposal 1 (axion DM wind)

on electron spins
B, Cerdonio, Fiorentini, Vitale 1989

Box :
SoUID tt1 l on nucleon spins
pickup + 44 Graham, Rajendram 2010
loop CASPEr 2014
ttt -~
axion “wind”  Va .mmpww
e » 27.Bt ~ 1071 eV =
Solving Block eq.s, at resonance 1M, = " _, . Bewt
dM 1 N szm ~ 10 eV T
— =M xB - ——M
dt 1 HNJHQMJM
N _» 10797 (mq =10"7 eV, 7 = 0.1 sec)
My = Qwvzmmvﬁm:m% cos (mgt)
e

1072 (mg = 107* eV, 7 = 1079 sec)

T = min(Ty, Trel, TR)

ng = 10°?/em?



On the same line (axion DM wind in NMR)

Graham, Rajendram 2010
CASPEr 2014
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QUaerere AXions
QUAX collaboration

Microwave
Detector

~ Microwave cavity

/

Magnetized sample

Use the coupling to the electron spin (to avoid the frequency cutoff)

and (try to) detect the RF power emitted by the coherent
magnetic dipole oscillating at W = My



A simpler way to understand TR

. Bloom 1957
Incoming power

w@.s — 8?&%«\9@%

RF power emitted by the oscillating macroscopic dipole
Pr = w*(MrV)?

Transverse oscillating magnetization
Mt = meﬂzmﬂ

Energy conservation

1
R 4 Y2w3Vng Th




About “radiation dumping”

Back to the transverse magnetization
(for axion wind only)

—

Mr = Qwvzmmhﬂzm% cos (mgt) T = min(Ta, Trel, TR)
2w s 107" eV 0.1 sec for NMR
Ta & ~ 107" sec Trel ~ |@
mav? Mq 107" sec for EMR
-9
0t 1079 sec for EMR
TR = V2ngw3V ™ w % e

1072 sec for NMR

= TR large, hence negligible, for NMR exp.s (CASPEr, static force)

\

w =200 Hz

=> TR seriously relevant for EMR



Working in a cavity

Detection coils
2000 turns each

High Field Magnet
TEM102

Cavity

a = axion mode

7] .
a0 ¢ = cavity mode
(o
\ m = magnon mode
0
(Sum over modes left understood)
H = (w,, — &Q%VSJrS + (wq — @.vaﬂr@ + (we — &Wv%rm._'
Gam(ma™ +mTa) + gme(met +mTe) e = 1/7.
Va p—
axion-magnon coupling Jam = ﬂ?mégviw Yo = 1/Ta
. . e 1/2 Ym = H\ﬁw&
magnon-cavity mode coupling  gme = §|§méo<\§v

iM = [M, H] M = Asv



RF power exiting from the cavity
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RF power and counting rate

Using realistic numbers for 115 and V'

Py Lyl ey
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wOEU —3 Mg 2 a\w ns Tmin
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for Wy = We and 9me == Ym> Ve (strong coupling)



Maximal expected sensitivity

Ultimate noise from the thermal bath ?&
1
n = hwe mw — \\Iw\qlm
ekpTe — ]

Number of counts in a time &, N =n(Ry, + Ri)tm

nRatm Ry
/\im@ + Rty VRa+ R

Given R, above, for SNR > 3

Ront.,
SNR?

= Working at w =48 GHz and 7.=1 us
requires 1. <130 mK

mﬂAm@A IHVHH.QN@ZRPXEMEN



Limit Field [T]

Some very preliminary measurements

Using a sphere of YIG

G

w =
of about 20 mm
Room temperature measurements 77K measurements
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Axion-photon coupling |g,,,| (GeV-")

still a bit far

from the desired sensitivity
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Atomic transitions from DM wind

A Sikivie 2014
excited level Aﬁmv
Es1 f Requires:
Npe ™me/FT <01
T <10 mK (——® )
m
tuned laser ~ eV ~ 10—4eV
to depopulate the higher
spin state in absence
Qmmo.- e ) of axion wind
axion wind m, = 10” eV
0

Photon rate from de-excited atoms:
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AXIOMA LAB @ LNL: FIRST RESULTS

vacuum

svstem

features
» 10K cryocooler;

» IR source
(power~ 1 mW/nm);

tunable laser

Ti:Sa laser —
wavelength range
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wavelength
meter

oscilloscope

780-880 nm;

e MNVE laaa.

IRQC scheme in Er*

18000 em 2 S
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properties in YAG
» GSA absorption in 1450 + 50 nm band,;
» ~10ms lifetime of “hy,z;
» pump wavelength ~839 nm;




(Some) proposed experiments using NMR/EMR
CASPEr axion wind/NMR

ﬁ limited in frequency (mass)

- ttt B but size of the effect OK
o “ “ “ (me/eV =10"7, 7 = 0.1sec)
o Bes/T ~ 1072 Mg /T ~ 107"
— ARIADNE static source/NMR
- frequency OK but effect smaller
I (ma/eV =10"* 7 = 0.1sec)

Bess/T 107 Myp/T <1072

Superconducting shielding

QUAX axion wind/EMR

@ frequency OK
, (Mg /eV =10"%, 7 =10 Ysec)
Microwave cavity mm%\;\ﬂ ~ HOIMM zﬂ\ﬂ ~ HOIMH

Magnetized sample



for question time



