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Axion searches by way of their coupling
to the electron spin

Thanks to the QUAX collaboration



A quick introduction

1. Due to the triangle anomaly
OpJus = aScSGWéW + acEMFMVF“”

2. In spite of being a 4-divergence Lo ='!G,,.G" is physical
3. Actually
/d4xL | !/d%"uJug) = lerr =1 +argdetM,

4. To solve the strong CP problem

Embed the chiral symmetry into an exact classical
U(1)-symmetry (PQ) spontaneously broken at a scale f,

DFSZ L = ASHqu YuQ_Huu YdQHdd YeQHde

KSVZ  L£L=ASTT +T~,D,T + MTT

The axion a(x) is the corresponding (pseudoGB)



The axion a(x) is the corresponding (pseudoGB)
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Relic abundance of the QCD axion

3H ~m,
* m,
H =T?/Mp,
mq
H T >W Aocp
0; = a;/fa ~ ! W;Z(AC?FCD)LL %

|
AW pa = mia® x T° < 1/R?

i.e. cold Dark Matter

i+3Ha+mia =0



QCD Axions in cosmology
Mg fa &~ 107% eV - 101 GeV
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(Axion Like Particles: m and f unrelated)



The dynamical field, a, is the "axion”

falGeV] inverse axion coupling
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and is very intensively searched for
(with the most interesting region still unaccessible)
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The coupling to spin 1

L = ¢(z)(ihdy — me)p(z) — a(z)y(x)(gs + igpys)¥(z)
My (gs = 10 (12+ 17) GGV DFSZ gp(e) ~ 1
f, N KSVzZ gp(e) = 10~

] 2¢72

gp:A\IJ

1Beg -6 = e

A coupling to the spin and to the Electric field
N g a Sy L, =
LN47TfaG’L”/G — dO'E

d=~ 10" 16a(e cm)

fa



The axion as a source of an effective B 1

1. By the DM axion wind

Eeff — ggpﬁa — g;pmaﬁ g CoOS Myt

My ~ 10" %eV (as reference) w = m, ~ 100 GHz
f, ~1011GeV

Mmq ao ~ /ppom =~ 0.3 GeV/em? v 1070
1

coherence length )\g ~ ~ 10 m
myU
27T _
coherence time To = 5 ~ 10~ sec
MgV
Lepp =~ 1022 Tesla Ma (on electrons)
10~%eV

(1000 bigger on nucleons)



The axion as a source of an effective B 2
2. From a static source Moody, Wilczek 1984

1 , 2

T a nuclear spin

Upp ~ im0 02 = F1(2) = yzBeff 02
B.j7 ~ ;2 ﬂzﬁ; nie "/t 10—25T(10711‘7"6‘/)2 1022”/;cm36r//\a

Uvmp = giig 6_;;/\a - 09 = E1(2) = VzBeff 02
B.tf =~ L 959 nihge /M <1078 ¢ n o~/ Aa

Yo M9 ~ 10—%eV 10%%/cem?3



Comparing numbers
(From the DM axion wind)

B.rr(e) ~vnBopr(N) &~ 1026y — @
d E~10"%"eV E (CASPET)
108V /cm
versus, e.g. (Gabrielse et al)
B
Alg—2). <1071 = ~.B<107 eV
(g ) Te c Hh Tesla
d. <107%®c-em = d.E <1017V E
) R 1011V /em

Need to work on some resonant phenomenon



Proposal 1 (a static force from a rotating source)
Arvanitaki, Geraci 2014

Rotating segmented cylinder sources B

I TApplied Bias field B_ ,

3He sensor I v = 200 HZ I

squid pickup loop

but B¢/ smaller than in
the axion wind case

Superconducting shielding Beff/T 5 10—23 MT/T 5 10—20



Proposal 2 (axion DM wind)

/ on electron spins
B, Cerdonio, Fiorentini, Vitale 1989
SOUID [\ t 11 ]Bw on nucleon spins
pickup + 4 4 Graham, Rajendram 2010
loop U 1 1 1 CASPEr 2014
A/axion “wind” Va B ext

27, B¢t =~ 1074 eV

e
1
Solving Block eqg.s, at resonance m, = < Rewt
dM 1 N> 298 B A 1077 eV —
—=1MxB M
dt S

N 1077 (m, =107 eV, 7 = 0.1 sec)
Mrp = WS,NB:];\];nsT cos (mgt) <
’ e~ 10T (me =10"% eV, 7 = 107° sec)

T = MiN (7., Trelr TR)
ng = 10%?/em?



On the same line (axion DM wind in NMR)

Graham, Rajendram 2010

CASPEr 2014
£ d ) d 6 . E_,
SQUID [\ )’ }' )’ |cht
pi?:lp T d ~ 10_16£(e . cm)
U T - Ja
L::o:.

Mr =~n d- E ngtcos (mgt) =1071"T (m, =107 eV, 7 = 0.1 sec)

db ~ 102 Ma

since
/YNBi}ff 10_7 €V




QUaerere AXions

INFN (PD, Legnaro, TO), Birmingham, Moscow

Microwave
Detector

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 oscillatingat W = IIl



About “radiation dumping”

Back to the transverse magnetization

Bloom 1957

(for axion wind only)

My = ”Ye NB NnST cos (mygt) T = MIN (74, Trel, TR)
9 ) 10~4 eV 0.1 sec for NMR
~ ~ R Trel ~
Ta 02 1077 sec . l < 107% sec for EMR

—9
1 10~ 4eV/ Smm?) 1022/Cm3 10 SeC fO?“ EMR
TR = ~ ( ) - v

V*nswiV w ns 1072 sec for NMR

— TR large, hence negligible, for NMR exp.s (CASPEr, static force)
w :‘{OO Hz

—> TR Sseriously relevant for EMR



Working in a cavity

High Field Magnet

TEM102

a = axion mode
c = cavity mode
m = magnon mode

H = (wm —1 9 ymTm + (we — 1 5 JaTa+ (we — i%)c+c+
Jam (ma+ + m—l_&) + gmc(mc+ —+ m_l_c)
axion-magnon coupling Jam = %"J(nswa)lﬁ
magnon-cavity mode coupling  gme = — (ngw.V/V,)?




Fe

RF power exiting from the cavity

- (Qwi)1/2 (c+c)
— k < 2.’2 >= Ym wg : gg,mg?ncNa ‘
: e [ — w53 o — e - 75) —
— PU&C(TR > > TaaTm)f
Looks OK, since no Trand f(w, = Wy /e £ ime) = 4YmYe
(%n =+ ’Yc)2
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RF power and counting rate

Using realistic numbers for Ihagnd V

sy VT Ma s
1022/cm37'103cm3’ 10-%sec” ' 2 - 10—4eV

Pous ! 107*°Watt (

_ Fout _ | _3( mMa )2 Vs ns ( Tmin )
Ha = hwa =200 10 5 107ev) Titer 10?8 /m3 ) \10-6s Hz




Maximal expected sensitivity

Ultimate noise from the termal bath

1
ﬂ — Awe Rt — @Z/' C
ersle — 1]
Number of counts in a time U N = ' (Ry+ Ry)tn
SNR=1L_‘Ralm  _ ) Ra '

'(Ry + Ry)tm Ra + Ry

Given R, above, for SNR > 3

" Ra't
Ri<Ra ——>! 1 =1.6R," 4# 10 °Hz
SNR

<zWorking at w =48 GHz and !c=1 pus

requires T, < 13 mK



Some very preliminary 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

Sikivie 2014
excited level (!w)
5 Requires:
NAe! m o /KT < 0.1
My
T! 10mK
tuned laser l eV (10‘ 4eV)

to depopulate the higher
spin state in absence

v of axion wind
] axionwind MM, = 10" 4eV

Photon rate from de-excited atoms:

dN
~ 1 nul0 3 Hz
dt M

min (t,t,,! )
10 Ssec




AXIOMA LAB @ LNL: FIRST RESULTS

vacuuim

system .,
: : features
cryocooler. » 10K cryocooler:

E - 1 » IR source
o ower~ 1 mW/nm);

IR lamp ‘v Jl tunable laser (p. /nm)
> | » Ti:Sa laser —
i wavelength range

PMT wavelength 780-880 nm:;

i meter - W e

IRQC scheme in Er*

18000 em 2 s,
oscilloscope f
pump \ properties in YAG
fluarescence
— | u‘:;::lm » GSA absorption in 1450 + 50 nm band;
I\ » ~10ms lifetime of ‘hi 2
. | : » pump wavelength ~839nm;
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(Some) proposed experiments using NMR/EMR
CASPEr axion wind/NMR

ﬁ imited In frequency (mass)
SQUID ttt ]Bm but size of the effect OK
RN (MaleV =10' 7, I =0.1sed
it Vo Ber /T ! 1022 Mo/T | 10 °

ARIADNE static source/NMR
frequency OK but effect smaller

(Mma/eV =10' 4, | =0.1sed
Beps/T <1072 My /T <1072

QUAX axion wind/EMR
Microwave frequency OK

Detector (ma/ev — 10' 4, = 10' GSeC)
Microwave cavity Beff /T | 10‘ 22 MT/T ~ 10' 21

Magnetized sample




for question time



Another way to understand -

Bloembergen, Pound 1954
Incoming power

Pin = W(MTV)Br
RF power emitted by the oscillating macroscopic dipole
Pr= W' (MpV)?
Transverse oscillating magnetization
Mt = I°Byng"
Energy conservation

Pn = Pr! I = = IR




The classic search
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10" 41 mga/eV ! 103
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