ABRACADABRA:
Detecting axion dark matter

Ben Safdi
MIT / University of Michigan
Y. Kahn, B.S., J. Thaler, PRL 2016
ABRA-10 cm collaboration



\ 4

-22 -12 -3 9 12 27
logyg(ma/eV)

» Axion solves strong CP problem (neutron EDM)
2
a g

»Caxion = _JT?)Q?GWGIW

Peccei. Quinn 1977: Weinberag 1978: Wilczek 1978



\ 4

|
-22 -12 -3 9 12
logyo(ma/eV)

» Axion solves strong CP problem (neutron EDM)
2
a g

»Caxion = _JT?)Q?GWGHV

» QCD gives a mass:

fﬂ' -9 <1016 GeV)
Me ~ —my ~ 1077 eV [ ————
fa fa

Peccei. Quinn 1977: Weinberag 1978: Wilczek 1978

27



\ 4

|
-22 -12 -3 9 12
logyo(ma/eV)

» Axion solves strong CP problem (neutron EDM)
2
a g

»Caxion = _JT?)Q?GWGHV

» QCD gives a mass:

fﬂ' -9 <1016 GeV)
Me ~ —my ~ 1077 eV [ ————
fa fa

» Axion couples to QED
1 S QEM
L= _Ega*waFquu Garyy X ——

fa

Peccei. Quinn 1977: Weinberag 1978: Wilczek 1978

27



“ . |

\ 4

|
-22 -12 -3 9 12
logyo(ma/eV)

» Axion solves strong CP problem (neutron EDM)
2
a g

»Caxion = _??Q?GWG!W

» QCD gives a mass:

I 9 <1016 GeV)
Mg~ —mz~10"" eV ——
Ja fa

» Axion couples to QED
1 Eopaw QEM
L= _Zga*,/'yanuFu Jaryy X ——

fa

» Axion (field) can make up all of dark matter
Peccei. Quinn 1977: Weinbera 1978: Wilczek 1978
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Axion dark matter modifies Maxwell’s equations

» Recall axions also couple to QED:

1 ~ QEM
L= _7ga’y’yaFuVFMV Yayy X —F—
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» Magnetoquasistatic approximation: new electric current
that follows B-field lines

da
V X B = gaﬁ,vBa



Axion dark matter modifies Maxwell’s equations

» Recall axions also couple to QED:

1 ~ OEM
L= _ZQ“WGFMVFW Jayy X ——

Ja

» Magnetoquasistatic approximation: new electric current
that follows B-field lines

da
V X B = gaﬁ,vBa

1
» Locally: a(t) ~ agsin(m,t) and §m2a02 = pDM

> Jeff = Jary /2 pOMB sin(mgt)



Axion dark matter generates magnetic flux
Y. Kahn, B.S., J. Thaler, PRL 2016
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Two readout strategies
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ABRA-10 cm (happening now!)
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ABRA-10 cm (happening now!)
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ABRA-Gen2
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The MIT prototype: ABRACADABRA-10 cm

» ABRACADABRA: A Broadband/Resonant Approach to
Cosmic Axion Detection with an Amplifying B-field Ring
Apparatus

» People (LNS+CTP, PSFC, Princeton, UNC, UMich): Janet
Conrad, Joe Formaggio, Sarah Heine, Reyco Henning,
Yoni Kahn, Joe Minervini, Jonathan Ouellet, Kerstin Perez,
Alexey Radovinsky, B.S., Jesse Thaler, Daniel Winklehner,
Lindley Winslow

» Funded by the NSF!



ABRACADABRA-10 cm at MIT
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Light bosonic dark matter future

» MIT: ABRA-10 cm followed by ABRA-1 m (B ~5T)

» Axions and light bosonic dark matter well motivated by
strong-CP problem and high-scale physics (e.g.,
compactified string theory)

» New ideas to search for ultra-light scalars, dark-photons,
etc. (laboratory experiments + astrophysics)

e.g., CASPEr experiment (f, ~ 10'" — 10" GeV)

Black Hole superradiance (f, ~ 10'" — 10" GeV)

Florida LC circuit (f, ~ 10'* GeV)

ADMX-HF (f, ~ 10" GeV)

CMB (isocurvature + A Ngg)

DM-radio (dark photons)

vV vy vy VY VY



Questions?



Axion backup



Axion dark matter generates magnetic flux

Superconducting
pickup loop
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» Estimate B-field induced through pickup loop
(r=a=h=R)



Axion dark matter generates magnetic flux

Superconducting
pickup loop

=

» Estimate B-field induced through pickup loop
(r=a=h=R)

» Axion effective current: Iop ~ R Jof

> B~ % ~ R gayy/2 ppmBo sin(mgt)

» fu=10"GeV,Bg~5T,R~4m: B~ 10 2* T (KSVZ)
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» Example from MRI application: (Myers et. al. 2007)

> B-field sensitivity: 53/ ~ 6.4 x 1077 T/vHz
» R~3.3cm
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Broadband estimate

» Example from MRI application: (Myers et. al. 2007)
> B-field sensitivity: S}/* ~ 6.4 x 1077 T/vVHz
» R~3.3cm
» Scaleto R~4m
» 52~ 5x1072 T/vVHz
» ¢t = 1 year interrogation time for GUT scale axion
» Coherence time: 7 ~ 27/(mqv?) ~ 108 (v ~ 1073)



Broadband estimate

» Example from MRI application: (Myers et. al. 2007)
> B-field sensitivity: S}/* ~ 6.4 x 1077 T/vVHz
» R~3.3cm

» Scaleto R~4m
» 52~ 5x1072 T/vVHz

» ¢t = 1 year interrogation time for GUT scale axion
» Coherence time: 7 ~ 27/(mqv?) ~ 108 (v ~ 1073)
> /N =1for B=S] (tr) /4~ 10727



ABRA-10 cm: vertical cut

test wire




ABRA-10 cm: pickup cylinder

Superconducting
pickup cylinder

Pickup loop leads

\ Cut cylinder

So current returns through
leads



Magnetic field sensitivity calculation

» B(t) = Bysinjwot + ¢(t)] + By(t)
» ¢(t): evolves over coherence time 7
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P(w)zﬁ ;

dtB(t) sin(wt) = Py(w) + Pp(w)



Magnetic field sensitivity calculation

» B(t) = Bysinjwot + ¢(t)] + By(t)
» ¢(t): evolves over coherence time 7
1 T

P(w)zﬁ ;

dtB(t) sin(wt) = Py(w) + Pp(w)

> Spectral density: lim |P,(w)[* — S}?(w) [T /VHz]
—00



Magnetic field sensitivity calculation
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Magnetic field sensitivity calculation
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frequencies



Magnetic field sensitivity calculation

v

B(t) = Bysin[wot + ¢(t)] + Bn(t)
¢(t): evolves over coherence time 7
1 T

~ VT

v

P(w) dtB(t) sin(wt) = Py(w) + Pp(w)

v

Spectral density: Jim |Po(w)[?> = S} (w) [T /VHzZ]
—00

> T < T8
> [Po(wo)|? oc BT — B2 = S}/*(wy)/T

> T >
2

B
> |Py(wo)]? x =— x T't = B%*r
» But, line-width is broad and can resolve N = T'/7 different
frequencies

> B2 = S{*(wo)/7/VN = Sif*(wo)/VTT



Complementary proposals for
axion dark matter experiments



CASPEr: oscillating neutron EDM
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How can we probe axion dark matter?
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e.g., Arvanitaki, Baryakhtar, Huang 2014



The strong CP problem (neutron EDM)

-1/3e -1/3e » Calculation:
. dp ~1071% e cm
~ 107 ®m » Data:
.+2/3e |dy| <3 x 10720 e-cm

N

~_

Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978



The strong CP problem (neutron EDM)

-1/3e -1/3e » Calculation:
’ dp ~1071% e cm
~ 107 ®m » Data:
‘+2/3e |dy| <3 x 10720 e-cm

» Axion a removes d,,:

2

a g v
£axion = _E 3972 G}UJG'u

Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978



The strong CP problem (neutron EDM)

-1/3e -1/3e » Calculation:
. dp ~1071% e cm
~ 107 ®m » Data:
‘+2/3e |dy| <3 x 10720 e-cm

» Axion a removes d,,:

2

a g v
£axion = _E 3972 G,LWG“

» QCD gives a mass:

16
My ~ ﬁmﬂ ~ 1077 eV <10fG|eV>

Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978



The strong CP problem (neutron EDM)

-1/3e -1/3e » Calculation:
C
~ 107 ®m » Data:
‘+2/3e |dy| <3 x 10720 e-cm

» Axion a removes d,,:

ag2

f 3272

GG

Eaxion = -

» QCD gives a mass:

16
My ~ ﬁmﬂ ~ 1077 eV <10fG|eV)

» a as DM: a(t) ~ \/ppm cos(mqgt)

Peccei, Quinn 1977; Weinberg 1978; Wilczek 1978



