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Dark matter: things we know

[van Albada et al. ApJ 295 1985]
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[Via Lactea, Zemp MPLA 24 2009]

DM forms structures

[Planck collab. A&A 2014]

Angular scale
90°  18° 1 0.2° 0.1° 0.07°

6000
5000 | [ |

. 4000 | |
o

K

= 3000 |
| v 4N A\
2000 | bW NS

1000 [* j it s it

v .“”"M.,.,,
2 10 50 500 1000 1500 2000 2500

Multipole moment, £

Universe Is 26.8% DM

[Markevitch et al. Apd 606 2003]
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Dark matter:
things we don't kKnow
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Wil focus on axion dark matter for this talk



Axion-SM Interactions
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Note: for QCD axion, mq ~ 6 x 1079 eV (

[Graham and Rajendran, Phys. Rev. D88 (2013)]
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For “axion-like particles” (ALPs), couplings independent of m



ALP parameter space
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Properties of axion DM

[Foous on mass range m, < 1eV]

Bosonic DM + macroscopic occupation # = classical field:

a(t) = agsin(mgt) = sin(m,t)



Properties of axion DM

[Foous on mass range m, < 1eV]

Bosonic DM + macroscopic occupation # = classical field:

a(t) = agsin(mgt) = sin(m,t)

Spatially and temporally coherent on macroscopic scales:
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Properties of axion DM

[Focus on mass range m, < 1eV]

Bosonic DM + macroscopic occupation # = classical field:

a(t) = agsin(mgt) = sin(m,t)

In axion DM background, get oscillating observables:
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Two strategies for
ight ALP DM detection

Axion-sourced Axion-sourced
SpiN precession magnetic flux
(CASPEr) (ABRACADABRA)
s Té
SQUID ext
pickup O TM
loop
A/E*,ﬁ
Mr < dy, gaNN B, X gayy

Signal is a weak, oscillating magnetic field: SQUID detection!



SQUID magnetometry basics

Cartoon picture: extremely sensitive flux-to-voltage amplifier
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SQUID noise

Typical SQUID noise (thermal voltage and current fluctuations):

1/2 Asquip ~ (30 um)?
Se o ~ 107 6<I>0/\/ —> field sensitivity of
2pT/vHz at SQUID

Ultimate Iimit is shot noise:

51/2 = L S;/O2 = %hl,/\/ Hz dominates below ~ 60 mK

For L ~ 1 nH, only ~ 0.5 x typical noise,
not much improvement possible



Readout circult: broadband
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Readout circult: broadband
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Readout circult: broadband

q)pickup — (Lp + Lz)I M
— ¥\
1
pickup loop Lp ﬁ@ SQUID
L; Pgquip = M1

iINnput coll
pure superconducting = zero thermal noise (at low freq.)

Noise dominated by SQUID noise



Readout circult: broadband

q)pickup — (Lp + L’L>I M

pickup loop

l

Ly

io

iINnput coll

SQUID

suip = M1

pure superconducting = zero thermal noise (at low freq.)

Noise dominated by SQUID noise

Broadband: response Is frequency-independent



Readout CIrcult;

1 Ly
“=rV7C
Lr=L,+ L '/A(D\“/]w\

/R \
S1/2 B 4kpT irreducible resistance feedback: match circuit
L R bandwidth to signall

Can show at 0.1 KuptoQ = 108



Broadband vs. resonant

Depends on frequency!

Borrow results from medical magnetometry:
[Myers et al 2007]
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Requires superconducting pickup: zero-field detection



CASPEr: NMR with axion DM

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]

Nuclel immersed in axion DM can have:

Oscillating EDM and/or Spin-dependent force
2
d, = g4 \/W'?DM cos(m,t) Hyx D gunnN \/ZpDM cos(mut)v - on
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CASPEr: NMR with axion DM

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]

Nuclel immersed in axion DM can have:

Oscillating EDM and/or Spin-dependent force
2
d, = g4 \/W'?DM cos(m,t) Hyx D gunnN \/ZpDM cos(mut)v - on

Polarize some spins, watch them precess around:

External E field and/or Axion field velocity

-
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CASPEr: NMR with axion DM

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]

Nuclel immersed in axion DM can have:

Oscillating EDM and/or Spin-dependent force
2
d, = g4 \/W'?DM cos(m,t) Hyx D gunnN \/ZpDM cos(mut)v - on

Polarize some spins, watch them precess around:

External E field and/or Axion field velocity

Ml

—

SQUID /\ Bext
pickup TM (Axion DI\/I\
loop U / s like
E* 0 \NI\/IR pulsej

IN transverse magnetization when 2pu By = my



CASPEr Reach

CASPEr-Electric CASPEr-Wind

[Budker et al., Phys. Rev. X 2014] [Graham and Rajendran, Phys. Rev. D 2013]
20 T max B-field

1012 1014

frequency (Hz) frequency (Hz)
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| | velocity suppression:
non-decoupling signall can’t quite reach QCD axion

Hesonant tuning, but broadband readout:
dominated by SQUID noise in principle



CASPEr Reach

CASPEr-Electric CASPEr-Wind

[Budker et al., Phys. Rev. X 2014] [Graham and Rajendran, Phys. Rev. D 2013]
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Hesonant tuning, but broadband readout:
dominated by SQUID noise in principle



AXlon-sourced current
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AXlon-sourced current

vpvy K 1

OE.. oa
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AXlon-sourced current

vpym <K 1

o) DA ( 8a>
V x B, = q Eo X X¥a— Bg—
(quasistatic /Ot Jayy { 0 /7 0 ot

approximation)




AXlon-sourced current

vpvy K 1

da
VXB —/a];/ Ja~y~ (EO XYCL—BOat>

(quasistatic
approximation)

—> Jeoff = Gayny \/ZpDM cos(mqt)Byg

Current follows lines of B, oscillates at axion mass

How to detect an oscillating current?



AXlon-sourced current

vpvy K 1

da
VXB —/a];/ Ja~y~ (EO XYCL—BOat>

(quasistatic
approximation)

—> Jeoff = Gayny \/QpDM cos(mqt)Byg

Current follows lines of B, oscillates at axion mass

How to detect an oscillating current?

 Radiated power (at infinity)

* Time-varying flux (locally)



AXlon-sourced current

vpvy K 1

da
VXB —/a];/ Ja~y~ (EO XYCL—BOat>

(quasistatic
approximation)

—> Jeoff = Gayny \/QpDM cos(mqt)Byg

Current follows lines of B, oscillates at axion mass

How to detect an oscillating current?

 Radiated power (at infinity)

é )

* Time-varying flux (locally)
\ J




Toy example: solenoid

4 r 3 N\
¢ ¢
. .
’ 1]
’ ]
U (]
L] (]
L] (]
1 []
I []
I []
L] []
L] ]
I []
L] 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 ]
L ]
L 1
. ]
' ]
' ]
' ]
' ]
A )
A )
A .
A .
A LY




solenol

Toy example




Toy example: solenoid
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Toy example: solenoid

In the presence of axion DM:

" Vg L4 I’
' 4 4 N
’ " ‘ P
! '
[l r '
1 ’ [}
L] ' ]
' [
[ ] ] [
] ’ '
1 (] ]
I 1
] ] 1
: '
1

l
]
L}
| 1
[] ]
1 ]
1 1
1
1 1
1 1
1
1
1
\)
A
‘
KN

Jott = Gary /2000 cOs(m,t) By



Toy example: solenoid

In the presence of axion DM:
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Toy example: solenoid

In the presence of axion DM:
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Current-carrying wire
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Current-carrying wire
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Current-carrying wire
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Can detect axion-induced flux outside field region!




Toroid with axion:
current-carrying loop

toroidal geometry:
flux adds coherently
INn center

Signal: time-varying flux through center
Key point: measure signal in zero-static-field region!



ABRACADABRA!

YK, Safdi, Thaler, PRL 2016]
superconducting

pickup loop
‘é Bo = By
1 S

Effective toroid
volume

/

(I)pickup (t) — gafyfy Bmax \/QIODM COS(mat) VB

R,h,a << m,
(quasistatic)

Couple this flux into SQUID magnetometer through either
broadband or readout circuit



ABRACADABRA reach

1 year total measurement time

v=m,/2n
Hz kHz MHz GHz

_ ——Broad: Byix =5 T,Vg=1m?
107 | - Broad: Bmzx =20T,Vg=1m? lAXO

6
Q — 10  |---- Broad: By = 5T, Vg = 100 m °
\{ Res: Bpax =5 T,Vg=1m?

Res: Bpax = 20 T, Vg = 1 m 3 ADMX

Res: Biax = 5T, Vg = 100 m 3

=
/
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\// ——— ’/
s T = T 4____ v\
%. B -—_______-:-""———/-v‘/— \ . .
T \ quasistatic
QCD axion — p ~_ cutofi
1074} 10" 107 (Gey)y 107 10"
10" 1072 1070 10 100
mg (eV)

With same experimental parameters,
broadband for low frequencies,



MIT prototype

R~ 10cm

broadbanad resonant

Main Coil
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Test Coil Leads_ y
107!
1017 f('l(GeV) 1015
Test Coll 10-14 10-12 10-10 10-8 10-6

mg (eV)

Main B-Field

(1 month data-taking)

To SQUI? Overlap, without touching

Interesting physics with first-stage experiment!



Outlook tor QCD axion DM
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[adapted from Essig et al., 1311.0029]

Overlapping probes of GUT-scale physics!



Outlook for QCD axion DM
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(natural values)

Overlapping probes of GUT-scale physics!



Backup slides



ADMNX: resonant cavity detection

[http://depts.washington.edu/admx/]

L DaE - (B) P~ g2 FPPM payy g
static B-field

ayy

* Measures coupling to F),, F'*
e Measurement taken in external B field

e Cavity b.c. fix mass range to cavity size


http://depts.washington.edu/admx/

ADMNX: resonant cavity detection

[http://depts.washington.edu/admx/]

LDaE - (B)

static B-field .

* Measures coupling to F),, F'*
e Measurement taken in external B field

e Cavity b.c. fix mass range to cavity size


http://depts.washington.edu/admx/

Self-screening”?

Borrow analysis of cryogenic current comparators

I=-(4+ L)

solenoid toroid

Meissner return current
actually generates signal!




Some rough numbers

GUT-scale KSVZ axion: |gur+| = 2.2 x 107" GeV ™!
R=r=a=h/3=z4m: Vg =100 m*
Average axion-induced B-field for Bmax = 5 T:

[Bavg = 2.5 x 1072 T]

For 1 year of measurement, can achieve signal-to-noise of 1
with S1/% = 1.2 x 1071 Wb/v/Hz

/

achievable by coupling to commercial SQUIDS!

Assuming axion is all of DM, only free parameter is
Ya~~ as a tunction of my



Broadband: S/N and sensitivity

Take data for time ¢:

f t < 7, S/N improves like vt (random walk)
Ourregimeist > 7. S/N ~ |®Pgquip| (157)1/4/31/2

S/N =1

> sensitivity to

63 10-18 GeV_1< ma 1 year)1/4 5T (0.85 m>5/2 0.3 GeV/em®  Sgo
Jory =2 PASEE Brnax R pov 10-5y /v/Hz

X
/ /
improves at low masses R=r=a=nh/3:

from coherence time tall toroid increases B-field energy

Scale up dimensions to 4m, can probe GUT-scale axions!



pbandwidth matching

vpa = 1072 = intrinsic signal bandwidth:

Aw
— =107°
W
Intrinsic bandwidth: Q- L /LT
RV C
have to wait at 27

least one cycle: Ach > Kt

Can potentially use “black box” (e.g. feedback damping)
to broaden bandwidth without decreasing Q:
take Q = 106" but larger may be possible

*comparable to existing Nb superconducting LC circuits



S/N and sensitivity

P yd

each e-fold of frequency
energy stored .
. . scanned for equal time
INn tank circuit

> sensitivity to

10712 eV 20 davs\ /* 5T /085 m\”? 0.3 GeV/em3 106 T
Garr > 9.0 x 10717 GeV ™! ( k ays) x ( m) eV/em
Mg te—fold Bmax R PDM QO 0.1 K




Broadband # non-resonantl!

1 /Lt 1
— — _ wWo —
@=7%\7 ’

VLC

L.
i

,

R

Q — 1, LT,C fixed
ﬁ

R, C — 0, Lt fixed

more noise,
wider bandwidth

L
i
R
() = oo?!
al
Wy — o00?? Ll

Q is not an appropriate variable
to describe a purely inductive circuit



Origin of SQUID noise

always subdominant
IN resonant circuit
(suppressed by narrow bandwidth)



Inductance matching

N loops
N parallel:

— Leg ~ N V/2L,

Could also use “pie-slice” loops (fractional-turn magnetometer),
or slitted sheath as in 1411.7382



feedback damping

Trick from SQUID magnetometry:
can widen bandwidth

decreases loaded Q,
but not part of resonant circuit

so no additional noise \m Coil Damping
AAYA
NN

/774
>>_l:§earised
] Qutput

RFL

P N——

: Flux Locking
7777

[Seton et al. Mag. Res. Mat. 1999]




Dominance of thermal
nolise IN resonant circult
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S DCSQUID : Fl
ux Locking 72 (A )
J w
S(I)(f)N S(I) (f) N2w2M2V25V(f)
Optimize w.r.t. Ns: .
5 shot noise
thermal < 10 /
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4kpTL, [ 4% 1070 QpAw A/ 6 2w (11 Syg
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Other noise sources

* Shielding noise: can reduce with
superconducting shield

e Current noise: probably minimal it current-
carrying wires are superconducting, but

may contribute small azimuthal current. Can

reduce with a bias current in toroid, or envelop

toroid in overlapping superconducting shield

« 1/f SQUID noise: dominant below 50 Hz, worse
at low temperatures, maybe mitigate with
modulation?



