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Axion vitals

Mass: sub-eV
Spin: O
Parity: odd
Charge: O
Field value: angular

‘axion decay constant”
or
Cb(fu) = faé’(a?“) “Peccei-Quinn (PQ) scale”

0 € |—m, 7| (dimensionless)

Yoni Kahn



Who ordered that”

Lqcp D 32 5 1T GWGW w1~ 3.6 x 107199 ¢ cm
7T
10-”; ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
ol o Why so small?
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Solution: axion dynamically cancels ¢

a 1 ~
T L GHY
Locp D (6’ fa> 353 r G,,G

[B. Filippone; Peccei & Quinn, Phys. Rev. Lett. 1977]




Axion DM: here and now

2pDM
a(x,t) = V2 cos(mqt + O(vpm )X)
/ma
amplitude set by e.9. Ma =107" eV
local DM density AComp ~ km

oscillates at frequency
set by DM mass

TComp ™~ US

Local DM velocity == Spatial coherence == Temporal coherence

ACOm TCOm
— _ P _ P
UDM DM

Experiments can exploit enhanced coherence time

[Graham and Rajendran, Phys. Rev. D88 (2013)]



Perspective #0:
Everything I'm going to
say has caveats.

(c.f. WIMP does not mean

MSUGRA neutralino)



Perspective #1:
AXIoNs can teach us a lot
about cosmology
and astrophysics



Two scenarios for PQ breaking

1 O

|

BIG BANG

q

recombination
/ \ end of inflation

causal
contact

N

INFLATION

[Baumann, 1807.03098]

singularity



Two scenarios for PQ breaking
Qpu ~ fab
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Ja > Hp, TR : pre-inflation, two free params for relic density

[Baumann, 1807.03098]



Two scenarios for PQ breaking

T
QDM ~ fa<9@2> ~ fa?
4 0,
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causal
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a; singularity

fo < Hj: post-intlation, one free param. for relic density

[Baumann, 1807.03098]



Axions and inflation
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Axion DM discovery implies low/high intlation scale!

Yoni Kahn [Cortona et al., JHEP 1601 (2016)]



ark matter supstructure

Milky Way halo is not smooth!
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Axion “halometry”
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Much easier to identify structure in g(v) for axions than WIMPS

Yoni Kahn [O’Hare and Green, Phys. Rev. D95 (2017); Foster, Rodd, Safdi, Phys. Rev. D97 (2018)] 11



AXxlons and reheating

_ _ decays to gluons
It reheat temperature is too high,

axions thermalize and
contribute to Ne:
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Axion discovery + null CMB-54 implies upper bound on Tg!

[Baumann, Green, Wallisch, JCAP 1808 (2018)]



Perspective #2:
We will reach the QCD
target for the axion-photon
coupling In 20-30 years



Axion DM modifies Maxwell

Generic coupling to E+M:

1 ~
LD —chwfy@Fw/F/W

In presence of static background EM fields,
induces oscillating response fields:

OE.. oa
VXBTZ Y Ja~y~ (EO X%—Bgat)

V- E,. = _gafyfyBO ’%a

gradients suppressed by vpar ~ 1073

[Sikivie, Phys. Rev. Lett. (1983)]



AXIoN-pnhoton searcnes

OE, 0
V X B, = By - gay~Bo 8? Cavity regime: AComp ~ Llexp
N—— ADMX
V X B, = %E/;f | gaWBO gj Quasistatic regime: Acomp > Rexp
—— ABRACADBRA
Jeff

OE.. oa
V/BT. = 5 - GayyBo = > Radiation regime: Acomp < Rexp
MADMAX



ADMNX: resonant cavity detection
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Yoni Kahn [Rosenberg et al., ADMX collab.; Graham et al., Ann. Rev. NPS 2015] 10



Quasistatic regime: ABRACADABRA
B

» broadband or

resonant
detection in
8/]2/ da . .
B, = 42~ +gq, — zero-field region
VX Vot 7 nBog; J

T ‘Q“«i@'
NE=S

(I)a(t) — Yaryy \/ZIODM COS(mat) X (BmaXVGtoroid)
Volume enhancement: B-field energy scales as B; V'~

Yoni Kahn [YK, Safdi, Thaler, Phys. Rev. Lett. 2016] 17



Radiation regime: MADMAX

OE.. oa
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Yoni Kahn [Millar et al. JCAP 1701 (2017), MADMAX working group Phys. Rev. Lett. 2017]
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Axion-photon coupling: the future
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Yoni Kahn [Irastorza and Redondo, Prog. Part. Nucl. Phys. 2018] 19



Perspective #3:
The QCD target is
not the end of the game!



L Ine vS. bana

For the “canonical” QCD axion:

Nno
LD iGWéW — d3°P x~ 2.4 x 10716 % ¢ . cm wiggle
. Ja room!

Sut photon coupling depends on UV completion

p = ge'/ Lxsvz O ¢QrQr  Lorsz O ¢ H,Hy

_omn (€
Gay~y = ot X (C 1.92(4))

EM anomaly, color anomaly: integers

Range of possible values depending on PQ charges



Living off the band (photons)
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Living above the line (nEDM). ..
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Yoni Kahn [Hook, Phys. Rev. Lett (2018); Hook and Huang, JHEP 1806 (2018)] 23



...or below the line (hEDM)
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Instanton effects can make
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[Agrawal and Howe, arXiv:1710.04213]



Perspective #4.
_ooking for the nEDM
coupling for axion dark matter
s really hard



Comparing EM response
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The NMR loophole

Previous argument based on Maxwell only...
but Dirac told us how spins couple to EM fields
H =¢€5d,(t)-E" < uny -B (1)

osclllates at w = My Larmor oscillations:

wr, = 21N Bext

SQUID /\ B... opins precess around B
pickup T Vi and E, resonance In

transverse magnetization when

loop U
A* 2N Bext = myg
ferroelectric crystal /

[Budker et al., Phys. Rev. X (2014)]




NEDM parameter space
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[Irastorza and Redondo, Prog. Part. Nucl. Phys. 2018]



Closing thoughts

There is a clear parameter space target for the QCD
axion, at least as well-motivated (in a Bayesian
sense) as the canonical SUSY WIMP

An exclusion of all or part of this parameter space
would be great - but it wouldn't rule out axions!

f we are lucky enough to discover axion DM, the
orospects for learning more about inflation, DM halo,

and the thermal history of our universe are even
better than for the WIMP

Many more experiments in the coming years!



Backup Slides



ABRACADABRA reach

Qs breaks  ABRA-10cm prototype:

down
Full-scale reach: (detailed sim.
o - v=mg/2n - (r}]He/eded)
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---- Broad: Bpax =5 T, Vg = 100 m ?
——Res: Bnax =5T,Vg=1m?
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QCD axion Data being analyzed now -

stay tuned!

Yoni Kahn [YK, Safdi, Thaler, Phys. Rev. Lett. 2016; Winslow, YK, et al., ABRACADABRA collab.] backup



MADMAX reacn

Broadband and resonant 3-year runtime:
modes possible: =1 if Vo [GHY)
QCD axion 1 10 102
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/ B(ua)2 dv, = Nyigs X const. Excellent prospects
in high-frequency regime

Yoni Kahn [Millar et al. JCAP 1701 (2017), MADMAX working group Phys. Rev. Lett. 2017] backup
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Photophobic ALP
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Left-right symmetry:

LD %(WRWR — WL/M\;L)
IR coupling to photons

only at two loops and/or
suppressed by axion mass

Note: NOT
the QCD axion!
No coupling to gluons

|Craig, Hook, and Kasko, JHEP 1809 (2018)]



