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Outline

- Summary of Axion and ALP DM
- Axion DM waves in Magnetic fields
- Dish experiment

- Understanding cavity experiments
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Beyond the SM

... at low energies

Standard

Model

«avd s

a%m /‘)

Describes
extremely well
fundamental physics
(at low energies)

but feels certainly

INCOMPLETE
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... at low energies

Answers are
awaiting in the

high energy frontier

where more symmetric
beautiful theories arise

... and can
imply physics at low
energies

| "Sftand'afd

~ Model

v s

Friday, 13, December,2013



Standard

Model

v Us

... at low energies

Weakly
Interacting

Slim Particles
WISPs
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Axions!

- Strong CP: Quinn and Peccei solution: new anomalous U(1) symmetry

87 ~ a
Lo = 8_Str {GZ”GQW} <9 4+ f_> the QCD theta angle is dynamical !!
T a

- Axions have predictable properties, which depend mostly on f,
(Energy scale at which the U(1) is spontaneously broken)

- Axion properties

o 109 GeV

__. m, >~ 6meV
fa

~ 2 a
(FWFM )Ca’wf_

a T, 1)

8%

S 87
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Jay = Cav~y 27Tf
a
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Axions!

- Strong CP: Quinn and Peccei solution: new anomalous U(1) symmetry

84 ~ a
Lo = Sty {GZWGCWV} (9 + f_> the QCD theta angle is dynamical !

ST a

- Axions have predictable properties, which depend mostly on f,
(Energy scale at which the U(1) is spontaneously broken)

- Axion properties

a 0,1,
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Axion cold dark matter

- Axions decay 1 1 ,
- T~ X —— only low mass axions

g?wmg mg can be DM!

- THERMAL PRODUCTION  Ptoday ~ Ltoday ~ meV

my, > meV7??
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Axion cold dark matter

- Axions decay 1 1 ,
- T~ X —— only low mass axions

g?wmg mg can be DM!

- THERMAL PRODUCTION  Ptoday ~ Ltoday ~ meV

p
- - ~Y ca(x)
NON-THERMAL — p~H<KT B(z) = pla)e T
- initial conditions ~
- decay of cosmic strings, domain walls 4
alto) e (—m,m)
fa |
At PQ phase transition
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Axion cold dark matter |

Realignment mechanism

(Field space)
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Axion cold dark matter |

Realignment mechanism Cosmic Strings
(Field space) (Position space)
(T>QCD)
3T
a = — a =T
2
T
a = —
2
a=70

O(z) = plx)e’ s / / / /
Qvr <4O,ueV)1'184
b
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Axion cold dark matter |

Realighment mechanism Cosmic Strings Domain Walls
(Field space) (Position space)
(T>QCD) (T<QCD)
-
3T
a = — a =T
2
-
a = —
2
a — O a = 0

(1) (] d
1 J
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Axion cold dark matter |

Realighment mechanism Cosmic Strings Domain Walls
(Field space) (Position space)
(T>QCD) (T<QCD)
-
3T
a = — a =T
2
-
a = —
2
a=70 a=20

4 1.184
~ < M ) Sikivie, Harari et at.

1.184
Qobs ( 400ueV ) Shellard, Davis et at.
\

Qobs

Kawasaki, Hiramatsu et at
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Axion cold dark matter Il (PQ before inflation)

Realighment mechanism Cosmic Strings Domain Walls
(Field space) (Position space)
(T>QCD) (T<QCD)
-
3T
a = — a =T
2
-
a = 5
a=70 a=0 O

Size of our universe after inflation fits

0 a\2 71006V 1184 inside one of these domains
“VR (—0> ( a ) - CSs and DWs are diluted by expansion
- Whole universe has 1 initial value for a
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QCD axion cold dark matter (two scenarios)

JalGeV]
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+ Bounds on axions (and prospecis)

JalGeV]
10 10 102 10" 109 10° 10® 107 10° 10° 10* 10° 10% 10!

1 |||IIIIII |||IIIIII WIIIIII |||IIIIII WIIIIII |||IIIIII WIIIIII |||IIIIII WIIIIII |||IIIIII ‘

postinflation PQ I etescoe / EBL

(realignment+cosmic strings+DWSs) SN1987A

™) Globular Clusters (ga,)
preinflation PQ White Dwarfs (gae)

realignment)

ADMX ADMX-II
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+ Bounds on axions (

1014 108 102 10 1010 10°

1 |||IIIIII |||IIIIII WIIIIII |||IIIIII

JalGeV]
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Bounds and prospects in more detail

v |GHz]
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Gay = C = | IR X E
Y o f, : | i v -
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| T N
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Relic abundance of WISPy Dark matter (realignment)

keV initia ’
poo 12V %( Pinitia ) 7.

cm3 eV \ 4.8 x 10! GeV
keV
recall pcom = 1.2—
cm

- Initial amplitude, physics at very high energies
- WISPy DM opens a window to HEP
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Weakly interacting slim particles
Axnon like particles (ALPs) ()_

( pseudo Goldstone bosons ) ™
sl > I—~ = 7_‘_() 77 MAJORONS
Global continuous symmetry ¢ ] P, J
spontaneously broken at \\;}\ el \ > /‘f}/ 77 aj R-AXION FAMILONS
high energy scale f NCAEZERN Y /
/’/F,’? | - i
\_ d /
g St . ¢ . ’ ',5\\ A 4 )
ring axions DILATONS RADION
1 | BULK ‘\‘» D L
Sizes and deformations of « 2 \_ MODULI )
extra dimensions, . !
gauge couplings A
S "g__,/,
. /
Hidden gauge bosons
4 )
( Hidden (Dark) Photons, paraphotons ) ,
- Extra U(1) factors ubiquitous in string theory FATAVAYA ATVAVAVAVAY
- Hidden sectors required sor SUSY breaking )
- Stueckelberg or Higgs masses ...
\_ /
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General Axion-like particles (ALPs)

- Mass and coupling unrelated

- Scenario 1

fa<HI

(realignment+cosmic strings, DWs..)

Log;, g [GeV™']

I
—
[\

1 rr 1t

- CAST+Sumico

I
p—
|9
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General Axion-like particles (ALPs)

- Mass and coupling unrelated

- Scenario 2 (anthropic)

fa>HI

(realignment mechanism)

- Isocurvature constraints!!

I
—
[\

Log;, g [GeV™']

1 rr 1t

CAST+Sumico
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Experiments to detect axion DM

. DM A
- Dish antenna N

photon to detect!
B-field )g/www

- Cavity experiments DMa

\

amplify and detect

- Light propagation E mvwennnr B

- Oscillating EDM
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DM around us

GeV
CIn
velocities in the galaxy U 5 300 km/s ~ 10_36
4
. Na 29 ( HEV
phase space density 3 " 10 —
47Tp ma
3
occupation number is HUGE! » behaves like a classical NR field!
Fourier-transform a(x) S — mqv” ow 10—
| 2 W
w~me(l+v3/24 )
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Axion - photon mixing in a magnetic field .. ..

- In a magnetic field one photon polarization Q-mixes with the axion

L= %Fwﬁ“”a = —guyB - Ea

Not axions, nor photons are propagation eigenstates!

Axion-photon oscillations in a magnetic field, basis for
- light shining through walls (LSW): ALPS @ DESY, Gamme\V,...

- Helioscopes as CAST and SUMICO
- Astrophysical anomalies? TeV transparency ...

and ...

- Haloscope DM detection
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Axion - photon mixing in a magnetic field .. ..

Aj

a

(0 1) (e e )R )=(0)

axion mixes with A-component PARALLEL to the external B-field

- Equations of motion for a plane wave (

) exp(—i(wt — kz)).

k
- “Dark matter” solution v = ; , WX ma(l + 2)2/2 =+ )

()

It has a small E field! Xa

o] exp(—i(wt — kz)).

N Yary “B “
meg
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DM axions in a magnetic field

—

W,k,CL()

W~ mg > |k

B ext
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DM axions in a magnetic field

B ext
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DM axions in a magnetic field

el

a — WXap

B ext
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DM axions in a magnetic field

ﬁ
ﬁ
w, kK, ag
Ea:wxag
B, =0

B ext
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DM axions entering a magnetic field

— Cd, ]{T,CL()

Bext % 0 Bext —

sharp boundary
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DM axions entering a magnetic field

)

a — WXao

sharp boundary
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DM axions changing medium

4 )
Bext — B2
index of refraction 79
gBQ 1
X2 = %
Mg N5
\. /

4 )
Bext — Bl
index of refraction 711
gBl 1
X1 = 9
Mg Ny
\_ J
A
o = wx1a0
), k, ag

sharp boundary

dw < 1
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DM axions Chang'ng med'um Jaeckel and JR, PRDxxx, arXiv:1308.1103

4 ) 4 )
Bext = B> Bext = By
index of refraction 79 index of refraction 711
- gb> 1 gB1 1
X2 = 2 X1 — >
mCL n2 ma ’Tll
. / \_ J
E A
= WX20a — .
o = CASE Lo = wxi1a
<—T — W, k, on
. B ... ,
transmitted photon wave [ reflected photon wave
w,wna, (X1 — X2) M ag | w,wn (x2 — x1) T -
9 29 1 2 N1 —+ 1o 0 9 15 2 1 nq + no 0

sharp boundary

dw < 1
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Radiation from a magnetised mirror JCAPO4(2013)016

E, = wax cos(wg(t +vz2)).

1.0

0.5

0.0

-0.5
-1.0
magnetic field Efy _I_ Ea‘zzzmirror — O
Radiated photon wave E7 = —WeX COS(UJW (t _ Z))

whose frequency is Wy = Wq = ma(l -+ 2}2/2)
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3D situation

Ea = WY ag
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3D situation

- emitted wave perpendicular to the surface
- up to O(k/w) corrections ~ 0.001

- polarized ~ along the magnetic field
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Simplest experiment
Horns at al JCAP04(2013)016

light rays are focused
in the dish center ...
up to an angle of order

O(ky/w)

spherical reflecting dish
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Small electric field: how small?

- Recall that for QCD axions m, = 6 meV(109 GeV/fa)

ga”YB ~ 10—15 B C’Y

Xa ™ mg 10 Tesla 2

The small component does not depend on axion mass!

- We know the typical axion amplitude -> typical electric field

GeV

cmS

1
PCDM = §m3a(2) = 0.3

E|? ~ |maXato|? = x2pcom = X2 (2300 V/m)°
10712V B Cry

X
m Hlesla 2
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S'g na' Size Horns et al , JCAP04(2013)016

Pcenter ~ <|Ea‘2>Adish ~ XQpCDMAdish

B A
~10—26< C”) 1 Watt

5T 2 1m?
detector
center sph.
broadband! X % o)
< >

measure 1/octave of a decade
with the same detector at the same time
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Signal to noise

— Psignal ? Psignal \/ time (Pnoise — TSA(U)

S
N P oice T's Bandwidth
T (TSq.lim. — W)

measurement dominated by background

35K Area ( B (:7)2 time 1076 10 peV

Ts10m2 \5 T 2 1 year Aw/w  my

LI diffracion M, [ < 1

... need more area, more B, less noise, more time?
... up-fluctuation in the DM density?
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Dish antenna reach: Axions and ALPs

A v [GHz]
107! 1 10 102
J IRALIL LR R L L
[ | | : \\ ]
2 i N | \\ IAXO - Exp. Prospects
10 = 1 | K N =l - Axion models
— I ! N -
B I LA : —
B I || : :
: ~ DISH
o | ALPS s -
Carry X fCDM - <[t :
“ 0.3GeV/cm3 [ = :
| A B KSVZ ]
L [QCD:Axion
S5 :
I pastinflation PQ
107" | Antropic Go<D)  (6p>1) = .
- preinflation PQ
ﬂ 1 IIIIII| 1 IIIIII| 1 IIIIII| 1 IIIIII| I I_
107 1076 1073 1074 1073
V mg [GV]
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Limitations: piffraction

Better for small lambda
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Limitations: momentum distribution
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Limitations: momentum distribution

— - h
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Limitations: momentum distribution

R
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Limitations: momentum distribution and Earth’s motion with respect to DM

- o -
- wm -
| Em =
- wm =
| m -
am wm
- am -
-----
----- .
-
- wm -
| m -
---
- o -
- wm .
| m =

N
center of the distribution biased
an amount R77||,Earth—DM
--------- > Daily modulation

\ J
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Detecting the velocity distribution of DM!

At fist order rays from different parts of the
surface end up in the same spotina CCD

~
~
~
~
~ 11
- 1
~ 1l i
~
~
~
..
~
~

N | A

I
----- :::::

Measuring Intensity [ (dac
we measure velocity distri

Disclaimer:

-1 - Integrated over v |

- 2 - aberrations of order
so make r/R small
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Cavity searches (haloscopes)

- Different understanding of the conventional

HALOSCOPES

Friday, 13, December,2013



Cavity searches (haloscopes) Sikivie PRL 63

- Use two facing mirrors (simplistic resonant cavity in 1D)

transmission
coefficient t

detector

Friday, 13, December,2013



Cavity searches (haloscopes)

Sikivie PRL ‘83

- Use two facing mirrors (simplistic resonant cavity in 1D)

10

_5}

—10+
transmission
coefficient t

out amplitude
amplitude radiated

resonant va ~ 7 -+ 27T7’lj

N/

1/t

t2

wlL
h

-

L

Y2 Y

. detector

__J

w(l/mL]

|
10
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Cavity searches (haloscopes) Sikivie PRL 63

- Use two facing mirrors (simplistic resonant cavity in 1D)

resonant va ~ T -+ 27T7’lj . detector
'/ C negative interference )
_10%

10 -

-5

transmission
coefficient t

R ~ 1/t

8 .

= Ow t2

ele . | — 4

R N

3% :

25 .
w(l/mL]
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Cavity searches (haloscopes) Sikivie PRL 63

- Use two facing mirrors (simplistic resonant cavity in 1D)

resonant va ~ T -+ 27T7’lj . detector
10 . '

10

-5

transmission
coefficient t

5 ~ 1/t reso.nant
o|l8
ol | |
[
S8 0 | o Ter
_5, -g | suppressed
ola -

e |

= J\ J U L

2 i e s T | L

w(l/mL]
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Cavity searches (haloscopes)

- Power Loss (cavity tuned!!); putting an pickup we can ideally extract the same

W
Ploss — X ,OCDMAI‘ea Pout ~ 1()_20_ (

m?2

B ¢, * Area
10T 2 1 m?

- Usual 3-D formula is
Pout — K Q XQIOCDM (mav) g

Q quality factor

~ (JdV Epode - B)”

B ‘BPVde ‘Emode‘z

B e WAL ALAAS mias et aeaatts L e M A

) S e K coupling
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Cavity searches (haloscopes)

- Pillbox cavity

TE30

TE10
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Cavity searches (haloscopes)

- Pillbox cavity

SREITEENER o
ERavaneie iy
R3S STeeRe AUITTEeY
SESTTETEES it
BEe ieing MMk,
:q::: o WM,
Fletdounes MMM,

r H%/Hf‘f’ g
14}”,@1”**““ ///
*H‘h“fﬂ*'mf Fd
oA MK LI

#/f/ﬁ-{* MM //
PRI
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Cavity searches (haloscopes)

Lx,y,Z — (0.0 m X Ny vz

- Problem: we don’t know the axion mass -> scan over resonant freqs.

- Explore resonant frequencies (not many suitable, factor of a few)
- change L_s? (feasible?)

- Set of plugs? (typically small range)

- Massive tuning rods/whatevers?

- Different cavities?
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ADMX

http://www.phys.washington.edu/groups/admx/home.html

- Axion DM eXperiment ADMX (Washington U.)

Liquid He
T ~ 05K
Scan much faster!

lyear = 5 x 10°min

8T field, H =1 m, D =0.42m
meg > 2ueV

- ADMX-HF
Higher the mass; (smaller cavity...), larger bandwidth, QL higher

typically smaller signal; larger background -> less sensitive
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http://www.phys.washington.edu/groups/admx/home.html
http://www.phys.washington.edu/groups/admx/home.html

Cavity searches ll: ADMX and relatives
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— I | : \\\ _
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Comparison

llllllll

YT YSLITY
' ' RETYSLITY
vs Y YREITHRELYY
' TYTRLITE

L =mn/m,
- broadband - heeds tune
- quite insens. to mass - very sens. to mass

5 9
Pisnh Agishms Agishms

Y Y

Peavity  Qeavity ~ 10° — 108

- better at large mass - better at small mass
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Conclusions

- Axion DM - well motivated
- underrepresented (getting better)
- testable
- key targets not covered

- New experiment: dish antenna
- a little short for axions (ALPs,WISPs!)
- directional detection

- New understanding of the old experiments
- More experiments needed!, some on the go!

- ADMX-II, HF
- New efforts in EU, stay in tune!
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Getting better

- New IBS (Institute of Basic Science)
Center for Axion and Precision Physics (CAPP)
KAIST campus, Daejeon/Korea

-+in US, Yale developing ADMX-HF

- Europe getting involved (DESY, CERN, Unizar)

IAXO - Conceptual Desugn

* Large toroidal 8-coil magnet L =~20m

- International

2 * 8bores: 0.6 m diameter y »
AX' o n + 8 x-ray optics + 8 detectio systems ¥
* Rotating platform with services
Observatory

o
A

Support Frame

main goal: .,
solar axions

but also DM

Il\‘

et %\ Flexible Lines

Ll
! ‘ Rotating Disk

elescopes ' ’//‘
// ‘l |‘ "
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