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The strong CP “hint” and axions

- U(l)a is color anomalous, CP-violating phase 6 = 6qcp + ¢ is physical
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- why is soooo small? is there any fundamental reason!?
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FCP symmetries? || - New axial U(l) c.a. symmetry
- (not in SM) - spontaneously broken (PGB!)
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Axion mass and couplings (and model dependencies)

- Peccei-Quinn symmetry, color anomalous, spontaneously broken at Ja

L= Loy +iQDQ — (yQrLQr® + h.c) — A®[* + 12| ‘ ‘
a(@) \

®(z) = p(x)e’ 7o (KSVZ model)

- At energies below fa L € (3&) GGf_
a
- At energies below Aqcp, a —1n' — L N — ... mixing
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axion couplings
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Parameter spaces: generic

falGeV]
10 108 102 10 10 10° 10® 107 10° 10> 10* 10® 10% 10!

1 |IIIIIIII |IIIIIIII |IIIIIIII |IIIIIIII |IIIIITI_I_|IIIII'I'I_I_|IIIIIIII |IIIIIIII 1NN ULLLLALR LLLLALA (LUK

Hot-DM / CMB / BBN

- SN1987A
-
T

I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII | IIIIIIII | |||||||I | |||||||I | IIIIIIII | |||||||I | |||||||I L

1077 10° 10 10* 1073 1072 107! 1 10 102 10° 10* 105 10°
my[eV]

R _I
ADMXI :ADMX—II

- Axions (if existing) are very light and very weakly interacting!
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Axion cold dark matter
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time, |/T
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vacuum alighment

Axion cold dark matter

small mass, small interactions,

- Axions

time, |/T

- non-thermal DM, Initial conditions

»
>
»
»
»
»
»
»
»
>
»
»
»
»
>
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»
»

rh»

AARARAARAARAAAAR AR
AMAARAARAARAALARAARARR AR AR A Ay
AAARARAANAANAAAAAAAAAAAAAAAAAAAAAAAY
AAAAARAARAARAA AR AR AR AR AR AL
AAAAARAAARAARARRARAARARRARR AR A Ay
AAAAAAAANAANAAAAAAAAAAAAAAAAAAAAANY
AAARARAARAARAR AR AR AR AR AR AR AL
AALAAAAAAAARAARAAAARAARAARRARRARAARY
AAAAARAARAANAAAAAAAANAAANAANAAARAARAA
e
ARAAAAAAARAAAAAAAAAAAAAAAAAALAARAAAY

—
=CDM
PEPIPPIPIIPIIPIPPIPP
PRIPIIPIIPIPPIIPIIP
PRIPIIPIIIIIP
PEPIIPIIPIIP

»
rr
,r
o
rr
,,
>
,r )
~,
”r
,
~r
rr
,’
o
,r)
,
r»
r )
~
o
,r
Ll
,rr
,
o
,r )
L
o
r )
~
rr
,
~
, )
,
o
)
Ll

ARAARAANAANAAAAAAAAAAAAAAAAAAAAAAAAAAAAY
ARAARAARARAAR AR AR AR AR AR A

oscillations

BLPIPIIPIIPIIPIIIIIIIIIIPIIPIIPIIIIIIP

ASAARAAAARAAARAARARRARAARARRAA AR AR Ay
ARAARAAAANAANAAAAAAAAAAAAAAAAAAAAAAAAY
ARAARAARAR AR AR AR AR A AR AR AR AL
ARAARAAAAAAARAALAARARAARA AR AR AR ALY
ARAARAAAAAAAANAAAAAAAAAAANAANAAAAAANANY
ALAAAAARAARAR LA AR AR AR LA AR R s Ay
ARAARAAAAAAAAAANAAAAAAAAAALAAAAR AR ALY
ARAARAARANAANAAAAAAAAAANAANAARAARAARAAY
ALAAAAARAR AR AR AR AR LA AR AR A A Ay
AMAARAAAAAAANAANAAAAAAAAAAAAAAAAAARAAY
ARAARAARARAANAANAAAAAAANAAAAAAARARAA
AVCAARAARARAARAAR AR AR AR AR AR AR A Ay
ARAARAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAY

)

PR

- eee
(]

casnma

DAL .

44

AAAAALAAN
AAAALAAAAY
A AAaAaady

"’)"MW&V«

P AA) A

| messssssssssssswsew

,muM s it
DAy
w vl

Thursday, 26, June,2014



t

ignmen

vacuum al

Axion cold dark matter

time, |/T

Damped

realignhment only

SCENARIO

small mass, Gias

- non-thermal DM, |

- Axions

llations=CDM

OsCl

2

INFLATION

QCD

4

-

< w.\‘c. YA

,;-3

AARAARAAAAAAAANAAANAAANAAAAANAANAANAANAAAAA

AARAARAARANAANAANAANAANAAANANANAANANAAD
AAAAARAARARAARTA AR AR AR AR AR AR AR A Ay
AARAARAARAAAANAASAAAAAAAAAAAAAAAAARAALY
AARAARAARARAARAAAAAAAAAAANAAAAAAARAAAY
AAAAARAARAAAARA AR AR AR AR AR AR AR A sy
AALAARAAMAAAANAAAAAAAAAAAAAAAAAAAAAAAAAY
AARAARAARARAARAARAA AN AR
AAAAARAARARAARAARAAR AR AR AL AR AR ARy
AARAARANAAAAMANAAANAAAAAAAAAAAAAAAAAAAAAAAY
AAAAARARAAR AR AR AR AR AR AR AR AR A AL
AAAAARAARARAARAARARRARAARAARARR AR ALY

ARARAAAAAAARA AR AR AR AR AR AR AR AR aa Y
AAARAAAAAAANAAAAAAAAAALAAAALAAAAARAAY
AAARAARAAAARAANAANAAAAANAAAARAARAAARAAY
AAAAAARARAARAAR AR AR AR AR AR AR Ay
AAARAAAANAANAANAAAAAAAAAAAAAAAAAARALZLY
AAARAARARAARAANAAN AR
AAAAAAAARAARAAR AR AR AR AR AR AR A Ay
AAARAARAANAANAANAAAAAAAAAAAAAAAAAAAAAAY
AAARAARAARARAARAA AR AARAAR AR AR A
AAARAARARAARAARARRARAARARARARRAR AR A
AAARAAAAANAANAANAAAAAAAAAAAAAAAAAAAAAAY
AAARAARARAARAARAA AR AR AR AR AR LAY
AAARAARARAARAARAAAARAARARRARRARRARAARY
AAARAARAARAANAAANAAANAANAAANAANAANNARAAAAA
AAARAAAAAAARAAR AR AR AR AR AR AR Ay
AAARALAARAAAAANAAAAAAAAAARAAAAARAARAALY
AAARAARARAARAANAAANAAAANAARAARAARAARAY
AAAAAAAARAARA AR AR AR AR A AR AR Ay
AAARAARARAANAANAAAAAAAAAAAAAAAAAARAAAY
AAARAARANAANAANAANAANAAAAAAAAAARAAAAAY
AAARAARALAARAAR AR AR AR AR AR AR A Ay
AAARAAAAAAANAAAAAAAAAAAAAAAAAAAAAAAAAAY

BLIPIIIIIPIIPIIPIIIIIP
D A A A A

B e
B e e
R

B

e ssssesswess e

LIRR N b e
AR T
a2 L
" n”1h 67” -

mm‘ﬁb ks

¢ r& W «ﬂ‘lfv‘ v\n\\ N

!»A\'d(ﬂtl(ﬁn
o5 B LGS o..n A
¢ - .va.ﬂ(:“ @v
AR uwv..?
& ﬁﬁwpx.
rsewhsuou( stm« & 1
ot

.k&)ﬂ:‘
N X +LINT
At S ARIERD
TR TR o

A FLE ~ort d‘w
-
&, ol 7
‘
0%
e
M

v v»\‘ﬁ DV)V -k(s'wA <
4 RS P IR

Thursday, 26, June,2014



Rough relic abundance of axion Dark matter

- Energy density redshifts as matter, from the onset of oscillations

R\’
Pa ( ) HIAQCD R(t)

() ~ () ~ ()~ (Gs) =i
Ry T vHimp VMamp1

- today... - doing it properly... (thermal axion mass)

[paoso) x 62m; ] [paoso) x efm—”ﬁ]
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Axion DM abundance fitting the observations
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The isocurvature problem after BICEP2

- Axion fluctuates during inflation (entropy perturbations)

L _dg) d@) _ P
Be oy, a? B m2a? - T2 267

- lo—l;’_

insisting on axion DM 07 = 0;(f,)
Constraint f,(H) fa > HI \

[ (,=0.0001

Axion Isocurvature
Fluctuations

A EXCLUDED

16 C
10 1072

ICEP2 95%CL

6,=0.01

BICEP2 would exclude SC-Il % 10" A
in the simplest models... = 6,=0.1 ‘ {10 =
< ni2f ~ = =
g 6=1 ADMX/ /> Q0
of course, there are plenty = o el
] ) - e
of ways out 10°h; 5152 / {10~
108 | White Dyeds Cooling Time ||
10* 10 108 10" 102 10™

H[ [GCVI
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Experiments to detect axion DM

. DMa
- Dish antenna AN

photon to detect!
B-field )g/vvw

- Cavity experiments DMa
amplify and detect

B-field

- Light propagation E Moy B

X
- Oscillating EDM ‘ ‘ ‘ ‘ ‘
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DM around us

GeV 1 _
pcpm =~ 0.3 63 = Mang ~ —m?2 f26*>—> 0 ~ O(10 19)
cm 2
velocities in the galaxy v < 300 km/s ~ 10 3¢
4
n eV
phase space density 0’3 ~ 1()29 ('u_)
47p My
3

occupation number is HUGE! ———5 still can treat it like a classical (NR) field

Roughly ... &(t) = Ay COS(mat)
Fourier-transform a(aj) Sl — Mav” dw 10~
2
W~ me(l+0v/2+..) e N
f : W
myg,
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Axion - photon mixing in a magnetic field

Raffelt, PRD’88

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

QY ~

ﬁ[ — —gaf}/B . Ea/ Javy — Cawwm

B-field

Not axions, nor photons are propagation eigenstates!

(Axion-photon oscillations in a magnetic field, basis for
- light shining through walls (LSW): ALPS @ DESY, GammeV,...
- Helioscopes as CAST,SUMICO and IAXO ...

- Astrophysical anomalies? TeV transparency ...

and ...

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

Raffelt, PRD’88

- Equations of motion for a plane wave ( A;” ) exp(—i(wt — kz)).

= (5 1)+ (ptme )] (0)=(5):

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

- “Dark matter” solution v = — ; w~ ma(l + U2/2 + )
W

(%)

It has a small E field!

DM
B Cry
10 Tesla 2

Ea ~ 0;A || ~ maapX ~ /PcDMX

~ 107 1°
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DM axions in a magnetic field

el

a — WXao

B ext
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Photons from Transition radiation!

Jaeckel and JR arXiv:1308.1103

el

a — WXaop

W, WL,

E, Eq
2

Bext # 0 Bext —

sharp boundary
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Photons from Transition radiation!

Jaeckel and JR arXiv:1308.1103

4 ) 4 )
Bext = Bo Bext = By
index of refraction 719 index of refraction 771
gBQ 1 gBl 1
X2 — m, TL% X1 — m, TL%
\. / \. /
= A
Ea = wxaao B, = wx1a0
(J «— W, ka ag
. E— B ....... .
transmitted photon wave l reflected photon wave
1 n2
W, wna, (X1 — xg)mwao w,wni, (X2 — X1) T wag

sharp boundary

dw < 1
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Photons from Transitioi"pz radiation! are perp!

Sl

Ao ~ 1/k

HEE)\VN 1/w
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Simplest experiment: Dish antenna
Horns at al JCAP04(2013)016

Pcenter ~ <‘Ea‘2>Adish ~ X2,0CDMAdish

~~"~ B C 2 A.
~ 10720 [ =X ) —Watt
el <5T 2) Tm2

/ Rl

spherical reflecting dish
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Simplest experiment: Dish antenna

Horns at al JCAP04(2013)016

A=10m2,T=5K,B=5T,t=Ilyear,

A=10m2,T=QL,B=10T,t=lyear,
0.3GeV

cm?

PCDM "~

[ —

———
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measure 1/octave of a decade
with the same detector at the
same time




Possible improvement

Enhance the emissivity by multilayers of dielectric

> X%XeffNXXN
> v [GHz]

10 102
10 T T T T T T 10?

+ back production and all reflexions ...

4 |layers tuned lambda/2

1]

10 10

xeff/x

Increases sensitivity
but losses bandwidth

107! 107!

1072

1072

T j N
—
—

1074 1073

—_—
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Cavity searches (haloscopes)

- Different understanding of the conventional

HALOSCOPES

Thursday, 26, June,2014



Cavity searches (haloscopes) Sikivie PRL ‘63

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

1 — ret
1 — r2pi2wl

detector

transmission
coefficient t

w L

@)
Eowt ~tE, (1 — rei‘*’L Z ') b t B
b=0

round trip losses & phase

~ 0 for wlL = 2mn
~ (0 for wL =74+ 2mn

(optical resonator fed from both sides)
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Cavity searches (haloscopes) Sikivie PRL ‘63

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

detector

resonant w,yL ~ T 4+ 27'('77)

1ot C negative interference )

transmission
coefficient t

8 ~ 1/t
glg
%;‘g | ow t2
§§ T Um wlL
g§- 2 — [
AN
w(l/mL]
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Cavity searches (haloscopes)

Sikivie PRL ‘83

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

resonant w,yL ~ T 4+ 27'('77)

—10+F
transmission
coefficient t

out amplitude
amplitude radiated
2

-

Thursday, 26, June,2014
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Cavity searches (haloscopes)

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

1 o1 W B ¢ \°
Ploss = t_QXQIOCDMArea FPout ~ 10 2! < 7)

m? \ 107 2

- Usual 3-D formula is
Pout = K Q X°pcom (maV) G

A e Q quality factor

G ([ dV Epmode - B)”

B ‘BPVde ‘]Emodey2

K coupling
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Comparison

.......
.............
............
.............

IIIIIIIIIII

VS

HHPH

L =m/mg

- broadband - needs tune
- quite insens. to mass - very sens. to mass

9 9
Piish Adisnm? Adisnm?

Yy Yy

Peavity  Qcavity  10° — 109

- 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
- broadband/miniclusters!
- good for ALPs, hidden photons!
- boost with dielectric layers!

- New understanding of the old experiments
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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
- CASPER

- Europe getting involved
- CASPER, Budker@Mainz
- DESY, CERN, Unizar

- International AXion Observatory IAXO — Conceptual Design
*  Lage woeoidal 8-coil magnet L » 20 m r < ‘_. - -
H o *  8bores: 0.6 m diameter P
maingoal: e >
solar axions | | =
but also DM - pr
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