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Parity and Time reversal




in particle physics (electroweak interactions)

P-violation (Wu 56)

&
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T-violation (CPLEAR 90's)

R(K' - K% — R(KY — KY)

R(K° — K% 4+ R(K° — KY)
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Neutral—kaon decay time (7]



.. but not in the strong interactions




Strong interactions SU(3)c (QCD)

1 ) _ )
LQCD — _ZG,LWCLGZ - Z ZC]’Y“DMQ — qmq
q
— /
I d
COCD = —§GWMG&\ + Z $dJ DA — dusd

W

P,T equivalent by construction




Strong interactions SU(3)c (QCD)

there is an extra term!
OCD instantons make eta’
much heavier than pions!




Strong interactions SU(3)c (QCD)

g—;ﬁ%aés” induces P and T (CP) violation o< 6

0 € (—=,m) infinitely versions of QCD...all are PT violating



Most important P, T violating observable d,, ~ 6 x O(10~'°)ecm

e
dﬁll P I¢
— A
™
v
EDM violates P,T

Neutron EDN

| 1 ¢ 1 v 1 ¢ 1 . | v 1
1950 1960 1970 1980 1990 2000 2010
Year of Publication



The theta angle of the strong interactions

- The value of & controls P,T violation in QCD

Measured today (6| < 107'° (strong CP problem)



Is there any preferred
value for 0 ?



no preferred value at high Temperature (7 > Aqcp)

by -
“'. l;\ . . 4

0' ‘ D -
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. -
- -
)
Ed
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Measured today |¢| < 10-'° (strong CP proble



Roberto Peccei and Helen Quinn 77

CP Conservation in the Presence of Pseudoparticles™

R. D. Peccei and Helen R. Quinnt
Institute of Theovetical Physics, Depaviment of Physics, Stanford University, Stanford, California 91305
(Received 31 March 1977)

We give an explanation of the CF conservation of strong interactions which includes the
effects of psecudoparticles. We find it is a natural result for any theory where at least
one flavor of fermion acquires its mass through a Yukawa coupling to a scalar field which
hus nonvanishing vacuum expectation value.

It is experimentally obvious that we live in a grangian.
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below confinement, theta = 0 minimises vacuum energy!

A generated by
non perturbative QCD!




OCD vacuum energy minimised at theta = 0

-...if 6(t,x) is dynamical field, relaxes to its minimum

A

Energy

—> generated by QCD!




ain’t you forgetting something?




and a new particle is born...

-if (¢, x) is dynamical field

Energy A —> generated by OCD!
N\
) | 0

Field Excitations around
the vacuum are particles

clears the
strong CP problem
like my favorite soap

it’s a higgslet!

S.einberg F. Wiczek



and a new particle is born ... the axion
-if (¢, x) is dynamical field
EﬂEngT\ - i generated by QCD!

AXIO0A

\&\f» THE ERHSE

clears the
strong CP problem
like my favorite soap




how do we search for the axion?



and a new scale sets the game, fa

- kinetic term for ¢/ requires a new scale

Energy‘ —> generated by OCD!
N\
< )l 9 p— a/fa

i _ 1
Lo= G aG"0 + 5 (0,0)(2"0) £

8 ¢

— % al @ | 1 %
£9 SWGMVCLGGJ fa | 2((%&)(3 a)




Axion couplings at low energy

- From 6-term, axion mixes with eta’ and the rest of mesons

;(au@) (0"a)




Axion couplings at low energy

Mass o
Mg = My = 0 meV —gmm
fa
hadrons, Photons

The llghter the more §
weakly mteractmg "




Axion Landscape

f21GeV]
104 108 102 10! 10 10° 10® 107

!
|

fo > VEwW
Invisible models

| | | |

1077 107 10° 10~* 10~ 10~2 107!

mgy[eV]

1

10° 10° 10 10° 10% 10!

fa ~ VEW
POWW
models

(soon ruled out)

Reactors

Beam
Dump

Had. dec

10 102 10° 104 100 10°



where does this new scale come from?

- Electroweak scale ruled out

- higher new physics scale, unrelated to others ...
- It can be ~ grand unification scale

- It can be ~ string scale



where does this new scale come from?

- Electroweak scale ruled out
- higher new physics scale, unrelated to others ...
- It can be ~ grand unification scale
- It can be ~ string scale

but others have plenty...
a string axiverse!

7" heterotic string theory
- has a model
independent axion

iE. Witten’06

S.Dimopoulos’10



how do we search for such a weakly
interacting (low mass) particle
that interacts like a meson?

astrophysics and dark matter
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Axions and dark matter

- 0(t, x) relaxes to its minimum, overshoots and oscillates

Energy A —> generated by QCD!

time

A

V>| 0(t) = 0y cos(mgt)



Axions and dark matter

- 0(t, x) relaxes to its minimum, overshoots and oscillates

Energy‘ —> generated by QCD!
time
< V>| 0(t) = 0 cos(mgt)

Loherent oscillations
e T

| ., "
. . .

. Dark Matter Axions..*




Theta evolution, Averaged SCENARIO |

A




Dark matter density, inhomogeneous at comoving mpc scales

minicluster seed!







One misalignment angle singled out



singled c




Axion dark matter scenarios

falGeV]
1014 1013 10?2 101! 1019 10° 108 107 10° 10° 10* 10° 10%¢ 10!

_ — —

- Axion DM scenarios

‘tuned (anthropic?))( ok )@une@ Excluded

Excluded (too much DM) ok m’

g Astrophysics and cosmo

I | \
107 10° 10° 16* 107> 10~% 10 1 10 102 10° 104 10° 10°

eV
Initial conditions set by : aleV]

Inflation smooth | |./iEECRTELET N (BN | Phase transition (N>1)
Qupmih? ~ 6} (80”5?) strings+unstable DW's strings+long-lived DWs




Axion dark matter

- The amount of axion DM produced depends on fa

- large fa, small curvature, oscillations start later->more DM

7t

< >

- small fa, large curvature, oscillations start earlier -> less DM




Axion dark matter

- The amount of axion DM produced depends on fa

fa|GeV]
10 108 10'% 10! 10 10° 10® 107 10° 10°
10 \ =
N PN N, Obs. DMdensity ____
= 107 =
= = =
< T .
z VF E
4 — -
. — =
U =
107 ' =
sk
107k ) k =
108 1077 10°® 107> 10* 103 1072 10! 1 10 102

me|eV]



Detecting SCI Axions




SQUID
pickup
loop

Cavities m LC-circuit

Syinprceson Jf Wamic vanscions J;l —optial—

{00

1.2-10°

mic transitions

4-1.2:10°

PD 2
¥

energy (eV)

//’Kl PD 1

b N2

1 1 -2.5:10"
10.0 150 200
magnetic field (T)

v

M2




Axion Dark matter experiments (target areas)

1014 1018 1012 10! 1019 10° 108 107 10° 10°

(] o
test bench — .

ADMX :
Rvra — only one running

107 10° 105 104 103 102 100! 1 10 102
m,|eV]



Oscillating EDM: CASPER

—

B ext

TB’ext R oy, 7
4/ BN

SQUID [\

pickup

loop U

Static EDM, effects cancel in a period

—

. Bext
magnetic signal < np e dE T. 3

~ Y

number  nuclear spin Schiff nuclear spin

A
density polarization suppression coherence time % N\
/ / \

- EDM + Large E-fields in PbTiO3

- Mainz (D. Budker’s group) & Berkeley e
- B-field, coherence time, sensitivity to m < neV Oscillating EDM, effects add up,
- Timescales ... ask your colleagues! transverse magnetisation grows

- Mass range limited by B-field strength if o =w = |Bex




Axion Dark matter experiments (target areas)

1014 1018 1012 10! 1019 10° 108 107 10° 10°

(] o
test bench — .

ADMX :
Rvra — only one running

107 10° 105 104 103 102 100! 1 10 102
m,|eV]



Axion DM in a B-field : two photon coupling

a a
[:[ — —Ca/y%f—B . E

- In a static magnetic field, the oscillating axion field generates EM-fields

L1 = —Co—0(t) Boyi - E

a
Yo 6 pm-field

K.

B-field



Detecting axion DM

- Axion DM, ¢ = 6, cos(m.t), in a B-field is a source in Maxwell’s eq.

V-eE = p; In a magnetised medium
OcE c,abyB
VxH- "~ = Jr— t) = L2 cos(mygt)
ot 27e
V-B = 0
0B
i E =
5 + V X 0

- Electricfields £ =1.3x10"'2 V/m 15 = OZV . (amp independent of mass!)

- Oscillating at a frequency w ~ m,



Dish antenna experiment?

The E,-field excites surface electrons coherently
EM radiation from a reflecting surface
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Layered dielectric haloscope: MADMAX

Cold

%,
%
2

Experimental idea

Metallic disc
~80 high dielectric plates spacing ~mm (e=x)

to cm range for boost in the frequency

\

//////////////// /// = 7 // ////////////// o / / //// ...............
M

A

band 10 to 100 GHz

| =

1N Tecla dinnle maaonet




Axion Dark matter experiments (target areas)

1014 1018 1012 10! 1019 10° 108 107 10° 10°

(252 notm

test bench—

SCINARIN |

NS

ADMX :
Rvra — only one running

107 10° 105 104 103 102 100! 1 10 102
m,|eV]



Cavity experiments

- Haloscope (Sikivie 83)
“Amplify resonantly the EM field in a cavity”

P ~ Q‘EQ‘Q(Vma)g/Q (on resonance!)

(integrate the power in a coherent time)

Tn




SAAVY  4dvD-LSYD

\o {
B \%

A Jeoumny $
Ay jexpunhd !

qejiio4-XINay

Cavity experiments

dH-XINAV



Goals

Field Cancellation Coil

SQUID Amplifier

Cavity Frequency (GHz)

1 10 100

e
o‘
-

package -
'3 /§\ \\\\White Qwarf and Supemava Bongs, | | \ \\N\N\\N\WVY~
Refrigeration = 10" ‘;_: M.-—---;’c;;l&“_‘_‘_‘_‘ff-—~='
~ . G - \Ni‘ ——___,_.
Antennas @ g (B B o
é EN 2019
8 Tesla Magnet E 1015 [on .
S 10 N 7 ) . E
- Lo Successively smaller cavities allow
Microwave cavity T access to higher frequencies
10-16 .
10 100 1000

Insert + Magnet
Schematic

Insert extraction
from magnet

Scanning over frequencies

Frequency (HMHz2)

Axion Mass (peV)

798

788

696

686

956

T A A ' A A

0 90 188 156 260 250 3080 356
Rod Position (Angle)

500




Axion Dark matter experiments (target areas)

1014 1018 1012 10! 1019 10° 108 107 10° 10°

(252 notm

test bench — .

J SCENARIO |

DY ADMX .
e -— only one running

107 10° 105 104 103 102 100! 1 10 102
m,|eV]




Conclusions

- Strong CP p b “hint” for new physics

'

- Axion solution, almost embedded in QCD
- Axion Dark matter UNAVOIDABLE
- DM density related to f_a, but initial condition problem

- Axion DM experiments :
- Oscillating EDM
- Cavity (ADMX running, more to come)
- Layered Haloscope (future)
- other ideas pursued

- Axion non-DM experiments too



