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Beyond the SM

... at low energies

Answers are
awaiting in the

high energy frontier

where more symmetric
beautiful theories arise
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Beyond the SM
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The paradigmatic exai

mple: Strong CP problem

g ey
Ly =t { Gl G } 0
neutron EDM
fn
dﬁu P &
— 1A
A Y

Violates Pand T

QQCD - (—7T,7T)
arg det M, ~ O(1)?

Prediction:

d, ~ 1070 ecm
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Non Observation:

d, < 2.6 x 1072% ecm

Prediction:

d, ~ 1070 ecm
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Peccei-Quinn symmetry and the axion

Introduce a new axial global color-anomalous
symmetry, which is spontaneously broken at a
high energy scale, >>> TeV
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Peccei-Quinn symmetry and the axion

Introduce a new axial global color-anomalous
symmetry, which is spontaneously broken at a
high energy scale, >>> TeV

» Ma.ssless Goldstone Boson: the axion

to = g2 {Gr G} (64 1)

Free parameter /

The QCD induced potential is
minimized for ...

g = 0+ Y — 0
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Peccei-Quinn symmetry and the axion

Introduce a new axial global color-anomalous
sy metry, which is spontaneously broken at a
hig

The axions adjusts its v.e.v. to cancel
the effects of any theta,!
\

; _ 2 1224 ~ | v
Lo SWtr{G; G@WC}(Q 'fg)
Free parameter /

The QCD induced potential is
minimized for ...

g = 0+ Y — 0
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Axion mixes with QCD mesons and gets ma.ss and couplings

Masss f 1 09 GV
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Axion mixes with QCD mesons and gets ma.ss and couplings

Typical from Nambu-Goldstone Bosons

Viass f 10°GeV

s
Mg = My — =~ 06meV —

fa

I K s
P SR

Bare models
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Axion-like particles (ALPs)
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Sizes and deformations of r‘-‘
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gauge couplings
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Energy content of the Universe today
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Three unidentified substances make most of it!
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Energy content of the Universe today

Dark Radiat
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Dark Matter
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... Indeed!
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Three unidentified substances make most of it!
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Energy content of the Universe today

Dark Matter

Three unidentified substances make most of it!
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What do we know about Dark Matter particles?

Basically only what the name suggests:

- Dark -

in the sense that they

interact very weakly Dark Matter
with SM particles.

(and among themselves)

- Matter -

in the sense that are
non-relativistic

(most of them)
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WISPy Dark matter is generically COLD!

During Inflation inhomogeneities in bosonic fields are stretched out.
Fields become ultra-homogeneous (ultra COLD!)

Afterwards:

¢ + 3Hp + m2¢ = (very weak interactions)

Evolution of homogeneous WISP field
in expanding universe

Equation of state
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Right amount of WISPy Dark matter

In the simplest ALP/HP models:

keV  [myg o ’
~ 1.17 — — v
Fe.0 cmd -\ ev (4.8 x 101 GeV> ’

keV

recall Pcom = 1.17(6) 3
CI1l

The most important factor is the initial amplitude
it requires physics at very high energies at play

(Detecting WISPy DM opens a window to HEP!! )
in a sense...

But this model only testable if BECss and forms
caustic rings (See P. Sikivie’s talk)
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One more level of complication

Consider an ALP with a two photon coupling

B g ~ v a1l N
L = Ltree + 4FM,/F 0, g = . fng N ~ O(1)

Since the coupling is 1/f and the v.e.v. is O(f)
we can relate the DM abundance with coupling

N1
b0 € (=7 fo,mfs) b0 < 5=

2

) FN?.

keV m. (0.8 x 10714 GeV !
<117 =2 e
F$,0 ~ cm>3 8 eV < g
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But ALPs decay
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But ALPs decay and we don’t see the photons...
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And they are radiated from stars

%

T

And CAST and SUMICO do not see them

299
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ANd they 1

print ISOCURVATURE perturbations
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Standard ALP CDM not soooo promising for det.

Situation can change much if thermal mass

m = m(T)

Damping of the oscillations starts when mi; ~ 3H

o(t) |
b0 |

t[1/mwisp]

~ 1.17 keV X o 2.7-'
Pé,0 = cm3 eV 4.8 % 1011 GeV ’
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How small canbe 711 279

If we want the ALP to behave as CDM after
standard Matter-Radiation equality 7., ~ 1.3eV

mo > my > 3He, = 1.8 x 1077 eV
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It is however kind of difficult to build such models

Instantonic-like potentials (like for the axion)

Mg for T' < A,
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It is however kind of difficult to build such models

Instantonic-like potentials (like for the axion)

/>: =mgy forT < A,

Em¢2

‘/\Il Lg :
mo (T) for T > A.

T, > A
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Thermalization of ALP CDM I

. Primakoff process very

\ W effective at higsh T ...

| 2
I Pl

If ALPenersy FE, ~T

When ALP energies £, = m, < T
the COM energy is not sufficient to produce a plasmon!

s=m>+m> 4+ 2FE.mq > (Me + mfy)2
2mem~, + m? Exponentially

2m > 1 suppressed!

b >
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Thermalization of ALP CDM II

Add other photon in the

N\l\r initial state ...

1 | - 1 o
dl' g = 2"’1‘-:)11('(w)|;\/l( Y — ") " (':,uf(v(w'))"-’d”ﬁ‘(w)
8, s |
= (]27” 2 Win W.z E( (\(&I—)‘( W .2([”“{(&))
"5 YO i . ) T
T~ ¢°T°>—2  To still ind a suppression ~ —
C

which makes it irrelevant in the region shown :-)

¢Fﬁ ~ (E)M@K“ — m¢KQ
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Thermalization of ALP CDM III

Primordial Magnetic fields trigger ¢ «» E

And Electric fields are amazingly damped, due to
the huge conductivity of the primordial plasma,
T
g~ —
@7
However, the conductivity also enters into the
mixing matrix... and highly suppresses mixing

Eff. mixing...
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Thermalization of ALP CDM III

Primordial Magnetic fields trigger ¢ «» E

but very big fields (or very primordial) required

- N
high T constraint | B pe s 300
g By Ip .
. 2 : : = |
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. Y,
g | | I | I | | | | _”i\
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And whatif Tr > f, 2%

Different causally connected regions diff.

¢o € (—7fg, T fo)

As long as mye < H(TR) the ALP does not know
where its minimum is ... (we don’t need mg (TR) = 0)

A ...

(Lea,ds to Cosmic Strings

\(deca,y into ALP DM)

J
\ T

and plausibly Domain Walls!

decay if SYM is exp. Broken
(remind about axions...)

\- J

dominant contribution to DM*%
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Smaller f4 are preferred -> stronger couplings
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Axion Bounds and Searches

[GeV] f,
103 100 10° 1012 ’ 1013
meV neV

Direct

Experiments searches

String/DW Too much cold dark matter
decay (misalignment with ©. = 1)

Too much
hot dark matter

e e e
Globular clusters
(a-y-coupling)

e —1

SN 1987A Too much
Too many events [l energy loss

[ I
Globular clusters (helium ignition)

Anthropic
Range

White dwarf
cooling?

(a-e coupling)

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23-26 April 2012
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Cavity experiments

(are sensible in a wider range than previously expected)

- ADMX, ADMX-II, and HF (Yale)
- Proposed at DESY, CERN

- IAXO

- UWA
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Other experiments are sensible to WISPy ALP DM

- Light Shinning through walls (REAPR, ALPS II)

- JAXO

- oth forces ? (still don’t know...)
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Local U(1)’s: Hidden Photons & kinetic mixing

Extra U(1) symmetries are ubiquitous BSM (for instance in String Theory)

HIDDEN PHOTON

[ If the corresponding Hidden photon does not couple to SM particles ->J
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Local U(1)’s: Hidden Photons & kinetic mixing

Extra U(1) symmetries are ubiquitous BSM (for instance in String Theory)

If the corresponding Hidden photon does not couple to SM particles ->
HIDDEN PHOTON

f\/{"y /

high mass

messenger
particles
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Local U(1)’s: Hidden Photons & kinetic mixing

Extra U(1) symmetries are ubiquitous BSM (for instance in String Theory)

If the corresponding Hidden photon does not couple to SM particles ->
HIDDEN PHOTON

high mass
messenger
particles
(" )
Kinetic mixing is the 1
most relevant interaction Lr=—5xFuB"Y

at low energies
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Size of kinetic mixing

Natural size: radiative correction

But can be much smaller |11
if hyperweak hidden gauge coupling
or cancelations between contributions

Again a huge parameter
space to explore, even in
the minimal case!
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Crucial Differences

- The initial value of amplitude is not bounded!

- No phase transitions (no CSs, DWs ... well...)

_ HPS miX diPeCtly With 181? T T TTIH LR LL I L RRLL T IIIIII
Photons (no need for B) o'
(resonance transitions 1M
can evaporate HP CDM) _ 1 '
22 1011
- ] H x* o0
- Small E field in the 109
universe e
10°
- ADMX-lie eXpS. do nOt 184 | 1 IIIIII| | 1 IIIIII| | 1 IIIIII| | 1 IIIII
need B field o= 107 1 10 10?

TlkeV]
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WISPy Dark matter: Example II (Hidden Photon)

Nelson & Scholtz, Arias et al.

Coulomb
\CMB / Solar
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1T T 11771 B
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Conclusions

- Extensions of the SM might well accommodate WISPs

The Strong CP problem cries for an axion
- Cosmology cries for WISPs!

Dark Matter, (Dark Radiation, Dark Energy)

- Astrophysics shouts WISP loud!

White dwarfs, Universe transparency
- WISPs can be searched experimentally

New Axion/ALP/HP cold dark matter experiments !!!
Next generation experiments (ALPS II, IAXO)
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