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Physics beyond the
Standard Model
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Inventory of the Universe o
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Where does it hide?
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK

Energy.,Mass
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Precision,
Intensity,
Small coupling
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK

Energy.,Mass

"dark”="hidden"

weakly coupled

t+OmMhhdr- S0

Precision,
Intensity,
Small coupling



Theories for hidden
sectors...
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Ge-r a map for‘ explor.a-l-ion." L THEORETISCHE PHYSIK
there is room for finding dragons
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Ge? a map for. explor.a-l-ion." L THBORETISCHE PRYSIK
there is room to find dragons

.

T COLD Santa Claus/

See how America . lives here
valiantly defends T —

itself by hombing ————=50me this way too COMMIES

COMMIES small countries . "\J - Go away
- *x/ . - '
- 4 _hcommies o

“CANADA ' S ﬁ and Irtand

Y Our friendly but
'] backwards neighbours ENG

=

—

— —>
£~ | Land ofthe free Evg:;bDoo;;lds go see YUROP

the Queen
commies 1 and of the brave etc. laves them

Vietnam over g \
here somewhere R No TV

Smel
Commies are people :?,’,m or escalators

tt:lueryer:ﬁrgtlise big hats COME;' !HEarSItm destroy our HERE BE

destroyed great democracy with their.. | DRAGONS

err... cigars.

HERE BE

HERE BE...
SOMETHIN DRAGONS
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Theories for' explor'a‘rion". THEORETISCHEPHYSI

+ Columbus used a calculation by DAilly:

Canary Island €= Japan ~ 4500 km

Reality: 20000km

-+ Sometimes it helps to be optimistic ;-).
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Theories for' explor'a‘rion". THEORETISCHEPHYSI

* Perhaps a better example...

+ The theory of a southern continent to
“"balance” the northern ones...

= James Cook discovered Australia.
(though not quite as big as expected)

The “theory” was #$%@.
But: Who can argue with these results ©



Hope for light Particles?

YES!
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C (o) i nc i d ences ? THEORETISCHE PHYSIK

- Neutrino masses:

m, ~ meV

* Dark Energy scale:

4
pA ~ (meV)
* Energy density of the Universe:

Ptoday ™ (meV) :



Large scale

¢

Small coupling
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Example : AXion COUPI ing THEORETISCHE PHYSIK

+ Effective higher dimensional coupling

» Small coupling for axion scale:
Y
Small\

T g,



Large scale

\ ¢

Small mass
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Example: AXion See-Saw THEORETISCHE PRYSIK

- The axion mass is small, too!

Small m
m ~ .~ ’}Tf’ﬂ'

) Ja
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Example: AXion See-Saw THEORETISCHE PRYSIK

- The axion mass is small, too!

Small m
m ~ .~ ’}Tf’ﬂ'

) Ja
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Example: AXion See-Saw THEORETISCHE PRYSIK

- The axion mass is small, too!

My [

Ja

My ~
1019 GeV
~ (.0 meV

/ Ja

Sub-eV mass




Very Weakly Interacting Sub-fav cale Particles

WISPs

from

String Theory




Axion(-like particles)



. . . TP INSTITUT FR
String theory: Moduli and Axions

+ String theory needs Extra Dimensions

v

Must compactify

+ Shape and size deformations
correspond to fields:

Connected to the fundamental
scale, here string scale

\
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AXxions and Moduli THEQRETISCHE PHYSIK

* Gauge field terms 1 N
L=—F°+i0FF
g

+ Supersymmetry/supergravity

A~

L = Re[f(®)|F* + Im[f(®)|FF

-~ \

Scalar ALP/moduli coupling + pseudoscalar
ALP coupling
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Axions and Moduli THEQRETISCHE PHYSIK

* Gauge couplings always field dependent
(no free coupling constants)

+ Axions + Moduli always present in String
theory
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MGSSCS Gnd Couplings THEORETISCHE PHYSIK
- “Axion scale” related to fundamental scale

M M.\
Ja ~ ~ z ~ M
Volume Mp

-+ If QCD axion: m, fixed

* However, if not QCD axion

AQ
MALP ~ —  (nearly) arbitrary
a
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Axion-like Particles

mass/energy
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Axion-like Particles

mass/energy
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» INSTITUT FUR
T THEQRETISCHE PHYSIK

Axion band
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Axion-like Particles

mass/energy
0|_II|II|IIIIIIIIIIII
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Hidden Photons

4

Hidden Matter
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String theory likes extra gauge groups TERETIEHELSE

Heidelberg
University

‘ Many extra U(1)s!
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H oW COU p | ed p THEORETISCHE PHYSIK

. Kinetic mixing

' Foayuw — 18 Feyuw + 5 FLS Feyuw,
,our” U(1)  Hidden" U(1) Mixing
+ Mass | R

- 7
LmaSS E— 577?/,}/;/\ _/-\)u’

-
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H i dden by d l stance THEORETISCHE PHYSIK

Heidelberg
University
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H i dden by Weakne SS THEORETISCHE PHYSIK

Orientifold plane

Hidden hyperweak U(1)

hid = Volume®

27 qs M2\"*
— ~ = |
(3) <

Visible U(1)

Small cycle
for volume
stabilization

GvisGhid 27795 iMSQ

XN ~/ ~/

167+ Volume®/? M¢
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MGSSZS THEORETISCHE PHYSIK

» Higgs and Stueckelberg mechanism possible

+ Example: Stueckelberg

P <
S’Eueck)Q ~ % (47T Ms )
! gs Mg

(m

2
gS MS

it A —

1
2 Volume”®’ 3

1.
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I THEORETISCHE PHYSIK

Hidden Photons, All over the place

1|||||||||||||||||||||||||||||||||||||||||||||||||||||1]1 T
Hidden Higgs (my, >m,) (Ondl’*tdt\tl‘-

2 Stiick.
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12— Hidden Higgs (mg_~my)
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It THEORETISCHE PHYSIK

Hidden Photons: Back to Experiment
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String theory likes extra matter BRSO AISE

Heidelberg
University

Hidden matter

U(A) X x U(C]
) Hidden sector matter
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H ow Coupled y THEORETISCHE PHYSIK

- Kinetic mixing

1 38 % 98 % X 38 %
— 38 oy — F e ey + 5800 Feyuw,

,our” U(1) ,Hidden" U(1) Mixing

+ Matter Lint = ghidh/—)’p&X”h

U(1) massless:

‘ U(1) massive:
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MiniChGr‘ged par‘fi Cle S... THEORETISCHE PHYSIK

Collapsed cycle

Log,M;[GeV]




Phenomenological
reasons for
Hidden Sectors
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Many USCS THEORETISCHE PHYSIK

+ Gamma ray transparency of Universe
* Energy Loss in Stars

* (g-2) of the muon

+ Supersymmery breaking and the hierarchy
problem

+ Dark Matter (and indications from astrophysics)

* Dark Energy

* Many more....



Dark Matter(s)
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Answering the big questions. ..

Dark Energy 687%

Neutrinos
0.1-0.5% //

Ordinary matte
5%

Dark Matter
27 %
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The axion has no clue where to start TRETSEPASK

Field is stuck because of Hubble “breaking”
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The axion has no clue where to start TRETSEPASK

£V (0

H<<m

Can start moving...
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The axion solution to the strong CP problem

- 0 -

=> Oscillations contain energy
=> behave like non-relativistic particles (T=0)



Axion(-like particle) Dark Matter

~1012 GeV

CAST+Sumico AI

Se

DSCOPCE
e

my>3H(Teq)

-3 0

Logyg mg [eV]

== INSTITUT F{R
T THEORETISCHE PHYSIK




Detecting WISPy
DM
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Use a plentiful source of axions TS K

Heidelberg
University

* Photon Regeneration
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17 THEORETISCHE PHYSIK

Signal: Total energy of axion

RF AE/E ~10-17
Receiver > <
Power AE/E ~ 105
‘ -
>. J

A -, ; - | — ’

YV Frequency

_'V ~ 10_6 Maxion (energy)

n ‘_
LA Lo A A .
»

Frequency (GHz) @
hv = mgc®[1 4+ OB ~ 107°)]

Virial velocity
in galaxy halo!




An

extremely sensitive probelll

-3 0

Logg mg [eV]

== INSTITUT F{R
T THEORETISCHE PHYSIK
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A discovery possible any minutel

Tarp< 10178
Projected ADMX Sensitivity (1 year of running)

Ty rprp

Axion Mass (ueV)
3 6 12 24

NN ADMX s
| ADMX-HF v |

my>3H(Tgq)

<z Benee—"]

DFSZ Bench‘“ark

-17

Yo ) S T N [ I Y|
-9 -6 -3

500 1000 2000
Frequency (MF
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Electricity from Dark Matter :-). B

University

* Photon Regeneration
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E"Ci r'CIing 'l'he ax ion_" THEORETISCHE PRYSIK

-3 0

Logyo my [eV]




Broadband
Search Strategy
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Dar.k MG"""er' Antenna THEORETISCHE PHYSIK

Antenna converts axion->photon

Radiation concentrated in center

Detector

Probes here;
very sensitivell
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The FUNK EX per‘ime nt THEORETISCHE PHYSIK

Recycle Auger mirror
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F i P S-'- R esu I -'- S THEORETISCHE RIS

University

mwLSW
Coulomb

1

osmolog

Cold Dark Matter
Y - Stiickelberg
\anisotropic o

Hidden Higgs (mg,~m,) ! I -

Log,, m,|eV]
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Upgrade: The PMT 9000(+107) T

University

. mwL SW
Coulomb) |

Cold Dark _\-lune;

Hidden Higgs (mg,~m,)

Log,, m,|eV]

Discovery Potential Ol
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A Dream for Asirelogy ehhm Astronomy TG

+ Emission from moving dark matter
Vom =0 Vom=0= |

Screen




Going Ultimate.. MADMAX

/777 INSTITUT FR
THEORETISCHE PHYSIK
Heidelberg
University

B. Majorovits

A new QCD Dark Matter Axion search

=
=
e}
3
5
g

Feedthrough
to 4K

Cold
preamp

Experimental idea +J. Redondo, +++
Metallic disc
~80 high dielectric plates spacing ~mm (g=x0)
to cm range for boost in the frequency
band 10 to 100 GHz

\ Disc

< <200cm , / positioning
\ motors

S~ uorsuadsns asi(]

10 Tesla dipole magnet



Going
Monodromic
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A X iO n MO nOd ro my THEORETISCHE PHYSIK

+ Allows for extended field range

V(g) = %m ¢* + A* (1 —cos< jff))
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A d va n?age S THEORETISCHE PHYSIK

+ Allows to start with higher energy density

= More DM

SN1987a
CAST + Sumico

) s
Y _ — P S g o

D) 7 '\Ux

' _~ Halgscope Xion J&,r

. = Sanitchles Optical ; 3

n a | l - A ®.
: E S & - " _mperature - ]

° ° ° l dependent 1riass ‘ —
in this region!

-6

Log my [C\’q
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Interesti ng Phenomena?? Seetbery

Could get stuck here

Oscillations like DM!
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Interesti ng Phenomena?? Seetbery

Overdense region?

Could get stuck here

amplitude ~ /DM density
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Interesti ng Phenomena?? Seetbery

Regions with "negative mass”

Instability = Particle Production with p=0?1?
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Very rapid particle production... dortaherg

University
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Conclusions
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CO"C'USiOnS THEORETISCHE PHYSIK

* Good Physics Case for Hidden Sectors
mmp explore ° ’

+ Low energy experiments
complementary to accelerators!

Intensity,
Small coupling

+ Dark Matter may be WISPy © /= s

N W N post
A e P

\\\\\\\\
,,,,,,

= New Search opportunities! adh . J N R
= Searches ongoing! e Y|
= Crazy things to explore! RERETS






