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Physics beyond the
Standard Model



Inventory of the Universe

Dark Energy 687%

Neutrinos
0.1-0.5% |
L
Ordinary matter Da";;\%aﬂ'er

5%
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Exploring is (at least) 2 dimensional
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Exploring is (at least) 2 dimensional
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The hidden sector
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Exploring is (at least) 2 dimensional
Energy.,Mass

"dark”

t+AMOdDr SO

weakly coupled

Precision,
Intensity,
Small coupling



The strong CP Problem



A dirty little secret...

. | ) )
S = / d*z [ - ZGWGW + 1Dy + P M)

+ The 0-term violates time reversal (T=CP)
+ Connected to strong interactions!




The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

T Classical potential

With QCD
quantum corrections



The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

initially T Classical potential

With QCD
quantum corrections



The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

Classical potential

after some
time

With QCD
quantum corrections

—Tr 0 7

= QCD likes to be CP conserving (if we allow it)



The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

T Classical potential

With QCD
quantum corrections

—Tr 0 7

=> Can still move
=> new particle = axion



Phenoslides



Axion couples to two photons

1 -
Ling — ZgaFWFW + ..

Qv
small — ¢ ™
27 fa




Axions and ALPs=Axion-like Particles
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High Scale
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Example: Axion coupling

+ Effective higher dimensional coupling

A I/ -~
Ay — —Zga,F’“‘ F,, =—goE - B
» Small coupling for axion scale:
0
small -

* " ot



Huge Scale>> LHC Energy!
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High Scale
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Small Mass




Example: Axion See-Saw

- The axion mass is small, too!

Small m
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Example: Axion See-Saw

- The axion mass is small, too!

Small m
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Example: Axion See-Saw

- The axion mass is small, too!

M [x

Ja

1019 GeV
~ (.0 meV

/ Ja

Sub-eV mass

g N




Large Scale but light!

ca 10%-10° GeV
m CA+ST

ca 107-108 GeV SUMICO 1‘

F i sy Jd a

a 1012-1013 GeV _
] || l ||_||

p* ¢~ —invisible YV,

REN I
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ALPs

from

String Theory



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

'




Axion (like particles): Where are we?
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Axion (like particles): Where are we?
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Axion (like particles): Where are we?

¥ —invisible %
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Hidden Photons



String theory likes extra gauge groups

UA)x UB) xU(C)
‘ Many extra U(1)s!




Hidden by distance

Laf‘ge Distance
SM

UA) X x U(C)

X N




Hidden Photons, all over the place

Hi mmm@m

Stuckelberg
anisotropic

<107 <10° Wp<l0® [

Hidden Higgs (my;, ~m.)

Log,,my[eV]






Exploring fundamental high energy physics...
*+ The direct approach: MORE POWER

LHC, Tevatron + ILC,CLIC

+ Detects most things within energy range
+ E.g. may find SUSY particles, WIMPs etc.



But...

* May miss very weakly interacting matter
(Axions, Hidden Photons, WIMPs, WISPs..)

» Current maximal energy few TeV



But...

* May miss very weakly interacting matter
Hidden photons, Axions, ALPs, WIMPs, WISPs..
» Current maximal energy few TeV

- Man its DANGEROUS...




But...

* May miss very weakly interacting matter:
Hidden photons, Axions, ALPs, WIMPs, WISPs..

» Current maximal energy few TeV

* Or much much more horrifying:



Complementary approaches



Light shining through walls

“Light shining through a wall”




Light shining through walls
“Light shining through a wall”

——@\ VL Y

De‘l'ecfr'
1/s

* Enormous precision!
+ Study extremely weak couplings!



Photons coming through the walll

* It could be Axion(-like particle)s!

.
- Coupling to t L —al'F ~ —aE-B
oupling to two photons Ma Ma




Light Shining Through Walls

* A lot of activity
- ALPS
- BMV
- Gamme

- Temporary dark room
bration diode i

Injector
Superconducting rf linac 3

sy RRDS

UV wiggler



Small coupling, small mass

mass/energy

¥ —invisible ¥
p* ¢~ —invisible!

BEN
I""

LSW

CAST ullm““

SL\HC()

Log,, g |GeV1)

y—burst 1987a

Weaker interaction

ADMX

L1 |||||||_||||_||||

-15 - 6

Intermediate
string scale models

Axion band

l||_||l|_|ll|

T

Logyp ma[eV]



A cosmic hint for ALPs



High energy cosmic rays get absorbed

VHE : E 2 100 GeV
[Manuel Meyer 12]




Cosmic Light-shining-through-walls

[Manuel Meyer 12]



An

interesting area...

CAST

SUMICO

>
&
(do
'
o0
50
<
b
—_—

Intermediate
string scale models

Logyy Mg [eV]

0




The future ALPS-II @ DESY

"""""""""" Detector

(c) ALPS-IIb

~ 100 m ~ 100 m
> - >

-

0 o o o 0 o oo
Laser I ----------------- Detector
0 o o o [ 0 e o o o [

/4

HERA dipole magnet

(d) ALPS-IIc

CAST

Intermediate

“string scale models
= 15 Pr—

Test of T AT
TeV transparency
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D f—

-15 -12 -9 - -3 0 3 6
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Going deeper



Helioscopes

SUMICO@Tokyo B bS8 |

SHIPS@Hamburg

“Light shining through a wall”
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Sensitivity
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Going to the future: IAXO

The International Axion Observatory

Cryostat

4 |
Flexible Lines \ ‘_‘ _\ Inclination System
a7

Telescopes ;| ’ ‘l l‘ ‘ Support Frame
’ 4 /" 'l . ‘ Rotating Disk
.Nm | w

‘ \

Services 7 Rotation System




An interesting area...

Definite T
TeV transparency

Test of. QCD axion

+ white dwarf anomaly



Works not only for
ALPs



WISPS=Weakly interacting sub-eV particles

« AXions

* Massive hidden photons
(without B-field)
=analog v-oscillations

+ Hidden photon + |

miniChOr‘ged par"riC|e Y B v L
(MCP)



Dark Matter(s)



Properties of Dark Matter

+ Dark matter is dark, i.e.
(and also doesn't absorb)

=> very, very weak interactions with light
and with ordinary matter

= Exactly the properties of
axions(-like particles)



The axion has no clue where to start

I Can sit anywhere

Qo 1O

Early times
High T>Tqep




The axion has no clue where to start

Early times TV ( 9)

High T>Taen

Can start
moving...




Axion(-like particle) Dark Matter

-3 0

Logo my [eV]




Detecting ALP/WISP
Dark Matter



Use a plentiful source of axions

* Photon Regeneration




Signal: Radiofrequency peak

(see talk by Leslie Rosenberg next week)

~10-17
RF AE/E ~ 10
Receiver < U
A =
| > » |
AV A Frequency—- i
EY] ~ 10_6 Maxion (energy)
§ €
1 daed " \ ""* "‘-r'~"" -
»

Frequency (GHz)

hy = -?'7'2.@(:2[1 + O()'“) ~ 10_6)]

Virial velocity
in galaxy halo!




An

extremely sensitive probelll

-3 0
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extremely sensitive probelll

WL

Projected ADMX Sensitivity (1 year of running)

Axion Mass (ueV)
6 12 24

\\ " ADMX =

ADMX-HF —===3 .

KSVZ genchmar®

DFSZ Bench‘“ark

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

500 1000 2000
Frequency (MF




Encircling the axion...

U VAN L
/

LSW (ALPS-I)

. Any Light Particle Search
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@ DESY + Bonn: WISPDMX
""" .‘ A1) , &&{

\ meQW
1
Coulomb)

Cold Dark Matt i '
WISPDMX Stiickelberg .. 1 |DetE
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IAXO as facility



IAXO facility

+ IAXO provides large magnetized volume
= useful for ALP DM search

Vacuum
- -bore-~ _

‘hy

LTI

Mg,

I T
YT
Y TYLITSLITY
TR PR T
R YL VPRI

T
RYYRLE T '}

‘b
AL, M,

IA‘A"AA.

vk,

Insert long thin cavities



Broadband
Search Strategy



Dark Matter Antenna

Antenna converts axion->photon

Light concentrated in center

Detector

Probes here;
very sensitivell

Log;, my [eV]



A Dream for Asiirelogy ehhm Astronomy

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

Screen




The FUNK experiment

Recycle Auger mirror

R

PR

First measurements in
the next few months




We are cleaning the world of dark matter...

SPEKTRUM DER WISSENSCHAFT - JUNI 2014

Fuer besseres Raumklima und mehr positives Licht



Pre-final
remark



Looking for heavier ~GeV ALPs

Experiment at the SPS to search for Hidden Particles

Magnet yoke
Magnat cod /
\ | Erectromagnotic
1 \ calor eneder
|

w
Log 4o f, [GeV:

Log10Ges
1

9_ CAST
HB stars

—burst 1987a
— Cosmology
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Conclusions



Conclusions

Good Physics Case for Axions and WISPs

mmpp explore °

Low energy experiments test energy scales
much higher than accelerators

mP Complementary!

Exciting experiments
in the next few yearsl!

Dark Matter may be ALPy/WISPy ©






Status of IAXO

* Conceptual Design Report
- Letter of intent well received

* Gathering support for technical design report

+ Support for prototype magnet and detector
likely

» Collaboration growing
* Memorandum of understanding in preparation



