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Where we want to go...

Un

The Standard Model The Hidden Sector

+

Beyond the SM
(directly acce
to_colliders)




Physics beyond the
Standard Model



Inventory of the Universe

Dark Energy 68%

Neutrinos
0.1-0.5%

//

Ordinary matter Dar'lé7l\%aﬁer'

5%

== INSTITUT F{R
T THEORETISCHE PHYSIK




Calvin *¢ HODHES
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UNDER MY BED TONIGHT ? s MONSTERS UNDER MY BED,
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK

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

The hidden sector

++OmMODC SO

d

50
Ui LM = 57 Y
Bl

Precisiorm;
Intensity,
Small coupling



The axion example




High Scale

v

Small Coupling
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Example . AXion COUPI |ng THEORETISCHE PHYSIK

+ Effective higher dimensional coupling

A I/ -~
» Small coupling for axion scale:
Y
small -

77 g,
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Huge sca|e> > LHC Ener‘gyl THEORETISCHE PHYSIK

o

Y —»invisible W

p* ¢~ —invisible Yid

REN I

ca 10“-.05 GeV H
e ,..ml“l

a 107-108 GeV SUMICO :

J wwaow Ald l

ca 1012-1013 GeV _
N ||_||
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High Scale

4

Small Mass
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Example: AXion See-Sqw THEORETISCHE PHYSIK

- The axion mass is small, too!

Small m
m \m N ’}Tf’ﬂ'

) Ja
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Example: AXion See-Sqw THEORETISCHE PHYSIK

- The axion mass is small, too!

Small m
m \m N ’}Tf’ﬂ'
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Example: AXiOﬂ See-Saw THEORETISCHE PHYSIK

- The axion mass is small, too!

My [

Ja

my ~
1019 GeV
~ (0.0 meV

/ Ja

Sub-eV mass




Large Scale but light!

p* ¢~ —invisihle YV

BEN &
ca 104_1005 GeV u“l““""'
FIl CAST ...lllm“
ca 107-10° GeV

J wesaow &J!) ﬂ

-12 AD X AN ]

ca 1012-1013 GeV ““ﬂll
|l||_||l|Jll|

-15 -12 - 6

Log;, my[eV]
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Typical
Pseudo-Goldstones
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Goldstones

* Goldstone bosons arise when a global
symmetry is broken.

+ They are essentially the phase of the
Higgs field (e.g. U(1) symm)

6= ((9) +¢) exp i )

Jil

Goldstone
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Derivative interactions

* Phase of @ can be removed by
LOCAL transformation

* Local transformation is not symmetry
= New term in Lagrangian

L— L+ — (8 a)JH

Goldstone Noether current
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Derivative interactions

- Explicit example

£f€7“m — ilzfy'uauw

B LU ) — exp(—iy o))

- Do LOCAL with 1 _a;:?)

- Result:
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A.'. 1.r. e e Ievel THEORETISCHE PHYSIK

» Can use partial integration and Dirac
equation to obtain
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A.'. 1.r. e e Ievel THEORETISCHE PHYSIK

» Can use partial integration and Dirac
equation to obtain

G PyHy Y — a(zx)

il

Careful: if one does not have the & RHS=0ll
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Summary typical interactions




Anomalous symmetries

+ If the symmetry is anomalous
(e.g. axial symmetries)

Extra term appears from the local
symmetry transformation

Coupling to two gauge bosons
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How can we see light particles?

+ Example: Axions

2 1

L, = 0,a0"a — maa2 = ZgaFWﬁW 4L

/!

Two-photon interaction!
IVAVAYAY
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Axion(-like particle) interactions

* Light scalars or pseudoscalars

Can also have Yukawa couplings

k ~ dimensionless < 1

- Electrons, e
- Nucleons, N




ALPs

from

String Theory
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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 THEORETISCHE 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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AX i ons Gnd MOdU| i THEORETISCHE PHYSIK

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

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

M M.\
Ja ~ — r M
Volume Mp

-+ If QCD axion: m, fixed

* However, if not QCD axion

AQ
MALP ~ —  (nearly) arbitrary
a



Axion (like particles): Where are we?

.'_,
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p* ¢~ —invisible Yid
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Axion (like particles): Where are we?

:‘_'
&
rm
'
50
30
-
—

y-burst 1987a

Y —invisible ¥ H y

* ¢~ —invisible

BBN

T
C‘AiST AIl"“H

SUMICO ! HB stars

Log;, my[eV]
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THEORETISCHE PHYSIK




Axion (like particles): Where are we?

* HB stars
v—-burst 1987a IIII 4

Intermediate strings
Funny Higgs arguments

0
-
&
."
'
o0
50
=}
3
—

Log,, mg[eV]
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THEORETISCHE PHYSIK

Heidelberg
University




Light particles in
astrophysics and
cosmology



Energy loss in

Stars
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Axions

Heidelberg
University

* Primakoff proces




[77) INSTITUT FUR

H THEORETISCHE PHYSIK
AXIONS Heidelberg

University

* Primakoff process




TP INSTITUT FCR

We would freeze. .. T

+ If the coupling the sun would
have died long ago.

* Why?

(in contrast to photons)

Large energy loss from axion emission

Sun burns fuel faster

Sun would have died long ago
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A (ver'Y) MOder'a'fe BOLlnd THEORETISCHE PHYSIK

- Without ALPs sun has fuel for about 101°
years

* Energy loss via ALPs:
Lo~ 1.710°(g 10*GeV)*L
* Sun Lifetime with ALPs

tsun ~ 10 years x (g 104G6V)

—2

* Pretty sure sun has been around for more
than 10 years

1
<
9= 704GeV
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Axion-like particles

THEORETISCHE PHYSIK

Y —invisible

*e~—invisiblz
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C an dO be'l"rer‘ e THEORETISCHE PHYSIK

* Look at variety of stars

- Best are horizontal branch stars.
1\

0

—invisible §

* e~ >invisible

Sun |
4

|
[+,]

|
0

-
-
w
&)
T—
B0
=
&0
]
J—

y-burst 1987a

Log;omg,[eV]
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Not only bounds but also a new hintll! MTGEH)

* White Dwarfs seem to loose a bit more energy
than expected.

» This could be explained by an Axion(-like
particle) coupled to electrons

+ The corresponding
two-photon coupling




Extra degrees of freedom at

BBN
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Basic facts of Big Bang Nucleosynthesis TERGTSGES

+ After the quark-hadron transition
- T~few 100 MeV, t~10¢ s
- Most hadrons are Pions.



. . . /T NSTIVTER
Basic facts of Big Bang Nucleosynthesis

* Later when T<<100 MeV~m_
- pions decay away

- Mostly neutrons and protons (+ electrons)

In equlibrium:

om = my, —m, — 1.293MeV



== INSTITUT FUR
Are we in eqilibrium?

* n-p changing interactions SRS /ECICEE)

" _
€ tn<>v,+p

n<e +p+v,

- Freeze out:

Lnp < H = Treeze ~ 1 MeV.




== INSTITUT FUR
Are we in eqilibrium?

* Freeze out:

Lnp < H = Treeze ~ 1 MeV.

- At this point in time




. /Tp DSTUTAR
Nucleosyn‘l'hes|s,,, THEORETISCHE PHYSIK
+ The first process is
p+n<>D+y

* Naively it should start when
T<mD-mp-mn~2.2 MeV

+ However much much more y than p, nlll

(D) =

D)

a’c struction (

/)1 oduction



Nucleosynthesis...




Nucleosynthesis...

- After formation of deuterium everything
goes quickly

* Nearly all neutrons end in helium.

4T?,H€. 4

Yie = 0.2

Nnucleon 16

» This is roughly what is observed!



E . )i 77 ) INSTITUT FUR
x-'-r. a s p e C l e S N THEORETISCHE PHYSIK

+ Extra light particles in equilibrium increase the
Hubble constant

=>(Smallish) changes in

=>Changes Y,,, (and other element abundances)



/77) INSTITUT FUR

E x-'-r. a s p e C i e S N THEORETISCHE PHYSIK

Heidelberg
University

baryon density (Q,h*
Y 0.01 y bh

LLLL lllllll]lll llllllllllllllllllllllll

L llJlIIlllllIIl IlIlIllIIllIlIIIllIIll

11 llll]ll

baryon—to—photon ratio n

Big Bang Nucleosynthesis: 2015

Richard H. Cyburt, Brian D. Fields, Keith A. Olive, Tsung-Han Yeh
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It THEORETISCHE PHYSIK

Heidelberg
University

Measured abundancies...

Abundance Progression

ICFGGT99

A New Approach to Systematic Uncertainties and Self-Consistency in Helium Abundance
Determinations

Erik Aver, Keith A. Olive, Evan D. Skillman
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x-'-r. a s p e C l e S N THEORETISCHE PHYSIK

+ Extra light particles in equilibrium increase the
Hubble constant

=>(Smallish) changes in

=>Changes Y,,, (and other element abundances)

‘ (or have a hint ;-)):

2y

Illight species
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Axion-like particles

>
&
)
-
o0
50
<
3
—

Log,, m;[eV]

* Not my favourite bound: only 1 extra
degree of freedom.

* Need to use one of the optimistic error
estimate



Decaying ALPs
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DeCQYing ALP S TREORETISCHE PHYSIK

+ Thermal processes establish thermal ALP
population

* Too much, and long lived = Hot Dark
matter

* Decay during BBN = BBN changed

* Later decays would appear in CMB and EBL
measurements
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Ther'mal ALP Iimi'rs THEORETISCHE PHYSIK

Cosmological bounds on pseudo Nambu-Goldstone bosons

Davide Cadamuro, Javier Redondo
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A I l Toge"'he r‘ THEORETISCHE PHYSIK

Y-inv.

e*e sinv.+y

SN1987a
CAST

Cosmology

SN1987a

_12IIIIIIIIIIIIIIIIIIIIIIIIIIII
-12 -9 -6 -3 0 3 6 9 12

Log1o my[eV]




A cosmic hint for ALPs
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High energy cosmic rays get absor'be

VHE : F 2 100 GeV
[Manuel Meyer 12]
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The Universe should be quite opaque...

» ... for high energy photons

Y+ YEBL — € +¢€

protons

photons

neutrons

16 18 20 22
log 10 (E/eV)
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From far away y-ray source

+ Expect fewer high energy eventsl!!

+ Example 3C279

I
12

Different models
For extragalactic
background light

Observed flux (%)

0.2
0.1
0.05

e
=)
)

200 300 400 500 600 700 800 900 1000

Photon energy (GeV)
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Obse r'VCd ... THEORETISCHE PHYSIK

* No such strong energy dependencel



. o o ==, INSTITUT F(R
Axion-like particles can help!
- Photon oscillates into ALP

Intergalactig magnetic field~10-13 T
* ALP doesn't see other photons

‘ Not absorbed
‘ Greater Transparency!!




° o o o 7';INSTITUTFUR
Cosmic Light-shining-through-walls

[Manuel Meyer 12]
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ALP S helpl THEORETISCHE PHYSIK

+ Example 3C279

o
12

Different models
For extragalactic
background light

Observed flux (%)

0.2
0.1
0.05

e
o
]

200 300 400 500 600 700 800 900 1000

Photon energy (GeV)




interesting area...

CAST

SUMICO

y—burst 1987a @

=TaAVIX |
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Intermediate
string scale models

|||||L|"';

» INSTITUT FUR
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¥ —invisible %

b+ ¢~ —>invisinle Y Idl

BBEN &

y

-15 -12 -9

Logyy mqa[eV]




Searching light
particles in the Lab



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.



/Tp ISTIVTER

B u.'. * " THEORETISCHE PHYSIK

- May miss very weakly interacting matter
(Axions, WIMPs, WISPs..)

» Current maximal energy few TeV

- Man its DANGEROUS...




Complementary approaches



Light shining
through walls
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Light shining through walls

“Light shining through a wall”
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Light shining through walls

“Light shining through a wall”

X
——@\VWW- Y

De‘l'ecfr'
1/s

* Enormous precision!
+ Study extremely weak couplings!
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Photons coming through the wall

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

.
- Coupling to t L —al'F ~ —aE-B
oupling to two photons Ma Ma
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nghT Shmmg Thr'ough Walls THEORETISCHE PHYSIK

* A lot of activity
- ALPS
- BMV
- Gamme (&L
- LIPPS

Calibration diode

. Plunger
Tevatron magnet (6m)

Monitor sensor

Injector
Superconducting rf linac 3

UV wiggler
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Sma" Coupllng, Small mass ! ovemscne s
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interesting area...
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Intermediate
string scale models

|||||L|"';

» INSTITUT FUR
1 THEQRETISCHE PHYSIK

¥ —invisible %

b+ ¢~ —>invisinle Y Idl

BBEN &

y

-15 -12 -9

Logyy mqa[eV]




The future ALPS-II @ DESY

(c) ALPS-IIb

~ 100 m ~ 100 m
> - >

-
OO EEEEEE o

Laser I -----------------

0 B

/4

HERA dipole magnet

(d) ALPS-IIc

Log,, g [GeV]

Intermediate

“string scale models
= 15 Pr—

Test of -
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Detector

Detector

CAST
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TeV transparency
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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)

oY



Something
to hide?




Something
to hide?

Use

to communicate!
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Practical applications :-) HONENCESK

+ Communicating through the Earth

Emitter Cavity Receiver Cavity
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/ < ™ ‘b
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Helioscopes
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Heidelberg

Helioscopes

CAST@CERN
SUMICO@Tokyo

o

i ) ‘

“Light shining through a wall”

Y > > Y
5‘-'_"» % . Defec:'rlolr'

Y™ Ton v
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Perfect for astronomy in Paris :-) TG

Y
De’rec'rr'
W\AA%:) =B§A/\/w

Y
Sun
{:ﬁ ~™ Ion ~*

This isn't qu'k Emﬁer,
-I just forgot to take off the lens ca
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¥ —invisible ¥
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GOing "'O the fU‘l'ur‘e: IAXO THEORETISCHE PHYSIK

The International Axion Observatory

Cryostat

Flexible Lines I 3 Inclination System
Telescopes \ | ’ ‘ l l‘ ‘ Support Frame
g )’\ '~.

/. 'l l ‘ Rotating Disk

Services Rotation System




An in'rer'es'ring area... I )ITI;SET(%IFSEI;EPHYSIK

Log,, g [GeV1)

-15 -12

Definite Tes of Log-l.)ma[cw Test of QCD axion
TeV transparency + white dwarf anomaly



Conclusions
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Summar'y . astro THEORETISCHE PHYSIK

» Astrophysics and Cosmology are a powerful
probe of new light particles.

* Can test incredibly tiny interactionsl!!

+ Interesting hints for new particles!

* Not always perfectly understood!
» Beware of uncertainties!



TP INSTITUT FCR

Summar'y... lab THEORETISCHE PHYSIK

+ Light-shining through walls

+ Helioscopes

- Much cleaner and controlled than astro-
tests

* On the verge of exceeding astro tests

m Stay tuned for exciting yearsl!!



