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Inventory of the Universe o

University




Where does it hide?
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK
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Small coupling
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK

Energy.,Mass

“dark”

weakly coupled

t+OmMOdr SO

Precision,
Intensity,
Small coupling



What are Axions?
And why do we need them?



The strong CP Problem
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A dir""y Ii'l""le Secr'e‘l'. .. THEORETISCHE PHYSIK
| _ _
S = /d433 [ - ZGWGW +10 Dy + @Z)M@b}

+ The 0-term violates time reversal (T=CP)!

[ ]
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A dir""y Ii'l""le Secr'e‘l'. .. THEORETISCHE PHYSIK
| _ _
S = /d433 [ - ZGWGW +10 Dy + ?,Z)M@b}

+ The 0-term violates time reversal (T=CP)!

P —— &
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A dir""y Ii'l""le Secr'e‘l'. .. THEORETISCHE PHYSIK
1 _ _
S = /d433 [ - ZGWGW +10 Dy + @Z)M@b}
+ The 0-term violates time reversal (T=CP)!

T=CP
_

>



A dirty little secret...

. 1 B j
ﬂSf — / d433 |: — ZGMI/G#.U —+ l’l_ﬁ)DM"}"Mw + Zf)ﬂ/[?:):|

+ The 0-term violates time reversal (T=CP)!
+ Connected to strong interactions!
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Measure neutron electric dipole moment TR

+ 6 would cause neutron EDM mmmp Experiment
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‘ Measure transition frequency.



7T NSTIUT FOR

No neutron electric dipole moment... |

" THEORETISCHE PHYSIK

\Ji < 3107 *®cem
=310 e fm
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Wha.l. do we ex peC‘r? THEORETISCHE PRYSI

+ Two mass scales in the game:

mg ~ 1 — 10 MeV
Aoep ~ 300 MeV

g

X 0

dp ~ f_:;><1¢5311gth><(ft’mexA2
QCD

~ (1—10) X 107 ecm 6



“Argument” EDM Blackboard
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Imp | i cat i ons THEORETISCHE PHYSIK

* Detailed calculation gives

|d_] ~1—-10x%x 10" %eccm¥
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Strong CP Problem



The axion solution
to the strong CP problem



In pictures...
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The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

V(o)

Classical potential
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The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

£V ()

Classical potential

With QCD
quantum corrections
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The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

initially TV (9)

Classical potential

With QCD
quantum corrections
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The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

time Classical potential

afTer: some TV (9)

With QCD
quantum corrections

—1Tr 0 T

= QCD likes to be CP conserving (if we allow it)
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The axion solution to the strong CP problem

* Make 6 dynamical = it can change its value

TV(H) Classical potential

With QCD
quantum corrections

—1Tr 0 T

= Can still move
=> new particle = axion
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Ax ions THEORETISCHE PHYSIK

+ Classical flatness from symmetry

* Quantum corrections are small

€< .
* New particle:

(it's a Weakly Interacting Sub-eV Particle)

|

Dark matter candidate

'



In Equations...
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A Dyna m i C a I e THEORETISCHE PHYSIK

+ Idea:
- Make 6 a dynamical degree of freedom
- Let 6 have no tree level potential
- Let 6 have only derivative couplings

- Then:

2 ~

exp (/V(Q)) — |/DAM exp (—Sesr|p, AM]) exp (ié’ gﬂ2 /G“’”Gw)
2 ~

/DAM exp( eff [(Zb,AlJJ])eXp (ZGBZWQ /:BGMVG;W)

< /DAM exp (—Sesrlo, AY])

< exp ( / V[O])
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A Dyna m i C a I e THEORETISCHE PHYSIK

- Idea:
- Make 6 a dynamical degree of freedom a.
- Let 6 have no tree level potential
- Let 6 have only derivative couplings

» Canonically normalize 6=a/f,

m) Via/fo=0=0]<VI[0] VO
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W h 01. i S a ? THEORETISCHE PHYSIK

* Properties:
- Let a be a dynamical degree of freedom.
- Let a have no tree level potential
- Let a have only derivative couplings

- a/f,€[0,2n] since - .
g /d4$GuyGMV —n € 7

3274
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Pec ce i - Qu i nn SYm me-'-rvy THEORETISCHE PHYSIK

*+ Toy model:
1 _
J— —ZFQJrWDM’y“w— |8Mq5|2—u2|¢5|2—)‘|¢5|4
_ 14+~ N *1—
Jﬂb(},qﬁ Q%IYqﬁ 275)?/)

- U(1): ¢ — exp(if)o
6 > e (~ighs ) v

+ If u?<0 we have SSB

mm) Phase is Goldstone mmp
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The COUpling to Fﬁ (Gé analog) THEORETISCHE PHYSIK

* A diagram

/T\M/‘\J"‘\Jf\_/\,_&

b,
. A .

e ek

+ And a dimensional argument:

| |

mass E

N
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The Co upl in g .'. o F F THEORETISCHE PHYSIK

+ Adler-Bell-Jackiw anomaly

2

9, = —

1672 FPF

* Chiral rotations not a good symmetry: it is
anomalous

du' = DY'Dy’ = dpexp —/TTTFWFW

b
' = exp —25’75
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The COUp|i ng to F ﬁ THEORETISCHE PHYSIK

+ Adler-Bell-Jackiw anomaly

2

: g v
8uj'u — 1671'2Fu FLW

* Chiral rotations not a good symmetry: it is
anomalous

d, — I~ T 2 o) e [y
p =Dy DYy =dpexp| —= | ===<ITF""F,,

4 lf 87
1 N
LD —— a alF"F,,

447 f,
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T he ma S S O f Th e A x i o n THEORETISCHE PHYSIK

* U(1)pq is not exact. It's anomalous!

‘ Goldstone

- Dimensional considerations

- SSB scale ~ fa
- Quark masses ~ My
- QCD scale ~ AQCD ~ f’}"i‘

‘ Goldstone
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One can actually calculate the potential THEORETCHE S

Heidelberg
University

The QCD axion, precisely

4”’(1 77?(1 2 < a ) Giovanni Grilli di Cortona®, Edward Hardy?,

2fa

sin
(M + my)?

Javier Pardo Vega®® and Giovanni Villadoro®




"Argument”
Topological Suszeptibility
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The ) \"'OPO|OgiCQ|" a)(ion mass THEORETISCHE PHYSIK

% exp (—V(0)V)

(—V"(0)V + (V'(0)V)2) exp(=V (6)V)

= Evaluate at a=0 (minimum)
normalize V(0)=0

—V"(6)V

S22y
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The axion mass L

2 ~
o (- [VO) ~ [Dasesusloaes (~i0gls [66,)

— [ DAy exp (-S.506, 4 exp (-i6Q)

e (- [V0) = [Pa-i@P exp (- Spple, Ao (i60)
— @)
=  —VXtop

> mg,fc% — — Xtop



TP INSTITUT FCR

Axions and Axion-like Particles TENTEA

mass/energy
0|_II|IIIIIIIIIIIIIII
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Add on
to yesterday's tutorial
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TOPOIOgY Of U(l) \VAS SU(3) THEORETISCHE PHYSIK

Topological concepts in gauge theories

Frieder Lenz (Erlangen - Nuremberg U., Theorie IIl). 2001. 83 pp.
Published in Lect.Notes Phys. 659 (2005) 7-98

FAU-TP3-04-3

DOI: 10.1007/978-3-540-31532-2 2

Conference: C01-09-24.6
e-Print: hep-th/0403286 | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service

Consider inequivalent
pure gauge
vacua

Toward a theory of the strong interactions

Curtis G. Callan, Jr.* and Roger Dashen

U (X) —_ Const . for ’X ‘ —_ CX) . Institute for Advanced Study, Princeton, New Jersey 08540

David J. Gross'
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08540
(Received 26 August 1977)

For U(1)




How to find the Axion...



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.
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B u 1' .. THEORETISCHE PHYSIK
* May miss very weakly interacting matter

(Axions, WIMPs, WISPs..)
» Current maximal energy few TeV

* Or much much more horrifying:



Complementary approaches



. o o TP INSTITUT F(R
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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Small coupling, small mass

mass/energy

-

2

s

O

O

o LW

S

£l B

c | E

= CAST ““

&’ = SUMICO “I"“

O = 1

: PN
Il“m Axion band
| 1 | L1 | | IJ L1 I Ij

6 9

Logyp mg[eV]



Interlude:
Think and make life hard
for experimentalists:-
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Energy loss in stars. e

University

* Primakoff process
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We wou | d fr'eeze THEORETISCHE PHYSIK

+ 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‘ate Bound THEORETISCHE PHYSIK

- Without ALPs sun has fuel for about 101°
years

* Energy loss via ALPs:

 Sun Lifetime with ALPs
Lo~ 1.710%(g10*GeV)* L,

* Pretty sure sun has been around for more

than 10 years _
Y tsun ~ 10 years x (g 104G€V) .

g <107*GeV~!



A Real killer bound T

Heidelberg
University

mass/energy

-invisible ¥

Energy loss g
of horizontal branch E*"

stars g
R7a

Log,, g [GeV)

y-burst 1987a

Weaker interaction

Log,, mg[eV]



Back to experiments:--
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Heidelberg

Helioscopes

CAST@CERN
SUMICO@Tokyo

SHIPS@Hamburg
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Sensitivity

THEORETISCHE PHYSIK
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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



o . . /7p MSTITUTFR
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



Dark Matter(s)



Can Dark Matter
be Axiony/WISPy?

(Weakly Interacting Sub-eV Farticley)
Slim
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Properties of Dark Matter ki

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

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

-
o (R 4
/ >
/
K
d S
. )'

= Exactly the property of /

Axions/WISPs # Y 4

e ¢
\ ;
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK

Energy.,Mass

\\darkll

t+OmMOdr SO

weakly coupled

Precision,
Intensity,
Small coupling



A common prejudice

- Dark Matter has to be heavy: mpy 2 keV.

* Prejudice based on

Both assumptions give
minimal velocity
= galaxy,

i.e. structure,
formation inhibited!
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Weakly l r|'|'e r‘ac'l'i ng D M THEORETISCHE PHYSIK

* Has to be non-thermally (cold!ll) pr'oduced

» See misalignment mechanism

- Bosonicl

Axion(-like particles)
Hidden Photons 8/

A § / {
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Dar'k maT'l'er' has '|'o be heavy." THEQRETISCHE PHYSIK

Dark matter has to be heavy mpy\ = keV?



Dark matter has to be heavy...

&“’b

(A
o.tVY MDM Z keV?

Dark matter has -




SuperCold Dark Matter
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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

4Q

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 Dark Matter
. . 2
a+3Ha+m,a= OfH

- H > m_, 2 overdamped
oscillator

- H < m, 9 damped
oscillator
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Why CO l d ? Inf l a"‘i ON! THEORETISCHE PHYSIK




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
Axiony/WI1ISPy
DM
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Use a plentiful source of axions TS K

Heidelberg
University

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

EBL

ALPS

-3 0

Logg mg [eV]
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Electricity from Dark Matter :-). B

University

* Photon Regeneration
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Really sustainable Energy e

University






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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T he F U N K E xp e r i m e n1. * 4 THEORETISCHE PHYSIK

Recycle Auger mirror

-
ot LT
i

Detector
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F i r s-'- R esu I -l- S THEORETISCHE RIS

University

-

N
FUNK

Dark Matter area optical

15 | | | | | | | |

-9 -6 -3 0
Logo Mx[eV]
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Upgrade: The PMT 9000(+107) T

University

.

Log1o X

-12

Dark Matter area

0

I I | I
-3

-6

Discovery Potential Ol
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The next years = Lower frequency [is

University

Log10 X

-12

FUNK
optical

Discovery Potential Ol
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A Dream for Asirelogy ehhm Astronomy TG

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

Screen
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Going Mad(Max)
Ambitious new project at MPP

|
| v, |GHz]
| ' 1 10 102
3 I I IIIIIII I I IIIIII| I I IIIIII|
| 0% 15 2 25 331314 =
‘ :I T 11 | TTTTTTT T T I =
102 & | =
| H e s | e s | = 2 % Dielectric 3
Mirror Dielectric Disks Receiver B % |<£ Haloscope Z
= 10— — . —
3 - X | O (80disks -
O = = 0O ( ) ]
T - _ 94; ]
1 _ADMX2 —
iuu LI \ Lty 1 i
10-1 b 101 10" 109
= fa |GeV] =
jIII | | IIIIIII | | IIIIII| | | III;
1076 1073 10~
mq [eV]

Dielectric Haloscopes: A New Way to Detect Axion Dark Matter

The MADMAX Working Group: Allen Caldwell, Gia Dvali, Bela Majorovits, Alexander Millar, Georg Raffelt, Javier Redondo, Olaf Reimann, Frank
Simon, Frank Steffen
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Many more exper‘imenfs." THEORETISCHE PHYSIK

- Abracadabra
- Alps

+ Ariadne
- Casper

+ Cultask

+ EDM ring
* Haystac
- Iaxo

* Organ

- Sensei

- Quax



Conclusions
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CO"C'USiOnS THEORETISCHE PHYSIK

* Good Physics Case for Axions and WISPs

» explore °

- Low energy experiments test energy scales much
higher than accelerators

» Complementary!

* May provide information on
hidden sectors and thereby
intfo the underlying
fundamental theory

Dark Matter may be WISPy © R
» New cool Experiments underway. é‘ ;




