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The Standard Model of Constituents and Forces

Constituents:

> Quarks

> Leptons

Forces:

> electromagnetic
> strong

> weak

> gravitation

‘. i "‘\HiggsBoson? isd
o8 -
v : IsT TS? *
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http://www.gridpp.ac.uk/cubes/

Lgptons

Only the Higgs boson is missing!
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The Standard Model of Constituents and Forces

Constituents:

> Quarks

> Leptons

Forces:

> electromagnetic
= strong

> weak

> gravitation

With these few
constituents and forces all
phenomena observed on
earth can be
described (in principle).

Since more than 30 years
there is not a single
particle physics experiment
really questioning the
Standard Model.

Only the Higgs boson is missing!
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http://www.gridpp.ac.uk/cubes/

A Flaw in the Standard Model?

dipole moment.

The neutron has a strange property:

It consists of three charged quarks, but does not show any static electric

L

http://www.lbl.gov/Science-Atrticles/Archive/sabl/2006/Oct/3.html

http://en.wikipedia.org

Why does the wave functions of the three quarks exactly cancel out
any observable static charge distribution in the neutron?
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A Flaw in the Standard Model?

Electric and magnetic dipole moments of the neutron are related to

fundamental symmetries: rl
> P (parity), T (time reversal) nipdlenidpedia.re N
and C (charge conjugation) . : b 4
dﬂ.u d¢
+
~—— d

M —0—1 ' T-
> > T ‘__;__,

Neutron Antineutron  Antineutron %l

If the neutron has an electric dipole moment

in addition to the measured magnetic dipole moment, C-P_is not conserved.
Both moments would change from parallelism to anti-parallelism.

The strong interaction conserves CP < no neutron electric dipole moment
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A Flaw in the Standard Model?

However, C-P conservation is not an intrinsic feature of the theory of
strong interactions (QCD) with massive quarks (as observed).

Naively one expects for the neutron electric dipole moment:

dn—QCD ~ 10-15 e-cm.

The data show:

d <1026 e-cm.

n-data

How to explain the difference of at least 11 orders of magnitude?
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From a Flaw to a new Particle

The size of the C-P violation in QCD is described by a angle ©. There are
no theoretical bounds on O, but from the missing neutron dipole moment
©® < 10°is concluded.

Is this a “just-so0”, a “fine-tuning” of QCD? This would be very unsatisfying.

The theoreticians approach:
try to find a dynamic explanation!

Peccei-Quinn 1977:

O takes an arbitrary value by
spontaneous symmetry breaking at

a certain high energy scale f, and
roles down by non-perturbative QCD
effects to its very small C-P conserving
value observed in QCD : 620
at low energies.

A nv(a)

S. Hannestaad, presentation at 5th Patras Workshop on Axions, WIMPs and WISPs, 2009
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From a Flaw to a new Particle: the Axion

Wilczek and Weinberg independently noticed 1978:

The oscillations of © constitute an axion-field
(christened by Wilczek).

Summary:

One can explain the C-P conservation in QCD if a new particle, the axion,
exists.

The axion “cleans” QCD.

aglov = worthy, deserving
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Properties of the QCD Axion

> The axion behaves like a light cousin of the 11°.

It couples to two photons.

> Mass and the symmetry breaking scale f, are related:

m, = 0.06eV - (10’GeV /f,)

> The coupling strength to photons is

Qay, = a-g, / (11-f,), where g, is model dependent and O(1).

= The axion abundance in the universe is

Q,/Q, ~(f,/ 102GeV)7.
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The Search for Axions, Carosi, van Bibber, Pivovaroff, Contemp. Phys. 49, No. 4, 2008

The Standard Model beyond Earth

The great success on earth:

is questioned by astrophysics
and cosmology:

With these/few constituents
and forces all phenomena
observed on earth can be

described (in principle).

Since more than 30 years
there is not a single particle
physics experiment really
questioning the Standard
Model.

Dark Energy
Dark Matter
Warm Dark Matter?
Dust and Gas
B Stars

The Standard Model (without axions!) describes
only 4% of the matter-energy content of the universe!
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Dark Matter could be Axions!

Some Dark Matter Candidate Particles Due to their non-thermal
‘ production in the universe
]0'* T T T T T T T T T T T T T T T T T T . . .
o | 1 || light axions would constitute
i | || cold dark matter.
IDIE ﬂ 4
10’ Q-ball ] )
ot} * _1 || Such axions couple
10’ &
oF sl || extremely weakly to matter:
3| € D . . s .
2 ol neutrinos WIMPs : €} || the “invisible” axion.
' Ky
VE w’ i
d_ IO—II! E-
:E-” - ?ﬁw The axion was not invented to
I‘s' r 1 solve the Dark Matter problem!
Tl SuperWIMPs :
10 rfuzzy CDM l gravitino
10 el
w
Tihd A _
m”m”m ’10 10 'm 'slo"m' 10° 10* 107 10" m‘ |o° |o° m’ m“ :o”
mass (GeV)

H. Baer, presentation at 5th Patras Workshop on Axions, WIMPs and WISPs, 2009
Axel Lindner | Hidden Worlds | 03 March 2010 | Page 13

Alluring and challenging ...

The axion could solve two long-standing quests simultaneously:

> |t could explain the CP conservation of QCD.

> A QCD axion in the mass region of 102 to 10" meV would be a
“perfect” cold Dark Matter candidate.

Unfortunately this implies a very weak coupling to other stuff:
109GeV < f, < 10'?2GeV, compare electroweak scale of O(100 GeV)!
10141/GeV < g,,, < 10121/GeV

How to search for such an “invisible” axion?

This reminds on the history of the “undetectable” neutrino postulated by
Pauli in 1930 and discovered more than 20 years later.
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From Axions to ALPs and WISPs

There might be much more than a QCD axion:

= ALPs: “axion-like particles”

String Axiverse

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, and J. March-Russell,
arXiv:0905.4720 [hep-th]

String theory suggests the simultaneous presence of many ultralight axions, possibly
populating each decade of mass down to the Hubble scale 10-33eV. Conversely the presence
of such a plenitude of axions (an “axiverse”) would be evidence for string theory, ...

= WISPs, Weakly Interacting Sub-eV Particles,
(axions and ALPs, hidden sector photons, mini-charged particles) occur
naturally in string-theory motivated extensions of the Standard Model

Naturally Light Hidden Photons in LARGE Volume String Compactifications

M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald,

arXiv:0909.0515 [hep-ph], JHEP 0911:027,2009

Extra “hidden" U(1) gauge factors are a generic feature of string theory that is of particular
phenomenological interest. They can kinetically mix with the Standard Model photon and are
thereby accessible to a wide variety of astrophysical and cosmological observations and

laboratory experiments.
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WISPs: llluminating Hidden Worlds?

— Light hidden U(1)s - g

e Embeddings of the standard model in string compactifications often
contain even several hidden sector U(1) gauge factors (cf. consistency
conditions, e.g. tadpole/anomaly cancellation), e.g.

— in type Il string theory with branes:

Standard Hiddegecior

A Ringwald (DESY) SLAC, Seprember 2009

> Very massive messengers may communicate between “our” Standard
Model world and hidden sectors of a stringy universe.

In this sense WISP searches try to illuminate hidden worlds

and probe very high energy scales.
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Summary on Motivation

= The axion remains interesting as a

= solution to the CP conservation of QCD,

= candidate for Dark Matter.

> The might be a plenitude of \Weakly Interacting Sub-eV Particles

= occurring naturally in string-theory inspired extensions of the Standard Model,

= opening a window to physics beyond the TeV scale.

> Theory starts to develop detailed scenarios and predictions for WISPs
to be probed by experiments.

= Not only detections, but also upper-limits on WISP productions might become
important ingredients for theory.
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An Experimentalist’s Motivation: Just Coincidences?

> Neutrinos have masses at the me\/ scale.

> The density of Dark Energy in our Universe is 1072°g/cm3, being
equivalent to p- = (2 meV)*,

The Cosmo|ogica| ute to the effective cosmological constant. In order to
keep py <107* GeV*, we need the scalar field adjust-
constant prObIem’ ment to cancel the effect of gravitational and electromag-
S. Weinberg’ netic field fluctuations down to frequencies 1072 GeV;
for this purpose we must have m, < 107" GeV. A field
Rev. Mod. PhyS this light will have a macroscopic range: #/m ¢z 0.01
61,1-23 (1989)  om.

> Today's energy density of the universe is about (meV)*.

Does this hint at new physics at the meV scale?

Presumably, LHC & Co. results will not explain these phenomena.

Let’s strive for dedicated experiments!
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How to search for “invisible” WISPs: exemplary Basics

> Neutral scalar or pseudoscalar WISPs couple to two photons:

an electric or magnetic field:
exploit the Primakoff effect

A % axion
! ! The Search for Axions,

Carosi, van Bibber, Pivovaroff, Y
Contemp. Phys. 49, No. 4, 2008

> One of these photons can be provided by / !
I

The Search for Axions, Carosi, van Bibber, Pivovaroff, Contemp. Phys. 49, No. 4, 2008

MAE ALP » WISPs can be produced by light shining into a magnetic field.
< » WISPs entering a magnetic field can convert into a photon.
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How to search for “invisible” WISPs: exemplary Basics

> Neutral scalar or pseudoscalar WISPs: exploit the Primakoff effect

> Neutral vectorbosons (“hidden sector photons” HP):
exploit mixing with “ordinary” photons.
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How to search for “invisible” WISPs: exemplary Basics

> Neutral scalar or pseudoscalar WISPs: exploit the Primakoff effect

> Neutral vectorbosons (“hidden sector photons” HP):
exploit mixing with “ordinary” photons.

> Minicharged particles (MCP, about 10-° e): “loop effects”.
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How to search for “invisible” WISPs: exemplary Basics

> Neutral scalar or pseudoscalar WISPs: exploit the Primakoff effect

> Neutral vectorbosons (“hidden sector photons” HP):
exploit mixing with “ordinary” photons.

> Minicharged particles (MCP, about 10-° e): “loop effects”.

WO \ICP
Y WISP ALP m P> 0) 555 % HP( m = 0)
Axion-Like Patrticles, Hidden Photons, MiniCharged Patrticles
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How to search for “invisible” WISPs: Astrophysics

> Indirect:
WISPs would open up new energy loss channels for hot dense plasmas

= stringent limits on WISP characteristics from the lifetime of stars, length of neutrino
pulse from SN and cosmic microwave background radiation for example.

= Direct:
= Search for axions //$ -ax_ray
Mg,)_ ——————— e )

from the sun § 7
(CAST at CERN) 14111 detector

Sun magnet

= Search for
halo dark matter axions
(ADMX at Livermore)

The Search for Axions, Carosi, van Bibber, Pivovaroff,

Contemp. Phys. 49, No. 4, 2008
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How to search for “invisible” WISPs: Lab Experiments

> (Some) WISPs could manifest themselves in fifth force experiments.

> Experiments with intense laser beams providing very high photon
number fluxes or extremely good control of beam properties.

= Indirect: search for polarization effects

rotation: W ? ‘”ﬂ”ﬁﬂ-\}
dichroism X S
(selective Bext %
absorption) different conversion of light polarized ||
due to real and __to the magnetic field into WISPs.

WISP production

ellipticity: \ A
dllipticity birefringence v % ‘b%
(different light e Bext
) =

velocities)

due to virtual QED:An (L - ||
ue to virtual 3.6:1022 (9.5 T @ LHC dipole)
(by M. Ahlers) WISP production G. Cantatore, 5th PATRAS workshop 2009,

see http://axion-wimp.desy.de/e30/e52240/e54433/GiovanniCantatore.pdf
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How to search for “invisible” WISPs: Lab Experiments

> (Some) WISPs could manifest themselves in fifth force experiments.

> Experiments with intense laser beams providing very high photon
number fluxes or extremely good control of beam properties.

= More direct: “light-shining-through-a-wall” (LSW)

Okun 1982, Skivie 1983, Ansel‘m 1985, Van Bibber et al. 1987

A= 514 am Effifii V///A G. Ruoso et al.

ar (BFRT Experiment),

M [7/:/:7; Z. Phys. C 56 (1992) 505

B=37T,Im=44m WALL Bwl37T|l=44m
1 Worlds | 03 March 2010 | Page 27 @

1.5 W

Searching for ALPs: The Status before 2005

> Accelerator based experiments searching for the QCD axion (or ALPs)
quickly showed in the 1980'ties that such particles, if they exist at all,
have to be very light and “invisible”.

> BFRT searched in 1992 for polarization effects and LSW,
but did not find any hint for a new particle.
Alimitofg, <1 )1/GeV was achieved for m, < TmeV.

= Limits from astrophysics gave g, , < 11/GeV excluding a QCD axion
for approximately m, > 1eV.

> However, only a QCD axion in the mass region of 10 to 104 eV would
be a “perfect” cold Dark Matter candidate. This implies a very weak
coupling of 11/GeV < Ja, < 10721/GeV.

Note:
P

4
>y ~ 9

A hopeless situation?!
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The Return of the Axion: PVLAS 2005/ 2006

8

/13
% dichroism (selective absorption)
due to real WISP production

magnetic field

(by M. Ahlers)

PVLAS 2005/2006:

Experimental Observation of
Optical Rotation Generated in
Vacuum by a Magnetic Field

E. Zavattini et al., Phys. Rev.
Lett. 96, 110406 (2006)

... The relevance of this result
in terms of the existence of a
light, neutral, spin-zero particle
is discussed...

Axel Lindner | Hidden Worlds | 03 March 2010 | Page 29 @

(compiled by
J. Redondo)

Lalb%\r/\éatoﬂ/

08 W Solar Lifetime

Halineasiemalams

EASstrophysics

The Return of the Axion: PVLAS 2005/ 2006

PVLAS 2005/2006:

Experimental Observation of
Optical Rotation Generated in
Vacuum by a Magnetic Field

E. Zavattini et al., Phys. Rev.
Lett. 96, 110406 (2006)

... The relevance of this result
in terms of the existence of a
light, neutral, spin-zero particle
is discussed...

This was in apparent
contradiction to limits from
astrophysics!
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The Return of the Axion: PVLAS 2005/ 2006

Consequences from the unexpected PVLAS result:

= Strong push for many experiments:

= LSW:
ALPS@DESY, BMV@Toulouse, GammeV@FNAL, LIPSS@JLab, OSQAR@CERN

= Polarization:
BMV@Toulouse, OSQAR@CERN, PVLAS@Trieste, Q& A@Taiwan

= Strong push for theoretical activities:

= Masso-Redondo model:
Different effective theories at keV energies (stars) and at low energies (laboratory),
WISP production might be suppressed in stars,
but not in “low energy” environments in the laboratory.

= WISPs occur naturally in string-theory based extensions of the Standard Model.
There might be much more than the QCD axion!

The discovery of the “low energy frontier”!
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The Setback in 2007

> There is no new phenomenon like the one published by PVLAS in 2006:

New PVLAS results and limits BULAS piaion ppot ound —
on magnetically induced optical — —ﬂ-\ BN
rotation and ellipticity in vacuum § "= ——=— =3

i
OsmelzEThed | T T

E. Zavattini et al.,
Phys.Rev.D77:032006 (2008)

T
B
/]

Inverse coupling constant My, [GeV]

A 0.001
10 Mass my, [eV]

> In spite of this and other negative results of experimental searches,
the field is still alive due to the theoretical insights discussed above.
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The Survival of the “Low Energy Frontier”

> The discovery of WISPs may be “just around the corner”.
> Astrophysics and laboratory experiments complement each other.

= Probing the QCD axion remains a challenge.

> LSW experiments offer the most promising perspectives to probe for
meV WISPs in the laboratory.

= The production (and re-conversion) of ~y f’ "i’ ~y
WISPs takes place in a coherent fashion. é %
B B
‘Y* ,},*

For ALPs (®):

T o el i o ,,-m(gqf)]“ .
P,_4(B,¢,q) = = (gB)° F(qf) F(ql) = 2 q=P,—Po
=g l 5! I: length of B field
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Note: a meV Physics Window to highest Energies?

(compiled by
J. Redondo)

Standard Hiddenq;ec’ror‘

Model

Mysn ~ o/ (ng) - O(1)

In the “hidden sector” models the
e T existing limits probe messenger
logy masses at TeV to PeV scales!

Pe V rino Flux
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ALPS @ DESY in Hamburg

# (the only particle physics =~ ™

experiment on site)

Approved January 2007

Final data run Dec. 2009
(end of first phase)




The ALPS Project

Axion-Like Particle Search @ DESY

The ALPS Project
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The ALPS Project
Any Light Particle Search @ DESY

---------

WISP

|

'|

” H
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A "light-shining-through-a-wall” experiment

1 B “:_
detectGr

iy

The ALPS Project
Any Light Particle Search @ DES

« DESY —
g Ma’x:Pfanck Instltute ioEravitational Physms

Leiniz Univérsity Hannover

Laserzentru Mdgannover

> Flainolrger Siternyyelr

Y

clfie .
2 Universitat Hamburg
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Leibniz
Universitat
Hannover

== | ASER ZENTRUM HANNOVER e.V.




> Sensitive detector:
CCD
(determines wavelength of laser light)

Three main ALPS Components
|

> Strong magnet:
HERA dipole
(unfortunately just one)

> Powerful laser:
optical cavity to recycle laser power

(high quality laser beam)
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Severe Experimental Constraints

= Just one HERA dipole magnet: Magnet insert cross-sections
Wall and one mirror are to be placed Hmeah
in the middle of the magnet.
The mirror is to be steered remotely.

= The beam tube inside the dipole is bent.

= Clear aperture only 14 mm (vertical)
on a length of 8.6 m.

= A laser with very excellent beam quality
(Gaussian beam profile) is required.

Essential:
Collaboration with members of the
gravitational wave antenna community.

at detector side
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ALPS : first Operation of an optical Resonator

> Set-up for data published in NIM A, doi:10.1016/j.nima.2009.10.102

(Resonant laser power build-up in ALPS—A “light shining through a wall” experiment)

I-Wv
WS

=
S ES Absorber
Cavity PR

ARwindow AR window Magnet 5T S
= Vacuum tube Vacuum tube Atlenuamrf;m
2 = sBIGA | |
&=t s B Camera i
SRS 5 - ER |
BB 3 WEBcam for |
T ] rBeef:’r:nce _‘_
Lo vﬁ = Reference Laser Beam i
== = o s
S
Y § b E i - screen for
H od " rence beam
é[ EEH 5 = ctor Bench
g 1 A= 2 P
L e &
3 =,
& oz
z 4
H P2
g HJ Pol-BS2 [T Power
F = P1 Pol meter
3 5l |
=)

35W Laser
Laser Bench

4_,m>\

First successful operation of
an optical resonator in a LSW
experiment as a proof of
principle!

The main limitations were:

The conversion of 1064 nm
to 532 nm light was
somewhat inefficient:

0.8 W out of 35 W (2.2%).

The power built-up in the
resonator was limited by the
transparency of the windows
sealing the vacuum tubes.
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ALPS Upgrades since Spring 2009: Laser

> Upgrade 1 for data taking August to December 2009:

ALPS Experiment
IR laser part and SHG cavity SHG (Second
harmonic generator)
. PPKTPoven |

dichroic g

gn and rd
from SHG
To gn part Atk /
532 nm

Dump IR I
V

| Piezzo PDTIAC 1o SHG-FID)
i PID=prop.+integral+diff
i requlator

1064 nm
From 35 W

Clean Laser
polarization

—." L1{ar2)
A polest

PM2.1R not L2472 Power to SHG)

A
=
accepted by SHG (284 - 302 degrees)
PM1 from
IR Laser

DN7.9.2009

Improved frequency doubling
of laser light by use of a
second resonator:

now 5 W out of 10 W are
achieved (50%).

The power was not increased
further in order not to
endanger the PPKTP crystal
(would cause delay of about
two months).

Later it turned out that this is
not limiting the whole system.
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ALPS Upgrades since Spring 2009: Laser

> Upgrade 2a for data taking August to December 2009:

ALPS Experiment
Cavity Green 532 nm Laser Part Get rid of AR windows by
inVacuum eference Laser Beam . . . .
— including the cavity mirrors
i WfEbcamera - Aot o into the vacuum of the laser
ump for reflecte
S QU antioht beam tube:
P'E)dzforsch:sm-lock ‘
\L e Absorber ry
Pre Da b - —N The vacuum system was
~ a2 / Faraday Iolator  Fuesdon mo extended up to the laser
! e bread-board and the coupling
o4 TSR mirror for the resonator place
| ~ DCtoautodock MM1-|em._==_ “A/ RM2 1
i r'.",::z:mdm" r:é::s?c:::;:hnun = LSt'—f’z.ﬂrmunl IN a vacuum tank.
| whw1‘ for ALPS cavity l:;;m':;m co:‘l;‘g:v; to ALPS
L u-uﬂ S This complicated the
5 Ly MM poLest alignment and operation of
- ‘j“w - % the resonator significantly (no
DN 7.9. 2009 WALE RO PO SO0 PM3,Bolomater .
ALy light not o cviy: direct access anymore, only

remote controls and web-
cams).
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ALPS Upgrades since Spring 2009: Laser

> Upgrade 2b for data taking August to December 2009:

Get rid of AR windows by including
the cavity mirrors into the vacuum of
the laser beam tube:

The mirror holder in the centre of the
ALPS magnet attached to the laser
side vacuum tube was replaced by a
new much smaller holder which slides
into the tube.

No properly suited small motors
(vacuum + 5 Tesla!) are available, but
fortunately own improvements of
magnet-suited squiggle motors work!
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ALPS Upgrades since Spring 2009: Laser

> Result of laser upgrades for data taking August to December 2009:

s The 1300 W laser power is
achieved from 4.4 W built-up
in the resonator by a factor of
300.

The power is limited by the
lifetime of the mirrors in
vacuum (10-30 h) due to
heating. However, a
e | significant further

08/2009: $300 W cw with JSCEERVEIEERY
. ' 4 require investments into

p_O\_N?[ built ol beam stabilization and new
B locking electronics.

1300 W is much
more than we ever

: \ dreamt of!
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The new ALPS Laser System

= We are running a quite complex and delicate apparatus!

cay GFeen 532nm Laser Part ALPS Experiment IR laser part and SHG cavity
in'V;
Uikl Al Reference Laser Beam SHG (Second
harmonic generator)
WEBcamera {PPKTPoven &
- - dichraic 4  dichroit Piezzo PD1IAC to SHG-PID)
¥ 4 CM remote Dump for reflected T FID=prop.+integral +diff.
gn light 54 H regulator
nand H
PD3 for SHG auto-lock [gmm SHG i Absorber
and monitoring EFSL PPy e A
Absorber
dichroic
AM3 | *: —H - /
,( vl /L4fr f2for maxlmlzzn{ r
| - ean
=~ am2 ’ Faraday Isolator [Frlil:;!:::znlﬂlalaﬂ Li2 <= fundamental 1064 nm
V) ) polarization From 35 W
. Dby Laser
Clean Laser
PD2 for reflected beam - polarization .
oY DC to auto-ock MM1-lens Y RM2 ) LG/2)
Attenuation for ALPS cavity ~= Lit== Pol-BS1
Filter AC to PID requlation =2 L5072 Amount
wheel for ALPS cavity Dump for of Ii_ght to ALPS L3(as2) Pol-BS2
\ I» reflected cavity)
Kk > gn light
AMAN] u ! PMZ.1R not L2372 Power to SHG)
accepted by SHG (284 - 302 degrees)
! o MI’\H_—[lens POL-BS4 PM1 from
AMI N Al T L) IR Laser

DN 4.11,2009 Lo(32 for polarization PM3,Bolometer
in ALPS cavity)

liaht not to cavitv.
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ALPS at Work

E Absorber
- Cavity { oein
T .
i E : | e
ARwindow AR window Magnet 5T 4
f— Vacudm tube Vacuum tube Attenuator —— 1 m
|
2 SBIG 47|
I Camera
b G 53
] WEBcam fo
n géﬂ_‘ reference
Beam -
LI I =, Reference Laser Beam \ﬁ
> {L

Steps of data taking:

1. Test alignment with open detector tube and

fraction of laser light passing the mirror (10-4).

2. Demount detector and detector tube, close
tube and reinstall all.

3. Take data (1h CCD exposures).

4. Demount detector and detector tube, open
tube and reinstall all.

5. Test alignment like in step 1.
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Stability of Beam Spot Position

Signal before and after a data run
(Ar, hidden photon search).

0,50
0,45
0,40
0,35
0,30
0,25
0,20
0,15
0,10
0,05
0,00

Pixels

Peak position of beam spot does not move

Peak position difference
(before / after each run)

\
N
AN
o

AN
N
A

(454,578),
090826

(454 578),
090903

(440,495),
090918

Data set

(400585),
001023

(400,591),
001202

more than 0.5 pixels (6.5 um).
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One Data Frame (SBIG ST-402)

File Edit Camera Display Utlity Misc Track Filter AQ DSS  Xtra  Wwindow Help

9838830 ACED
Save Open | Estlink Shtln | Serup Grsb Focus | WHalr Hist SSC

Processing
I Smooth
I” Sharpen
[ Invert
[ Auto

PFizel Data
Pisel X 276 v: 392
Yalue: 1133
Aeegfal 113267
Noise: 42.40
Magnitudes
Ahgolute: 99.00
Diffuse: 99.00
Seeing. 1.7x1.1

Geometry

#-Hair Preview

Box: | 21221 A
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One Data Frame (SBIG ST-402)

blocked ref1_nd81_magnet 5700_4 3600 sec RP290-280 02.FIT
File Edit Camera Display Utlity Misc Track Filter AC DSS  ¥kra Window Help

ki +!%
Save Open | [slik ShtDn | Sewp Grab Focus | ®Hair Hist SSC

] LN [

Pracessing
[~ Smooth
[~ Sharpen
[~ Invert
[~ Auto

Pizel Data
Pixel > 505 % 438
Walue: 2833

Awgval 118453
Noise: £33.80

Magritudes

Absolute: 99.00

Diffuse: 99.00

Seeing: 1.2¢1.2

Geometm

#-Hair Preview

Bow: [ 21421 hd
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Principles of the Data Analysis

>The data consist of CCD frames with an exposure of one hour.

=>The photons from reconverted WISPs would arrive in a known CCD pixel
(3x3 hardware pixels combined into one “software” pixel).

=>To search for WISPs, the value of the specific pixel is compared between
data frames (where on expects WISPs) and dark frames (where no
WISPs are expected, for example camera shutter closed).

>To get rid of the frame-to-frame fluctuation
of the CCD camera (a PIXIS 1024B
for the final data runs),
the difference between
the signal pixel and the
average of the surrounding
120 pixels of an 11:11 pixel
grid is determined for each frame.
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A Glimpse into the Data Analysis

= Each 1 h exposure results in one entry (ADU value of the signal pixel)
into the histogram: ———m

[ Laser on o os5771 00]
B Mean 1.

—p—— L

pixel (147,165)

h100

Dark frames i e
Miem

Compare mean ADU for
“Laser on” and “Dark frames”.
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A Glimpse into the Data Analysis

> Test the CCD and the data analysis with a photon beam of extremely
low intensity: between 5 mHz and 50 mHz.

 Laser on = v

" pixel (147,165)
Dark frame

pixel (147,165)

I
ar

e

aan

1

=127

2E: 04
2482 1.7

TTITT T TV ITT

From Gaussians fitted to the data:
Amean Awidth

23.27+3.20( -5.86+3.20

A photon flux of (7.9+1.2) mHz (3-102T W)
is detected which agrees nicely to the expectation.
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A Glimpse into the Data Analysis

> Example for a data run:

FLaser on
Ehor. pol.,
-k magnet on,
~pvacuum / .
pixel (133,195) -

3

Dark frames

pixel (133,195)
/

T YY”II“[ T T

From Gaussians fitted to the data:
Amean Awidth

-0.24+3.54| 0.96+2.50

In none of the preliminary data analyses
any evidence for WISP production shows up.
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Preliminary ALPS Results

= Unfortunately, no light is shining through the wall!

laser hut —-. . # .z

Preliminary Results for the Vacuum Data

> ALPS is the most sensitive experiment for WISP searches in the laboratory.
For axion-like particles, ALPS probes physics at the “multi-10-TeV scale”!

" < pseudoscalar
and =
scalar —» ¢
axion-like particles =

[ LIPSS

“F BFRT ____/

F OSQAR
|l GammeV

| GammeV

107e ALPS prelini

107 E
] F ALPS (preliminary)
P | 1] Ll
10 10 104 1073
m_[ev] m. [ev]

—TT
OSOAR

< hidden sector photons '
and p—
minicharged particles —»
[=4

BMV
GammeV <=Filling a gap remaining
from astrophysics and

other experiments! R B,
my [eV] 0 1o l

tycpleV]
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A new Method to extend the Mass Range

> The coherent phenomena probed at ALPS
induce regions of insensitivity.

i -6
= BFE
/
2

2 .2 |l  GammeV
p = & g yosin (QL?)
4 (qL!2)

“& ALPS preJimi

withq = p,—pg, L = length of B field I i

m_[eV]
> They originate from ¢-L = (p,—py)-L = 2m=x

> ldea: change photon momentum p by a small amount of gas:
Py @ay= P, VI+2(n-1), where n denotes the refraction index.

> We apply this approach by taking data with a pressure of
0.18 mb of Argon in the laser and detector beam tubes.
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Preliminary Results for the Argon Data

> Gaps in sensitivity for axion-like particles are closed!

>
S ALPS NIM ALPS NIM
o GammeV GammeV
§ «\-\‘\a“l ALPS gas ALPS gas
o ALPS
1 1

1 1 1 1 11 I
107?

m.leVl]

> The same is done for hidden sector photon searches
(about 0.11mb and 0.14mb in laser and detector tubes).

Axel Lindner | Hidden Worlds | 03 March 2010 | Page 60 @




ALPS Summary

= Since spring 2009 the apparatus was improved considerably:

= Primary laser power: factor of 5
= Power built-up in resonator: factor of 15

= Detector sensitivity factor of 20

= ALPS is now in the forefront of lab experiments searching for WISPs.

= Aims as given in the Lol DESY 07-014, hep-ex/0702023 surpassed:

107 g

I
|

/miw

10-¢ |

10-8 :,..-Et::'f.l.-o—-w ’J— 3
- 0’E ALPS E

5Tx4.21m, 5Tx4.21 m; 1084 nm 1

iammeV

g [Gev']

o = A i u e
10 1077

m, [eV] m_[eV]
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> Summary

Axel Lindner | Hidden Worlds | 03 March 2010 | Page 62 @




> The world-wide activities in this research field are strengthening.

Laser Experiments: History & Presence

Experiment Reference Al P LSW
(O]
£ o
A'tps (DESY/D) ar¥iv:0905.4159 X X v =R
“Axion-Like Particle Search” L
c wn
[Sgn
BFRT 25
(BNL-Farmilab-Rochester-Trieste) Phys.Rev.D47(1993) v v v ‘% =2
»w O
BMV (LULI/F) Phys.Rev.Lett.99 (2007) » X v g &
“Biréfringence Magnétique du Vide™ Phys.Rev.D78 (2009) -
o=
GammeV (Fermilab/USA} Phys.Rev.Lett. 100 (2008) X X v % =
“Gamma to meV particle search” Phys.Rev.Lett.102 (2009) < -
s c
LIPSS (Jefferson Lab/USA) Phys.Rev.Lett.101 (2008) X X v %—3
“Light Peaudoscalar or Scalar particle Search” arXiv:0810.418% c
o
OSQAR (CERN/CH) g
-Optical Search for QED vacuum magnetic birefrin- Phys.Rev.D78 (2008) X X v <
gence, Axions and photon Regeneration” 35‘
=
Phys.Rev.Lett.96 (2006) 7]
PVLAS (INFN/) Erratum-ibid.99 (2007) v | v | » 2
“Polarizzazione del Vuoto con LASar Phys_Rev.D?? [2008) D(_v
e
. . 5
QA (Hsinchu/Taiwan) Mod.Phys.A22 (2007) v X X
“QED & Axion”

Axel Lindner | Hidden Worlds | 03 March 2010 | Page 63

> The world-wide activities in this research field are strengthening,
but there is still a way to go!

[+}] 1045

(GeV

510

9

107 ke
10°®
10°

i o
ATy

70

‘T‘-"qu4 TTTT I\IIHIIl I\IIIIII| \IHIIH‘ \IHIH‘IIIIIIH T TTTTI TTTIT
.0

10-10
107
10-12
10"
10
10-15

Overclosure

signatures for axion(-like) particles, K. Zioutas et al.,

Axion Searches with Helioscopes and astrophysical
New J. Phys. 11 (2009) 105020

10_16 1 111 v 1l
1

o’ 10° 10°® 10* 10® 102 10" 1 10

maxion(ev)
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> The world-wide activities in this research field are strengthening,
but there is still a way to go!

> Experience gathered with ALPS is a firm foundations for continuing to
probe the hints for WISPs, now on larger scales.

> The essential strength of ALPS is the collaboration of particle physicists
(theory and experiment) and laser physicists from the gravitational
wave detector community.

> The ALPS collaboration is drafting a plan for a possible
ALPS-extension to be decided on in summer 2010.

> However, is this worthwhile to do?
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J
Iindeed!
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Hints for ALP Physics?

Remind:

> A QCD axion in the mass region of 10 to 10 eV would be a “perfect”
cold Dark Matter candidate.

Astrophysics:

= Axions and the cooling of white dwarf stars.
J. Isern et al., arXiv:0806.2807v2 [astro-ph], Astrophys.J.L. 682 (2008) L109

> Evidence for a New Light Boson from Cosmological Gamma-Ray
Propagation? M. Roncadelli et al., arXiv:0902.0895v1 [astro-ph.CO]

= AGN X/y-ray luminosity relations: hints for axion-like particles
C. Burrage et al., arXiv:0902.2320v1 [astro-ph.CO], Phys.Rev.Lett.102:201101,2009

> Does the X-ray spectrum of the sun points at a 10 meV axion?
K. Zioutas et al., arXiv:0903.1807v4 [astro-ph.SR]

> Large-Scale Alignments of Quasar Polarization Vectors: Evidence at
Cosmological Scales for Very Light Pseudoscalar Particles Mixing with
Photons? D. Hutsemekers et al., arXiv:0809.3088v1 [astro-ph]
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Large-Scale Alignments of Quasar Polarization Vectors

EFRARAET LEREE T 0 T D. Hutsemekers et al., arXiv:0809.3088v1 [astro-ph]
o 4 1 5 pgm
L ] A
g 20 R v £ LA 7
'g 1 o 50 100 150
= °F : o reeenenwe = Quasar polarization vectors appear
[ C i =1 / 7
A 20 ] E 3 . .
: 1 w0 | aligned over 1 Gpc regions at low and
© oowsto oL [ high redshifts.
b b Lo o] g ?Aﬁ‘f!fbl.[}ll’lul.lln 3
150 180 210 240 1 2 3 4
Right Ascension Polarization degree
How to search for “invisible” WISPs: Lab Experiments
RN AR R BT R i
40 - . =] F / > (Some) WISPs could manifest themselves in fifth force experiments.
C \ \ g ] [ > Experiments with intense laser beams providing very high photon
a 20 y — o A number fiuxes or extremely good control of beam properties.
g E ]
2 r \ 1 150 * Indirect: search for polarization effects
= 1] Polarization angle =
= E 1 : -
¥ b S e "k
r 1 10 ) = absorption)
L \ . B 1 due to real L tothe
—40 E ) ] =7 2] WISP prauction
- 1.0<z<2.3 1 SV e 1 it -
SN ETEEEY FEET TN PR s D?*:}:?Hx—n.l...m..-': birefingence  © E ¥ f;r
150 180 210 240 1 2 a3 4 ::llﬂ:c:::;;lgh: ~ o Z3
Right Ascension Polarization degree due 1o virtual - b sipole:
WISP product s
e =
/a8
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Large-Scale Alignments of Quasar Polarization Vectors

T e s D Hutsemekers et al., arXiv:0809.3088v1 [astro-ph]
T P
. 20_._ s 0;7:7‘;_.' /‘}”V/j
= 2l o 50 100 150 . .
£ °F o reewuenange = Quasar polarization vectors appear
vt 1woE aligned over 1 Gpc regions at low and
“01 0,0<2<1.0 1 sh " high redshifts
;L.l..]..l_l. TS S R .1.: o ;,:/;Az;b J.Eg’zi.u Ll J.;j g )
150 180 210 240 1 2 3 4 . . . .
Right Ascension raarization aeree = Photon-ALP oscillation in cosmological
frTTTTTTTTTT e magnetic fields might explain this effect.
40 |- N, ; —_ 5 :_r 7 7 E
g 2f AR /.Lm/; > Parameters:
= F s S ] © 50 100 150
I /ﬁ"%f Pll ““' = Magnetic field:
e TG EI 1 L =10 Mpc, B=0.1 uG
—40 ) - 2// =
EII|1I:(I)ﬁZ|I<%.'3I|IIIII|IIE ’ %/?:J/AH V:'lllllli"illlE " AXion-Like-PartiCIe:
150 180 20 240 1 2 3 4 m = 10-14 eV,
Right Ascension Polarization degree

g=5-10"21/GeV (only g-B is relevant)

1
ele (in @) a od ¢ ited
in right 10 1% E il i
) wittom, 56
b, Al Jow {res ig «dshifts the probability {butic
of polarization angles is drawn from an uniform distribution is 0.3% (resp.
0.2%) with a mean value of the polarization angles around 79 (resp. 8°).
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A possible Scenario for ALPS I

= Still a way to go!

state-of-the-art (ALPS)

for example: CAST experiment

astrophysics
154

IIII|'|T|| IIII[l'l] IIII|'|T|| IIIII|T|] IIII|'|T|| IIIII|T|] LRI

QCD axion

10-12 Aﬁ‘/
10-13||||||||| T N T T N T TN S AN T S N O A

-3.8 -3.6 -3.4 -3.2 -3 -2.8 -2.6 -2.4
log, (m [eV])
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More Beam Time for Lab Experiments?

CAST: expected ALPs flux from the sun for g=10-10 GeV-":
@, =g?%,,3.75:10"" 1/cm?/s = 1.5:10"? s

ALPS: expected ALPs flux for g=10-19 GeV-': @, = 3-10% s

Nine orders of magnitude are difficult to beat just by beam time:
(the ALPs have to convert into photons for detection: ~ g#)

Life Cycle start ALPS =500 events found!

Of the S un Now Planetary Nebula
I Gradual Warming

F o0 000000 e o+ o .

White Dwarf ...

Birth 1 2 3 4 5 6 7 ] 9 10 1 12 13 14

In Billions of Years (approx.)

Need a more clever approach!
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A possible Scenario for ALPS I

Basics:

> Need to switch to a scenario with at least two magnets in order to have
a handle on both mirrors defining the resonator.
At ALPS there is no access and no firm support of the mirror in the
middle of the HERA dipole.

> Ensure clean room conditions from the beginning.
At ALPS this was introduced at a late stage.

P 75u

>
<

A

28 14y

15p 2x LHC magnet
(prod. region)

2x LHC magnet
(regen. region)

Fig. 1: ALPS II - setup of LHC magnets and cleanroom containers within hall 55. The magnets
need cryogenic infrastructure. The cleanroom containers will host all optics, electronics and

working areas.
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A possible Scenario for ALPS I

Essential:

> Implementation of a second cavity in the regeneration part of the
experiment to enhance the conversion probability WISP— photon.

Phot “ :
Bo | Wall| By paecter “Resonantly enhanced Axion-

- y T+ a I ______ 1 IE Photon Regeneration”
| =

P. Sikivie, D.B. Tanner , Karl van

e Magnet | Bibber. Phys.Rev.Lett.98:172002,2007.
< L - “ L > (also F. Hoogeveen, T. Ziegenhagen,
hoton  DESY-90-165, Nucl.Phys.B358)
(b) elecliors

I Matched Fabry-Perots

Realized at ALPS
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A possible Scenario for ALPS I

Laser and resonators:

150 kW effective laser power, second cavity with a finesse of more than 10°.

R opt. stacked angled
POH PO (1064 nmi; table 2 ﬁ:f“';:‘m' dichroics enclosurs
feeds back to laser freq.

T. Meier (AElI Hannover):

Stable Zerodur baseplate
{placed on opt. table,
located inside vacuum)

i Challenging, but not a
. _. a adjustable
S daydream.
: an -:-l i _|°
i e | i1 e I
: iigl | Based on existing
wall iia .
Lt technologies for LIGO
t.
rour0 cm: M and LISA.
cavity length
Modulation freq. for IX
POH lock of reg. cavity \'a:““m
Quadrant-PDs (1064 nm); " So/5085 enclosure
DWS of alignment =
mismatch between Fined freq. offset for green | 2
incident laser beam and ) mode; comp. for path T
producticn mode AP tength difference in DBHR @
H layers of reg. cavity
e it A e ek B ettt
b e el SR b s v

Alternative in the US:

G. Mueller, P. Sikivie, D. B. Tanner, K. v.Bibber
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A possible Scenario for ALPS I

Detectors:

= Strive for a “background-free” single photon counter:
Transition Edge Sensor @ 100 mK?

> Heterodyne detection: mix two signals S = |Espe!@'™¢) + Epgeie|?
and search for a Fourier component? = E2, + 2E;pEgpcos(Qi + ¢)
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A possible Scenario for ALPS I

Detailed studies have started:

A realistic setup for LSW

For example:

the world’s first study

of realistic magnet v
configurations by & 1w}
P. Arias (DESY). <

10711 J
Axion models
10 12 A 1 L L
1%10 2x10*  $x10-* 0001 0.002 0.005 0010

Increase sensitivity _— melev]
for certain masses! The extra oscillation mode allows the form factor

sin c;rM
flq) = %sin (q—L) ﬁ

to have different maxima

Paola Arias Photon Regeneration Experiments: ALPS Collaboration
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A possible Scenario for ALPS I

> Possible sensitivity in 2015 / 2016:
. E [
> E
[] — | ‘ |
S 10° | '
=] E (AT
107 ;_state-of -the-art (ALPS) \ H gb‘ ” "I
; ‘ 1 1 IR ||uur“““
= " un (I
10-9 2_2 2 LHC cllpoies new Laserj@&j b
10" &=
= o astrophysics
10-11 E_2+2 LHC dipoles, new laser & detector, 2nd cavity
= QCD axion
10-12 =
10-13 L TR R NN TR S I (% T | L1 L 1 ‘
-4 -3.8 -3.6 -3.4 -3.2 -3 -2.8 2 6
log, (m EeV])
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A possible Scenario for ALPS I

> Possible sensitivity in 2015 / 2016:

—
: <
>
| \HIHH‘ T TTTT

(

| y ‘ N ) I
state-of-the-art (ALPS) \ H g il ”
| I | .‘ P g A LA \IJ,; “
LA

108 £-ALPS with 2+2 LHC dipol I .'}I.

4 b
+2 LHC EIIDDiES new Laserj@ J

—
o
&
LI T

astrophysics

QCD axion

4 38 36 34 32 -3 28 26
log, (m EeV])
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Without Magnets: Searching for hidden Photons

107° B
- Only laboratory experiments
searching for massive

10-6 k& hidden sector photons might
close the gap in the meV
> oY\ o hail  moss region!
67| ' T A GG Same laser and detector
: technology, but no magnets
needed.

5 . _ Only long straight vacuum
= . Implement regeneration cavit
1 ¥ P in :he Lpgexp;i:{enf . tU beS'

.

1 Illllllj\ 1 IIlIIII] 1 IIIIIIII 1 IIIIIIH

10~ 1 18- 1072 164

(compiled by J. Redondo) m, [eV]
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International Activities: Annual Workshops

4th Patras Workshop on Axi . > Please contact A. Ringwald or
e _ ) me if you want to contribute to
B e PATRAS 2010 (5 to 9 July) in

Zurich, Switzerland.

Next (6th) Patras Workshop: Zurich

* July 5 - July 9, 2010
* Hopd 1o 5ed you all there!
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Another rediscovered Area: GeV Dark Forces

Dark Forces Workshop

EAR FORCES AT THE GeV-SCALE SLAC NATIONAL ACCELERATOR LABORATORY

REGISTRATION

Registration is ry ko
participats in the workshop.

» Register

ACCOMMODATIONS

» More Information

Creait: soume lnages used o Rey of CERN amd V. Springel et al/Millennium Simulation

Searches for New Forces at the GeV-scale

Date/Time: September 24th to 26th, 2009
- Thu : fram 8:30am to 8:00pm
- Fri: frorn 9:00arm ta 6:00pm

St forn 9-0Nar to 5 00pr Joint DESY and Universitg of Hamburg
Location Accelerator Physics Seminar

Building: 48 ROB A/B/C/D

SLAC Mational Accelerator Laboratory Tuesday, March 2-nd, 2010

Menlo Park, California
(16:00 in Room 459/30b)
Thearetical models related to dark matter have proposed
forces mediated by new gauge bosons with rmasses in the|
weak coupling to ordinary matter. The experimental conetr|
these new gauge bosans are quite weak. This workshop

and expetimentalists to stimulate progress in searching fo

arenas: Attacking Dark Forces with Intense Electron Beams at DESY

new fived-target experiments at electron and protor] Andreas Ringwald
SLAC, and Fermilab; DESY
. searches at high-luminosity e+e- expetiments, incl
CLEQ-c, KLOE, and BEE-II;
searches al the Tevatron experiments.

http://www-conf.slac.stanford.edu/darkforces2009/
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Summary

> There are some fascinating leftovers from main stream particle physics
= WISP physics, GeV dark forces
which may hide solutions to long-standing and fundamental physics question
= CP conservation in QCD, dark matter, (dark energy), astrophysics miracles

> Efforts to explore the leftovers are very moderate.

SHIPS:
DESY / Uni HH
proposal for
solar hidden
g S photons

ﬁ)fx

' Dl\/l'a)tlons

> We should close these gaps of knowledge!
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Thanks to the ALPS Collaboration!

Klaus Ehret®, Maik Frede®, Samvel Ghazaryan®, Matthias Hildebrandt”, Ernst-Axel Knabbe®, Dietmar Kracht®,
Axel Lindner®, Jenny List®, Tobias Meier®, Niels Meyer®, Dieter Notz?, Javier Redondo®, Andreas Ringwald?,
Giinter Wiedemann®, Benno Willke®

* Deutsches Elektronen-Synchrotron DESY, Notkestrafe 85, D-22607 Hamburg, Germany
b Laser Zentrum Hannover e.V., Hollerithallee 8, D-30419 Hannover, Germany
¢ Maa-Planck-Institute for Gravitational Physics, Albert-Einstein-Institute, and Institul fiir Gravitationsphysik, Leibniz Universitit,
Hannover, Callinstrafle 38, D-30167 Hannover, Germany
4 Hamburger Sternwarte, Gojenbergsweq 112, D-21029 Hamburg, Germany

Scattered light from
coupling mirror
(resonator lock))

Intensity of light inside
the ALPS magnet

Intensity of light in the
frequency doubling

resonator
Reference beam

(pointing stability)
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