Axion Search — CAST

Markus Kuster for the CAST-Collaboration

TU Darmstadt

Astroteilchenphysik in Deutschland: Status und Perspektiven 2005,
DESY, Zeuthen, 2005 October 4



The CAST Coll ation

Canada
University of British Columbia, Department of Physics
Michael Hasinoff

Croatia
Ruder Boskovic Institute
Milica Krcmar, Biljana Lakic, Ante Ljubicic

France

CEA-Saclay

Samuel Andriamonje, Stephane Aune, Alain Delbart, Esther Ferrer,
loanis Giomataris, lgor Irastorza, Emile Pasquetto, Jean Pierre Robert

Germany
TU Darmstadt, Insitut fir Kernphysik
Theopisti Dafni, Dieter Hoffmann, Markus Kuster

Universitat Frankfurt, Institut fir Angewandte Physik
Joachim Jacoby

Universitat Freiburg
Horst Fischer, Jiirgen Franz, Fritz-Herbert Heinsius, Dongwha Kang,
Kay Konigsmann

MPE Garching
Heinrich Brauninger, Peter Friedrich, Robert Hartmann

WHI Miinchen
Rainer Kotthaus, Gerhard Lutz, Georg Raffelt

Greece

National Center for Scientific Research (NRCPS)

George Fanourakis, Theodoros Geralis, Katerina Zachariadou, Kostas
Kousouris

Greece

Aristotle University of Thessaloniki

Spyridon Dedoussis, Christos Eleftheriadis, Anastasios Liolios,
Argyrios Nikolaidis, Ilias Savvidis, Konstantin Zioutas

Italy
Scuola Normale Superiore (SNS)
Luigi Di Lella

Russia
Russian Academy of Science, Institute for Nuclear Research
Alexandre Belov, Sergei Gninenko, Nikolai Goloubev

Spain

Univerisdad de Zaragossa, Fisica Nuclear y Altas Energias
Berta Beltran, Jose Carmona, Susana Cebrian, Gloria Luson, Julio
Morales, Alfonso Ortiz de Solorzano, Jaime Ruz, Maria Sarsa, Jose
Villar

USA
University of Chicago, Enrico Fermi Institute
Taylor Aune, Juan Collar, David Miller, Joaquin Viera

University of South Carolina, Department of Physics
Frank Avignone, Richard Creswick, Horacio Farach

Switzerland

European Organization for Nulcear Research (CERN)

Klaus Barth, Enrico Chesi, Gino Chipolla, Martyn Davenport, Michel
Delattre, Rui de Olivera, Fabio Formenti, Jean-Noel Joux, Christian
Lasseur, Angelika Lippitsch, Thomas Papaevangelou, Alfredo Palacci,
Laura Stewart, Bruno Vullierme, Louis Walkiers

M. Kuster et al. (TU Darmstadt) Axion Search — CA 2/26



The Strong CP Problem

QCD predicts that CP (and T) Symmetry gonse?,’ S

symmetry is broken in strong
interactions

Electromagn. Yes Yes Yes

Strong Yes Yes Yes
This is never observed in experiments ! \Weak No No No

Example: Violation of CP symmetry —> electric dipole moment of the
neutron
Prediction:

|dn| < ©-10"%ecm

Present experimental limit: |d,| < 1072 ecm

Difference of a factor of © = 10~° between theory and experiment !

A possible solution:
Exclude all CP violating terms in QCD Lagrangian density by introducing a
new component.

M. Kuster et al. (TU Darmstadt) Axion Search — CAST 3/26



The Axion

The Peccei & Quinn Solution (1977)

A new massless pseudoscalar field a(x) interacting with the gluon field, later
interpreted as particle by Weinberg, Wilczek 1978.

D

@ Pseudoscalar particle similar to 7°
= axions are CP odd by construction
a E) _a 4 =====
@ Light neutral Goldstone boson that
couples to two photons Y
@ Astrophysical and cosmological arguments limit axion mass to:
1076 < my < 1.26V/c?
@ Very weak interaction probability with matter —> e.g. lifetime 750,
Tas2y ~ 10%4(1eV/my) = for my < 256V/C? 7 > tyniverse
@ Viable dark matter candidate for 10~%eV/c? < my < 1.2eV/c?
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Solar Axions

The Sun

Primakoff Effect

st Conversion of thermal photons
which couple to the Coulomb field of
the plasma in the core of the sun.

' y a
- gw
Ze

Basic Properties:
Luminosity L, 3.8 x 10%W
Core Temperature 15x 10'K @ Process is most efficient for
Core Density 1.5 x 10°gem~—3 R<0.2R;
Mass M, 2 x 10®kg .
RadiusR, 7 108 m @ Expected mean axion energy
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Axion Model
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A Axion Flux at Earth
/ — Bahcall et. al. 2004

\ — Bahcall et. al. 1982

7
6

Axion Flux at Earth (x10%m s keV )

Energy [keV]

Mean energy: < E >= 4.2keV

Axion Luminosity:
La=1.9 x 1075L
Axion flux: &, = 3.8 x 10t cm—2s1

Provided by Serpico & Raffelt
Based on the standard solar model BP2004 (Bahcall et al., 2004)

Axion Search — CAST 6/26



CAST Principle

‘ s X-ray
—<— detector
Axion 500s “Axion, A -\ ™
e Wl Ly---p
S Flight time YT HET TY
LN

Sun Earth

Principle of the Axion Helioscope sikivie, phys. Rev. Lett. 51 (1983)

@ Assumption: Axions are produced via Primakoff effect in the sun

@ Point a strong magnetic field towards the sun to convert axions back to
X-ray photons

@ Use background optimized X-ray detectors to observe the X-rays
Advantages

© Essentially assumption-free and model-independent
@ Covers a broad-band mass range m, ~ 10716-0.8 eV /2
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CAST Principle

v X-ray

PR g detector

Axion 500s Axion /‘ \\x Y
VA e }——-—-——-——-—. ———————————————————— P oo |2 P
Flight time '( A )Y
\iaaasss ,
N L gea
Sun ‘ Earth

Efficiency of the Axion to Photon Conversion (CAST Phase | 2002-2004)

In Vacuum:

9.0T-9.26m 10-10 Gy 1

2
Pay = 174 x 1077 (gofibye)® (g ) - IMP2

A=l  MP=2E2ME) g« 1= MP2=1

For axion masses m, > 10~2 eV /c? coherence is lost !
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CAST Principle

‘ s X-ray
——— A —— detector
Axion 5008 Axion 7 -\ ™
R e ) ry---p»

3 Flight time YT HET )Y

g \‘r-: . J
B e 7»1“ SO

Sun ‘ Earth

Expected Solar Axion Flux/Photon Flux

Expected solar axion flux from the Sun:

$q = 03, 3.77 x 10 axionscm~—2sec~ L with g10 = gay, x 1010 GeV

Expected corresponding photon flux:

o, = 051¢%) (52=)° (&) photonscm—2d~1
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CAST at CERN

% 5 e !
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CAST at SR8

= He Cryogenics

| ]
5 CAST Magnet = s

Prototype LHC magnet

B=90T |=9.26m

Tracking system
T=18K m~ 30t

H=-8°...8°Az=40°... 140°

= 1.5 h observation time during sun rise and sun set (=~ 46 days/year)
M. Kuster et al. (TU Darmstadt)

«O0» «F» « >
Axion Search — CAST

DA
9/26



The X-ray Detectors
East—side (setting Sun) West-side (rising Sun)
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The X-ray Telescope of CAST

Parabolic Hyperbolic
Magnet Bore @ 43 mm Shells Shells

CCD-Detector
Spot@3mm

Wolter | type grazing incident optics (prototype for ABRIXAS mission):
@ 27 nested gold coated nickel shells, on-axis resolution ~ 43 arcsec
@ Telescope aperture 16 cm, used for CAST 43 mm
@ Only one sector of the full aperture is used for CAST

@43 mm (LHC Magnet aperture) —> @3 mm (spot of the sun)
Significantly improves the signal to background ratio !
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Sun Filming

{ In March & September e cn
il observe the Sun with an optical J§
Il telescope.

N
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Status of the Experiment

@ Two data taking periods in 2003 and 2004 successfully finished
(sensitive to axion masses m, < 0.02¢eV/c?).
No significant signal over background
= improved upper limit on g, by a factor of 5

o Total amount of acquired data in 2003:
Axion sensitive conditions 121.3h
Background data 1233.5h

o Total amount of acquired data in 2004:
Axion sensitive conditions 179.4h
Background data 1723.5h

@ At present CAST is transformed into a new configuration that allows to
extend the sensitivity of the experiment to higher axion masses
(0.02eV/c? < my < 0.8eV/c?).

o Data taking with extended sensitivity is planned for the end of 2005 and
2006/2007.
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CAST First Results — Data of 2003

pn-CCD Axion Exclusion Plot
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CAST First Results — Data of 2003

pn-CCD Axion Exclusion Plot
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PVLAS - Observed Optical Rotation in Vacuum

) PVLAS 00050312 ) @ Use a polarized laser
g || B b2 o beam in vacuum
s @ Add a transverse
_l,nw”x\*ﬁ“‘f’ W’*’“""”W “"M"w’"’u" “tM ’WMI"WWHI np"* magnetic field B~ 55T
B T T TR @ Measure change in the
requency Z) . .
state of polarization of the
) ‘ PVLAgx?sun_ 000808_2 (vacuum) I ase r
. 5 ‘:L;"é;?;'i;ses=4a o0
5. @ Change of polarization
Lo [0 nemd - angle and ellipticit
Braz ﬁ m W g pucity
MMWMWMM%W r“ M'HWWWN #‘"" observed.
T reany e e @ Signal was observed at 2
Zavattini et al., hep-ex/0507107 d Iﬁ:e rent Wavelengths'

Interpretation as neutral, light boson 0.7 meV < mp < 2meV
1.6 x1075GeVv ! < gy, S1x107°Gev?
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BNL E840 - Optical Rotation Data

—40
—B0 4
—-20 -
o
m
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i
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CHANNEL
Center frequency: 260 Hz
Full BW: 1.56 Hz
Magnet frequency: 78 mHz
Amplitude of first harmonic: -85 4BV

Figure 5.4: Vacuum ellipticity datn

Y. Semertzidis (priv. comm.)
and Y. Semertzidis, 1990, PhD Thesis, Uni. Rochester

@ Experiment based on the same physical principle, but different
experimental setup.
o Similar signal was observed in the E840 experiment.
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CAST Phase Il

CAST

14
=)
IS

t=1y (33 days)

3
10°F vacuum

Fill magnet bore with buffer gas

“He or 3He
(Pvap = 16,/140 mbar@1.8 K)

Nx (107"°GeV g, )

= photon acquires an effective mass

m, et ~ 1/0.0251 [ev /2]

Systematically change pressure = scan mass range my > 0.02eV/c?
@ “He: ~ 74 pressure steps 0 < p < 6 mbar, m, < 0.26eV/c?
@ 3He: ~ 590 pressure steps 6 < p < 60mbar, m, < 0.8eV/c?

— Allows to scan axion masses 0.02eV/c? < m, < 0.8eV/c?
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CAST Phase Il

107 ¢

Fill magnet bore with buffer gas : | | ;
4He or 3He wE l |

(Pvap = 16,/140 mbar@1.8 K) P a 1
‘% ? Tokyo Helioscope )?W E
. . 0] [ | q
= photon acquires an effective mass 3 ) ‘ 1
; CAST Prospects [ : : e
[ 'oae 3He! ]
101l Vacuum I ) i
Plmbar E Phase | o Phasell 1 3
m, et ~ 1/0.02 [T[K] ][eV/cz] i & ; ]
° 10° 16"‘ 16’3 16’2 ‘ 18’1 H1 10
Maion [€V]

Systematically change pressure = scan mass range my > 0.02eV/c?
@ “He: ~ 74 pressure steps 0 < p < 6 mbar, m, < 0.26eV/c?
@ 3He: ~ 590 pressure steps 6 < p < 60mbar, m, < 0.8eV/c?

— Allows to scan axion masses 0.02eV/c? < m, < 0.8eV/c?
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CAST - Transforming to Phase Il

X-ray Finger MFB

VT2 . VT4 V14
I 0 Cold Mass Telescope
- RN (e !
TPC \
CCD-Detector
Cold Window Cold Window
Cold Windows/He-Gas System

@ System to control the density and temperature of the gas in the bore
@ Gas system to store the *He/°He gas

@ Cold windows to separate gas volume to vacuum of the detectors
minimizing thermal coupling between the cold bore — outside of the
magnet

Approach: Start with a simplified “He system — go to 3He system

v
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Cold Windows R&D - Saclay — CERN - Freiburg

Prototype Cold Window 2005
Technical Requirements
@ High transmissivity at 1—7 keV

@ Minimizing He leak rate
Qe < 10~ 8mbarl/sat 1.8K
@ Transparent in the optical =
alignment of the telescope

Top Cover o Withstand pressure differences

e ngow during a “Quench” (a 1 bar)

T @ Robust under normal operating
Strongback conditions |
Flange Technical requirements constrain the
design of the window and the selection
Detector of the material. )
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LLNL Telescope and Saclay Micromegas

Micromegas with X-ray Optics

Detector Concept

o Integrated shielding based on
TPC experience

== Shielding

g
N

@ Better conversion probability
(88% compared to 73% 2004)

o Integrated calibration and
alignment sources

X-ray Optics

@ Concentrator with a focal length of 1.3 m and diameter ~ 47 mm
@ 14 nested 125 mm long Iridium coated Polycarbonate shells
@ 2mm spot diameter and throughput ~ 36%
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LLNL Telescope and Saclay Micromegas

Concentrator
Detector Concept

o Integrated shielding based on
TPC experience

@ Better conversion probability
(88% compared to 73% 2004)

o Integrated calibration and
alignment sources

X-ray Optics
@ Concentrator with a focal length of 1.3 m and diameter ~ 47 mm
o 14 nested 125 mm long Iridium coated Polycarbonate shells
@ 2mm spot diameter and throughput ~ 36%
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CAST 2005 and Beyond

Schedule 2005-2007

2005 2. Half  Test of the “He system (running)
Open cryostat, install cold windows for 2005
Commissioning
Short data taking run

2006 1. Half ~ Final cryostat modifications, install *He system
Installation of the final cold windows
Installation of the new MM telescope/detector + alignment
Grid measurements

2006 2. Half  Test data taking run + commissioning
Full data taking

2007 1. Half ~ Short shutdown for maintenance
Full data taking

2007 2. Half  Full data taking
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Conclusions

@ The CAST collaboration has published its first results and derived a new
upper limit on ga,.

@ No significant signal over background could be observed in 2003 and
2004 (analysis is in progress)

o All detectors showed optimal performance during the 2004 data taking
run = 6 months of data.

@ CAST 2004 data allows to exploit the full potential of the telescope.

@ The CAST magnet is in preparation for the 2005 *He runs.

@ LLNL joined the collaboration and will provide the 3He for Phase Il of
CAST.

@ An additional LLNL telescope system and Micromegas detector is under
development for Phase Il (2006).

@ A promising signal was reported by the PVLAS collaboration = needs
to be confirmed.
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And ...

Joint ILIAS-CAST-CERN Axion Training 2005
30. November — 02. December 2005

CERN, Geneva
+

Workshop on Low Energy Axions

Speakers: Karl van Bibber, Eduard Masso, Roberto Peccei, Georg
Raffelt, Yannis Semertzidis, Pierre Sikivie ...

Registration + Program:
http://cast. mppmu.mpg.de/axion-training-2005/axion-training.php

Deadline: 21. October 2005
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PVLAS - Dichroism/Ellipticity

Bixe By
TYYYYY IYYYY) . - -
l Experimental Principle

e
[l

a) E| E rotation €
0 ke
@ Use a polarized laser beam in
= B vacuum
AAAA AhAAA ..
[ —— - H ! @ Add a transverse magnetic field
b) Eut i N E ellipticity y —~
| K Rgih"gm ‘ B BASST
etardation of ‘ . . .
verive atter @ Measure change in polarization

state of the laser beam
© Real production of a particle
Component parallel to Bwill be ~ Results

reduced = rotation of the Measured ellipticity:
polarization plane v z_lo.*.7
@ Production and decay of a virtual ~ QED Predicted ellipticity:

~ -11
particle ¥~ 10

Retardation between E and E | U. Gastaldi, Ia Thile, 2004
= change in ellipticity ¥
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PVLAS - Experimental Setup

PVLAS Resonant Optical Cavity

Photodiode @ 1m long, superconducting dipole
Analyzer magnet
- rotating with f = 0.33Hz

Magnetic field B=55T

M2

o Fabry-Perot resonator with two
R il m|rr_ors M1, M2
(gggawe <8 (optical path ~ 60 km)
Turntable @ Nd:YAG IR laser A = 1064 nm
 — — i
Wi @ PEM: Photo Elastic Modulator to
AN measure very small ellipticities
Mirror \

For details see:
F. Brandi et al., NIM A, 2001, 461
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CAST First Results — Data of 2003
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