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- — The Strong CP-problem

eInstanton solutions introduce a CP - Violating term in the QCD
Lagrangian, accompanied by the EW quark mass mixing term:

9’0

327’

L, = G2G™ with & =6+ Arg(detM)

*CP - Violation = implies non zero Neutron Electric Dipole Moment

d_(theory) ~10*°e-cm }

n -9
d_(exp.) <6.3x10%e-cm =6 <107e-cm

Why is f so small ?

*New global symmetry U(1)p, R. Peccei, H. Quinn (1977) +Weinberg,Wilczek

I—a: g_a(x) 1 g Gayvéav
f )f 8z #

a a

*Axion: NG boson from symmetry breaking at f, scale
(Standard axion at EW scale with m_~MeV excluded)

*Later models (DFSZ — KSVZ) push f, to higher scale making

the coupling extremely small (invisible axion).
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Axion mass:

a

Axion “line”:
ay

Axion properties:

6eV

a
27

Neutral pseudoscalar

*Very low mass, very small coupling
edark matter candidate

Q = oueV
m

a

*Axion-photon coupling via triangular loop
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- - Direct Axion Detection techniques

Laser induced axions
Light shine through wall

Absorber

Axion Detector

Axion Source

Detector

Experiments: ALPS, OSQAR, GammeV
Vacuum properties
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Geomagnetic Axion Convertion

The Sun The FEarth

Convertion in earth’s magnetic field.
Observe the Sun through the Earh
Sensitivity g,  ~10"11GeV-!

Telescope searches

m, < 10peV

Grin et al. astro-ph/0611502v1

Bragg diffraction

Sensitivity gayy~10-°GeV-1



- .- Direct Axion Detection techniques

Helioscope searches

Sun Earth

Inoue et al. 2002 astro-ph/0204388v 1
Lazarus et al. Phys. Rev. Lett. 69 2333 (1992)

Experiments: Tokyo, CAST
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Microwave Cavity searches

Superconducting Ultra-low noise
magnet microwave receiver

High-Q microwave cavity

Experiments: ADMX, CARRACK



L] - CAST searches

CERN Axion Solar Telescope: QCD Axions or Axion Like Particles (ALPs)

| , Signal: excess of
- . g oy S X-ray x-rays during

Flight time . } detector - alignment over

\ | ki background

Earth

Detection principle (Sikivie 1983)
Inverse Primakoff: axion converts to a
photon interacting with a very strong
magnetic field. Interaction term:

Sun
Production: Primakoff effect
Thermal photons interacting
With solar nuclei produce Axions.

i Differential axion flux on Earth aE . B
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= __mmmm CAST Physics

]
“%m s =33 days
Conversion Probability in gas: & 10°F _vacuum
(In vacuum m, = 0, I'=0) % 10 2E
By, ) 1 = 10
P | 1+e ™2 —2e™2¢cos(gL)| =
a-y ( 2 j q2+r2/4[ (q )] % 1
-
L= magnet length, ' =absorption coefficient  1°
0 6.08 mbar
g = m2 - m2 Axion photon momentum T
transfer T
-5
10
4w, 28. 9\/ o.oz-mev 0* 107 107 10 1
T(K) m, [eV]
A i
0.30 E:_ﬂ\iaiuum p=0.08mbar p=0.16mbar
Coherence condition: o Y '
E 020} \\\
ZﬂE % (}15| \
X \
4
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0.05
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[ - CAST Physics program

1) CAST Phase I: Magnet bores in vacuum, completed (2003 - 2004)

2) CAST Phase II: 4He run, completed (2005 - 2006)
YHe vapor pressure < 16.4 mbar
P<13.4 mbar, 160 steps,
0.02 eV<m,6 <0.39 eV

SHe run, ( Mar. 2008 - 2010)

SHe vapor pressure < 135.6 mbar
P~120 mbar, ~1000 steps,

0.39 eV <m_<~1.20 eV

3) Low energy axions ~ few eV range and 5 eV - 1 keV range
(2007 - 2010)
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= ._ The CAST Experiment

*Decommissioned prototype LHC dipole Rotating platform
magnet. ( Vertical: £8°, Horizontal: +40° )
e Superconducting, operation at T=1.8 K. ~90 min solar tracking during
e Electric current 13,000 A. sunrise/sunset

» Magnetic field: B=9T 3 X-ray detectors

e Length: L=9.26m. X-ray Focusing Device

w“\“-' &JHEL

| W A

E EERE T
-ii‘im

Bl ——— 8- .

__H_;l _
il g 'f*

Theodoros Geralis 9



N
q GRID MEASUREMENTS I SUN FILMING

*Twice per year (March - September)

*Horizontal and Vertical encoders

define the magnet orientation direct optical check (correct for
optical refraction).

«Correlation between H/V encoders °V¢.arii:y that tl.1e. Dynamic Magnet

has been established for a number !’om.tm.g Precision (~ 1 arcmin)

of points (GRID points) is within our acceptance

*Periodically check with the geome-
ters the above agreement

Comparison with 2002 GRID

— 8
+ Projection at 10 m ving right
rch.2008,.V.

rch 2008, V

y [mm

g
_—

~_
~—

[[

d = 291 pieels

CAST magnet orientation O
has the required precision

faregsrafttacking




- .- CAST X-ray detectors — before 2007

1) X-ray Telescope coupled to pnCCD

ABRIXAS space X-ray telescope
27 nested mirror cells.

Magnet bore
Parabolic Hyperbolic

@43 mm ;!;h-:l]s Shells

------ - — =

X-rays ~——~_ Focal point
Qptical axis of the telescope . __ . - ~f-

pn CCD chip
*Pixels 150pm x 150pum
*Excellent Energy resol.

*X-ray finger automated
calibration

*Focus from d=43mm
to d=3mm
eImprove background
by a factor of up ~200

Background:

0.18cts/h (1-7keV)
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- .- CAST X-ray detectors — before 2007

2) Micromegas X-ray detector (sunrise side)
*Position sensitive (x-y)

_Drift / o
) *Precision ~ 70pm
Conversion £ s el.ow background
C.JDGCE" %1 E,.1 kW/cm
*Very stable
Amplification & Aleremesh - HV
Space X 7@ ======== e.~40 kvem| Background: 25cts/h(2-10keV)
Strips (for the full magnet bore)

*ePosition sensitive
*Proper hielding

Background: 85cts/h(2-12keV)

(for the both magnet borelsé)
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. _ CAST Published result for Phase |

JCAP 0704:010, 2007 (hep-ex/0702006) Phase I: (2003 —_ 2004)

. 1D?E ERRLLL I B IR DAL I |||||>§ Operation in vacuum

1
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107
10°
10°

for m, <0.02eV

Solar (CAST) e _l.%
! %

Microyfvavecav. eThe best eXperimentaI limit
! o<°°°e\§ to date over a large mass
p range

Overclossure
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= s CAST 4He Phase

» Spent at least one full tracking
per pressure setting

» Measure / calculate
corresponding backgrounds

» Compare with tracking rates
Every day is a “new” experiment

‘ CCD hit maps

I.:'|

result

TPC typical daily data

(1 pressure step)

- WiEan 5.
' RMS 2.

Counts

20
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| 3 Micromegas count rate vs pressure
| o ”“;l ° ] i ‘m?! % 5§.:. iz E—'- waned | IEAE: :.53 1% Tl Bz 1% [ dore] L8k 2L T3 ,, B
Backg round _ TraCklng _ Tracklng ; . :?‘Eij--’ "iga-e;ll k i!‘ [T Eiﬂ ESiid it L LT RRE L EAESI s h dh:‘i":. F;;:S‘Z;;’ !;n n
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- CAST Final results for 4He run

_; : ] I T TTTI1 I| | I T TTTTI ] II:::.‘l If‘I -III:Iflll ] | ; 4He Phase (Blue line)
s | o | (2005 - 2006)
- ?_ “HI “ ] 0.02eV <m, <0.39%V
Tobotstoseope T 1 Pressure settings up to:
I e LA 1 13.4 mbar (160 steps)
“Ww 1 “Average” limit:
lﬂ_m_ S — Y~ T [ HB stars -10 -1
ECASTphasel ‘;ﬁﬁ E g87/7/ < 22 Xlo Gev
i fﬂ y, ] Estimated limit:
I & | SHe Phase (Red line)
10_11 ~ L1 |||||||_.r LA |||||||-1 Lol L Lt (2007_2010)
10° 107~ 10 1 10

m_ (V) 0.3%eV <m_<1.2eV

Pressure settings up to:
Published: JCAP02(2009)008 120 mbar ("'].OOO steps)
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N - 3He gas system

©

vl Siorsge Volums [1000 1) |
:'_. :
o puge sysem ) 00
3He gas system iy R 1o
eAccurately measure the qua- 4" ¥ w, 1 j A
ntity of 3He (60ppm) : "%o g i e i e [
*Avoid 3He loss Lo e" SR Ei 5! j ¢
*Absence of Thermoacoustic A OF~— O
oscillations i gl < l—T g
. eq eqe & N ‘I- R 4 ? L C i ]
*Operational flexibility Lo e et
eSafe during magnet quench e Oh ¥ e L9 oy o
WM ,I|‘| r|‘i| I 18K I] l 1I : 1| TPC
cCo “__l I I - J—" )
[MFBSIDE | MRER SI0E |

X-ray window

*Confine 3He in magnet bores
*High X-ray transmission 95% @ 4.2keV
(151m polypropylene)

*Robust (strongback)

Minimum He leakage

eEndurance to sudden pressure rise

. 1(. quench)
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- .- CAST X-ray detectors — after 2007 (3He Phase II)

»pn-CCD + Telescope: replaced pnCCD damaged chip
X-ray telescope: re-certified

CCD Background: 0.18 cnts/hour

R&D: lower the sensitivity down to E,~ (few 100eV)

»Sunrise old MM and TPC detector (sunset) replaced by
Bulk and Microbulk shielded MM detectors
MM Background: 3cnts/hour

Microbulk: Excellent background rejection
Two new detectors (under study) : E(resol.) ~ 11.5%@5.9keV
Background ~ 0.05cnts/hour !

Theodo.vwe weswanw 17



S| CAST 3He run

_"_‘ | | ||||||| | I T TTITI | I:.‘lllll.fll | | o
>0 : | 1  3He Phase (Red line)
= o
= | "l . (2008-2010)
=L . :
107 | E
[ Tokyo helioscope A - 2008: CAST scanned
: ” !v(\ axion masses:
- sy 1~ 0.39%V <m, <0.65¢V
|
R B/ Ty e -7
[ CAST phase | o - ]
i iv@ | Z NO Axion signal detected
- £ & | ]
| $d‘_':r I _
n J_;pq- |2 -
11 | 1 1111 ||| w‘ ] I | ||| | 1 11 Iil | || ) | I WMAP limit:arXiV:OSOS. 1585V2
10° -
10” 107 107! 1 10
Mo (€V)
Tokyo Helioscope: |() 84eV < m_ <1eV Phys.Let.B668(2008)93

Continue scan
Around 1eV
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O,y <5.6-13.4x10°GeV ™
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" =l CAST's

“Ffirst” search for LES~axions

First time a helioscope operates in the visible: couple to optical devices

Dark Count Rate = (0.35+0.02) Hz

*Study solar phenomena (e.g.flares)
*Limits on hidden sector Photons
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O The Axion Dark Matter eXperiment - ADMX
Microwave Cavity Experiment

The ADMX Collaboration: Univ. Berkeley, Univ. Florida,

LLNL, NRAO, Univ. Washington

*/ADMX aims at detecting relic axions
*Milky Way thermalized axions

0. 003

0. D0ZS5

1dF 4 gpzf Q

P df
0. 0013

[HI-:] I;I.UD[
0. 0005 b \\

00 4 |:| &00  &00 mtn:l 1200 1400
fmque cy offset {-750MHz (Hz)

Rest mass | | Velocity distribution

*Newly infalling axions with
specific energy
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" Principle of the microwave cavity experiment
[Pierre Sikivie, PRL 51, 1415 (1983)]

GHz 10.7 MHz 35 kHz
1y High
Resolution
Superconducting | | Channel
magnet Integration: | 8msec | . | S0sec
Resolution: 125 Hz 0.02 Hz
Maxwellian Fine-St‘Fucture
Medium ”
Resolution _fE/E ~ 10" T
Channel '\/
Microwave Cavit
y Thermalized AE/E ~ 106 X::.herent
. J ion
Resonance condition: Ga,lact“’ T—— / flows
axions
-
hv=m_?[ 1+ O(f~ 10°) ] , #
T Frequency
Maxion (energy)

Signal power:

P oc(B?V Qg )(9°M, p0,) ”‘PW'&W““*’*“W

~ 10-23W
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o - Microstrip SQUID amplifiers

Based on Josephson junction: =)
Flux - voltage

SuUperconguctor

ELIFEFED"GLJCTDF

4] | &
washer I N R
E 2- B SOUID K42, F=T02 M-z Eﬂaﬁ* _ ,_'iu
coll 5000 -
5 5 ol
counter 7% E. 4
electrode” |
E 2 | + il_.
= 1 _
< ii_"_i_':’_ﬁ_--_':__________TEL_____
)
2 4 68 4 B B 2
30- 100 1000
o 25 Physical Temperature (mK)
3;—-20- More than an order of magnitude
g 13- quieter than current GaAs HFET
104 amplifier
5_
0 P ioneer (@10x10%km) ~10-2'W
500 600 700 800 Psoum ~10-2W
Frequency (MHz)




revious e €S 111m1its

(Phase O - HFET amps) Phase 1 exclusion limits
_ , (PRELIMINARY!)

14 Anticipated g__ Limit :
10 b 35 ' 3505 3.51 3.51};mon Ma?.?sgmv}
1 ’_\10“:"|""|""|""|""|"
"'% C
o [ PRELIMINARY
% _Axion Model Range
{=1]
-15 ryt _--ai.-—- m%mﬂdenoellmitI_I |
: . ‘ 1078 Fove .
] j DFSZ
DFSZ MedRes
I I I II
20 2.5 3.0 3.5
- -16||||||||||||||||||||||||||||||
axion mass (ueV) 10 " " ga7 848 849 850 851 852
Current g arr Sensitivity (512-bin High Resolution)
1014
3z
] PRELIMINARY
E Axion Model Range
o
107 KSVZ
DFSZ
HighRes
: el oo L e L
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'_
Bose-Einstein Condensation of Dark NMatter Axions

P. Sikivie and (). Yang
Department of Physics, University of Florida, Gainesville, FL 32611, USA

We show that cold dark matter axions thermalize and form a Bose-Einstein condensate. We obtain
the axion state in a homogeneous and isotropic universe, and derive the equations governing small
axion perturbations. Because they form a BEC, axions differ from ordinary cold dark matter. A
repulsive force suppresses the formation of caustics and hence of small scale structure. Bose-Einstein
condensation of dark matter axions provides a mechanism for the production of net overall rotation
in dark matter halos, and for the alignment of cosmic microwave anisotropy multipoles.

arXiv:0901.1106v2 [hep-ph]| 19 Jan 2009
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= __mmmml CONCLUSIONS

*CAST: Best experimental limit on g, -‘;104 B I e A B B
(apart for the eV range — microwave & 10‘5E
searches) for axion masses up to 0.65eV.gf10°s |  Laserexes.
It will surpass the 1eV wmap limit. 10-?E
10-8 2 crystals / |."I
*Access the theoretically favored region 10°=__- Tokyo helioscape { ¥
1 0'"] T “HE SiaET E
*Low Energy Axion searches (solar corona ,ouL £ :
heating mystery — hidden sector photons) .. § N1 | o \0®
@ 4 Mierowave cav. &% «°
10 © 1o
*High sensitivity detectors may lead to i o
great improvements in mass region up 1045
to 0.02 eV (Vaccuum) 10_16 S i e
%907 10° 10° 10¢ 10° 102 100 1 10
*Tokyo helioscope best limits for masses Myyion(€V)

near leV

*ADMX upgrade to SQUID ampifiers

aiming at covering wide mass range

favored for CDM. Summer 2009 upgrade

to lower noise (dilution refrigerator) near

qu akhtoderols Gerblis 25
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BACKUP SLIDES
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" J
Axions solar signature:
Technique implemented for axions for the first time by CAST

Lo § F I I I I I L | 6 [ I I I ' I I I I
— 12 Original o Off resonance:
10| rigina _ i sl

5 gl solar axion spectrum| 54l

T ol > 0.5 FWHM
— 6} =3

Rat X

2 4¢ 22

£ 2| R

2 2

- L

2 4 6 8 10 12 14 2 4 6 8 10 12 14
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= LTS 0175}
Ry 7 015}

5125 5
2 20125}
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2 4 6 8 10 12 14 2 4 6 8 10 12 14
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Figure 4: Expected photon spectra depending on the shift S = ., — m, from the resonance: S = 0

(top left), S = FWHNM/2 (top right), S = FWHDM (bottom left) S = 3 x FWHM (bottom right). An
axion-photon coupling constant of 1 x 1010 GeV~! is assumed.



Flux [counts]

= CAST Phase I result

1078
L |+ TPCsybtracted spectrum
g 4
3
L2t |
S 1
3} E { o
g | l !
g0 RN
T J( J( +
20
3F
-4;\ L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L
0 2 4 6 8 10 12 14
Energy(keV)
4? """" LS B I [T IRRE ]
: CCD spectrum ]
&
17 m M m T‘]': E] T"‘I" E-- -E E]:-{:l;-" o H—é}%

Energy [keV]
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.10°
M M subtracted spectrum

-
o

o

Counts cm?s- keV™'
($,]

\.\\\‘\\\\‘\\
-

&
ST
N
w;

h;

=
=

7 8
Energy (keV)

Data taking during 2003 and 2004
(total 12 months)
Result from CAST phase I:

NO Axion signal found!
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Current Limits and CAST eV prospects

® Deviations of Coulomb law

D.F. Bartlett, Phys.Rev.Lett.61:2285-2287,1988.

® Photon regeneration; LSW
A. Ringwald . arXiv:0711.4991 [hep-ph]

® Solar lifetime
\/. Popov EuroPhys. Lett. 15, 7, 1991

® CAST at keV energy Se
J. Redondo arXiv:0801.1527 [hep-ph]

® CAST eV proposal
S. Gninenko to appear soon.

1073 1072

107*

10°°

107* 107?

10°° 10°°
Coulomb
1076 10°°
1077 107’
SuperK
10_8 | L1 |||||I ] L1 |||||I | L1 |||||I 1 10—8
107° 10°% 1073 1072
m, [eV]

In the Sun the mixing angle is suppressed by the plasma frequency, which increases towards the center

d®

dw

—wt

for hidden photon masses in the sub eV range, keV hidden photon flux is very suppressed compared to eV

4 -3
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