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Αμαζήηηζη ζωμαηιδίωμ ζκοηειμής ύλης- εμέργειας
από ηομ ήλιο με ηο CERNAxionSolarTelescope. 1999-

K. Διούηας

Παμεπιζηήμιο Παηρώμ

Σεμιμάριο,
Τμήμα Φσζικής / ΑΠΘ

Σεηάρηη,   4/5/2011

• CAST ΑΠΘ, ΓΜΠ, ΔΕΜΟΗΡΖΣΟ΢, ΠAN/MIO ΠΑΣΡΩΝ

• Σε ζσμεργαζία με:  O. Baker /Yale, M. Betz /CERN, P. Brax /Saclay, F. Caspers /CERN, 
J. Jaeckel /Duhram, A. Lindner /DESY, Y. Semertzidis /BNL, S. Troitsky /Moscow

• Παμ/μιο Παηρώμ:  Δ. Aμαζηαζόποσλος, Β. Aμαζηαζόποσλος, A. Βραδής, Α. Γαρδικιώηης, 
E. Γεωργιοπούλοσ,  N. ΢πσλιόποσλος,  M. Σζαγρή, Θ. Xoμδρός.

Φσσική πέρα από το καθιερωμένο Μοντέλο

 Φως  στο σκοτεινό  Σύμπαν (!;)



2

1999

+
Δ. Δαμιανόγλου,
Θ. Δάφνθ,
Χ. Ελευκεριάδθσ, 
Α. Μανοφςοσ,
Κ. Οικονόμου,
Θ. Παπαευαγγζλου,
Α. Πιλαφτςισ,
Ι. Σεμερτηίδθσ , 



The open question since Fritz Zwicky (1933) is:

What is “dunkle Materie” made of?

axions and  WIMPs  ... WISPs   ... more ?
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Fritz Zwicky

1898  – 1974 



Dark Matter:  something  invisible?
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The cosmological inventory:

r

rGM
V

)(total
r

rrM x )(

• But, what  is dark energy or dark matter ?

• A particle relic from the Big Bang is strongly implied for DM / DE           

- WIMPs ?

- Axions ?

….??..  Beyond Standard Model physics! 
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Στ. Χαραλάμπους



nEDM?
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 Parity (P) and time reversal (T) violation, 
if the neutron has an EDM  d in addition 
to the measured magnetic dipole moment μ 

 CP is not conserved

Both moments would change from parallelism  
to anti-parallelism: not allowed

The strong interaction conserves CP  => no nEDM



nEDM

C.A. Baker, et al., Phys. Rev. Lett. 91 (2006) 131801  http://www.physics.ucla.edu/hep/dm10/talks/carosi.pdf

 Searching for P-violation in nuclear forces!

History ….

 expected nEDM …..      ~μm/1AU

….…  1cm/Universe

Why doesn’t the neutron have an  EDM?
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http://www.physics.ucla.edu/hep/dm10/talks/carosi.pdf
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The neutron’s strange property:

It consists of three charged quarks, but does not show an EDM. 

Why do the wave functions of the three quarks exactly cancel 

out  any observable static charge distribution in the neutron?

 the “Strong CP Problem”:    Where did QCD CP violation go?



Physics motivation for axions:

solve  the strong CP problem:

why nEDM → 0

spin-parity 0- ≈ πο, γ (M1)  ~ stable!

Axions  cosmology   dark matter
+ Sun,  …

 solve solar problems?!
 The new ~axion fingerprints?

Roberto Peccei Helen Quinn
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With (solar) axions:

• New elementary particle

• Solves the strong CP problem

• Dark matter problem                                                next #
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

• New solar physics   solar mysteries

- e.g.: Solar corona heating problem,  
the unexpected solar X-rays, …

- other candidates:  chameleons, …  
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12Sun:  A perfectly shielded “radioactive” source of exotica

Solar Axions:

ν’s

Axions
Chameleons 
Paraphotons
...
WISPs

more?
- 4mm

mfp γthermal

Rsurface

|

~2 sec

~106 years

E. Georgiopoulou / UoPatras

tachocline

1 km

1cm

-3000km                        0km



http://www.solarviews.com/eng/sun.htm

SUN  the lab for new physics

Allowed emission of  exotica   < 10% Lsolar ≈ 300 ktons/s  » Lflare /  Lcorona

+ gravitational self-trapping, e.g., KK-axions (~10-7)      L.DiLella, K.Z., Astropart. Phys.(2003) 

 accumulation over 4.5Gyears!!
… without visible ageing effects.

But, unexpected surface  photon excess/deficit,

OR, some other anomalous  behaviour?
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http://www.solarviews.com/eng/sun.htm
http://www.solarviews.com/eng/sun.htm


Solar maximum 
Jan. 1992 

Solar minimum 
June 1994

Flare ‘trigger’: biggest mystery

S. Orlando, G. Peres, F. Reale,  

Adv. Space Res. 32 (2003) 955

time/2min

16MK

106 107 Temperature 108

Active sun 

 Quiet sun

Flare

= Sun’s core T

chance coincidence?

Lx < 1029 erg/s
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a-helioscope 
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The Primakoff Effect     1951

B,Ε

H. Primakoff

Behind all present axion work!

axion
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http://prl.aps.org/pdf/PRL/v51/i16/p1415_1

Pierre  Sikivie  1983

Idea #1

...the  principle

18

http://prl.aps.org/pdf/PRL/v51/i16/p1415_1
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http://prd.aps.org/pdf/PRD/v39/i8/p2089_1

Idea #2 ... the detector design   . Karl van Bibber

1989

http://prd.aps.org/pdf/PRD/v39/i8/p2089_1
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CERN Axion Solar Telescope: QCD Axions or other exotica  WISPs

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

Detection Inverse Primakoff: 
axion interacting coherently  with a strong 
magnetic field (~B2) converts to a photon 

aa

a

a dEtSP
dE

d
N

Signal: excess of X-rays
during alignment over
background

Differential axion flux on Earth

Expected number of Photons:

CAST Status & Perspectives, Theopisti Dafni (UNIZAR), Moriond2010

Paγ 1.7 10-17
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Birth of solar axion astrophysics in BNL    1990
21



Sumiko
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before  CAST:
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• all underground DM exp’s

• TL G. Kitis et al.

…..

 BNL & Tokyo (Sumico)   

 solar axion-Bragg scattering  E.A. Paschos, K. Z. PLB (1994)

CDMS

Time-energy plot of the expected converted

solar axions with a germanium detector.

CDMS Collaboration, PRL 103, 141802 (2009)



Location

The CAST experiment

CAST 
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B
X

virtual

α

CAST
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Decommissioned  prototype LHC dipole magnet.

B=9 T,  L=9.26 m



CAST = a difficult experiment:

- 1.8K

- superconducting ( quenches!)

- moving / alignment  

- Cryo Fluid Dynamics  of buffer gas 
 tracking

- low background X-ray detectors

 the only(!?) telescope at 1.8K

27



Twice per year (March/September) direct optical check  

A camera on top of the magnet aligned with the bore axis

Corrections for visible light refraction are taken into account 

The Magnet Pointing precision is well within our requirements (0.5 mrad)

Filming

CAST Status & Perspectives, Theopisti Dafni (UNIZAR), Moriond2010 28



Tracking system precision

• Horizontal and Vertical encoders define the 
magnet orientation

• Correlation between H/V encoders has been 
established for a number of points (GRID 
points)

• Periodically checked with geometer 
measurements

Sun Filming

GRID Measurements

Several yearly checks cross-check that the magnet is 
following the Sun with the required precision

• Twice a year (March – September)
Direct optical check. Corrected for
optical refraction

• Verify that the dynamic Magnet 
Pointing precision (~ 1 arcmin) is within  
our aceptance
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HECμM

XRT
CCD

HEC
BarBE

30



 Spare # from german space program

... not in the original proposal!

 unique

 ID   + signal-to-noise improvement

CAST X-ray telescope:  MPE

31

1.7 meters

....................................................................                                                         

Nested paraboloids

Nested  Hyperboloids

Focal plane



BackgroundTracking Signal simulation

~ 8x10-5cts keV-1cm-2s-1

• Spot position well determined

• Full sensitivity of telescope
exploited

• Counts in the spot compatible
with background level

• Background rate 1-7keV:

X-ray Telescope / CCD

CAST Status & Perspectives, Theopisti Dafni (UNIZAR), Moriond2010
32

Solar axions!
paraphotons, chameleons?



CAST phase II – principle of detection ma > 0.02 eV

• Extending the coherence to higher
axion masses...

• Coherence condition (qL << 1) is recovered
for a narrow mass range around m

Ne: number of electrons/cm3

: gas density (g/cm3)

axions
Transverse magnetic field (B)

X ray

X ray

detector

L

A

axions
Transverse magnetic field (B)Transverse magnetic field (B)

X ray

X ray

detector

X ray

X ray

detector

X ray

X ray

detector

L

A
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 Gas behaviour simulation (CFD )Coherence length?

34
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preliminary ideal

Real CAST 
conditions



Converted axion spectrum 

m=0.0214, P=0.83mbar (10 steps) 

E =6.46 keV  off-resonance

m=0.0088, P=0.33mbar (4 steps)

E =6.48 keV  off-resonance

new
aID

36



0.01                       0.1       m [eV]     1.

CAST

CAST

… sCAST:  1999  2020
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101st Meeting of the CERN / SPSC

CAST  Physics  Proposal  to  SPSC

K. Zioutas  on  behalf of CAST

and 
in collaboration with 

D. Anastassopoulos, O. Baker, M. Betz, P. Brax, F. Caspers, J. Jaeckel,
A. Lindner,   Y. Semertzidis,   N. Spiliopoulos,   S. Troitsky,    A. Vradis.

CERN,          5th April 2011
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• The fiber output is 
split in two ports by 
means of an optical 
switch actuated by a 
TTL signal. Each port 
can be instrumented 
with a photon counter

• In the present 
configuration one 
port is coupled to a 
cooled Photo 
Multiplier Tube and 
the other is blocked, 
allowing on-line 
monitoring of the 
instantaneous 
background

• In future set-ups the 
second port will also 
be coupled to a 
detector, presumably 
a TES-based sensor, 
thus doubling the 
“live” tracking time

a,  γ’,  CH, ...
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Future: repeat vacuum runs and more ...

 parallel with paraphoton & chameleon runs
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12 calendars months data 
taking ULB MM 
(~10-7 cts /keV/cm2/s)

 significant improvement in
background wrt. 2006
 crossing axion KSVZ model
 could start in autumn 2011

 no competition in sight

 3.2 - 16 mbar:  6, 12 & 18 
calendar months 
(1.5, 3 and 4.5 trackings/step)

ULB MM  (10-7 cts/keV/cm2/s)



Solar paraphotons

Hidden Sector particles      Theoretically motivated

- kinetic mixing:   γ ↔ γ’ oscillations

 NO magnetic field!    NO cold bores needed

 Vacuum  path length relevant  for oscillations

-> upstream  in front of the detector

 a good sensitivity requires:  3 ULB MMs  & FS pnCCD

 also for chameleons!
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 beyond SM physics

M. Davenport, S. Gninenko, S. Troitsky, C. Yeldiz, K. Z. (2011)



Solar paraphotons – CAST already provided strong  limit

43



10eV       100eV 1keV          10keV
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1st off-pointing measurements: 

0.7 Ro &  +30o

4x100min, 24-27/4/2011  To be evaluated!

Ideal XRT / CCD

> 1.0 keV
> 0.3 keV

> 0.1 keV

Lowering energy threshold – increases  the sensitivity   more  flux

Solar paraphoton flux

m=10eV

m=1eV

m=0.1eV

m=10meV

m=10meV

m=0.1meV

100eV                   1keV           10keV

Paraphoton detection sensitivity   Off-pointing Low energy threshold: MM + CCD!

…………..

……………

M. Davenport, S. Gninenko, S. Troitsky, C. Yeldiz, K. Z. (2011)



Solar  Chameleons

• Chameleons are DE candidates to explain the acceleration of the Universe

• Chameleon particles can be created by the Primakoff effect in a strong

magnetic field. This can happen in the Sun. 

• The chameleons created inside the sun eventually reach earth where they

are energetic enough to penetrate the CAST experiment. Like axions, they

can then be back-converted to X-ray photons.

• In vacuum, CAST observations lead to stronger constraints on the

chameleon coupling to photons than previous exp’s.

• When gas is present in the CAST pipe, the analogue spectrum of

regenerated photons shows characteristic oscillations:   ID 

 axion helioscope = chameleon helioscope, but @ LE!!

45

P. Brax, K. Z. PRD (2010)



Solar Chameleons  - CAST

1 mbar

[keV]

 Low energy threshold: MM + CCD!

+ vacuum
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P. Brax, A. Lindner, K.Z. (2011) 

The analogue spectrum [/hour/keV] of regenerated photons as predicted to
be seen by CAST: matter coupling = 106, B=30T in a shell of width 0.1Rsolar

around the tachocline (~0.7Rsolar).The mass of the chameleon in eV
in the CAST pipe with vacuum is:

mCH = 40 μeV/c2

1                 [keV]

vacuum 0.1 mbar

1                  [keV]



Solar Axions / Paraphotons / Chameleons

• Detector requirements:      simulation for all detectors’   FOV
 XRT performance!

– XRT/CCD
• FS-CCD  with  ~100 eV threshold exists

– MM 
• LET  transparent windows
• ULB
• Operational energy range 200eV  – 7 keV

(paraphotons/axions/chameleons)

TES
 feasible!!

 Theoretical estimates in progress
47
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Towards  a  new  generation  axion  helioscope

>>  50 – 100 MEUROs project



New “magnet”  à la ATLAS

• CAST enjoys one of the best existing magnets 
than one can “recycle” for axion physics 

- LHC test magnet

• Only way to make a step further is to built a new 
magnet, specially conceived for this.

• Work ongoing, but best option up to know is a 
toroidal configuration:

– Much bigger aperture than CAST: ~0.5-1 m / bore

– Lighter than a dipole (no iron yoke)

– Bores at room temperature

Cross section of the magnet

L. Walckiers’/CERN  
suggestion

ATLAS

58
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LHC experiments as “Axionscopes”?
A. Manousos, A. Liolios, C. Eleftheriadis, PoS(IDM2010)034 arXiv:1104.1572v1

Total weight : 7000 T
Overall diameter : 22.0 m 
Overall Length      : 46.0 m
Magnetic field     : 2 Tesla    (solenoid)

0.5 Tesla (toroid)

46m

22m

15m

21.5m

Total weight : 12500 T
Overall diameter : 15.0 m 
Overall Length      : 21.5 m
Magnetic field     : 4 Tesla  

ATLAS: In case of axion to photon conversion, the photon will probably escape
to the Electromagnetic Calorimeter and it will be recorded as a Minimum Bias event.

CMS: In case of axion-photon conversion 

the photon will be recorded in the EM

Calorimeter, as a Minimum Bias event

(single photon).
51



How much beyond CAST? CAST (1999)     NGAH (~2020)

52

ADMX



Towards a new relic axion antenna with CAST? 

Dielectric waveguide inside the CAST magnet may perform as a new kind of

“macroscopic fiber”, being a sensitive detector for relic axions:

 ~ 0.1 - 1 meV rest mass range (experimentally inaccessible)

48
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(in)direct astrophysical signatures for…

… Solar axions / paraphotons / chameleons / ….   



ΔT/T ∼a few×10-5

CMB

ΔΤ ≈ ± 200μK

ΔT/T ∼ 103

New physics! » new physics?!

SUN

54



It is remarkable + fascinating that the Sun emits intense X-rays...

mystery
S. Tsuneta, AAPPS Bulletin, 19(#3) (June 2009) 11

http://www.cospa.ntu.edu.tw/aappsbulletin/data/19-3/11Hinode.pdf

Mystery  or harbinger of exciting new physics?

CAST @ the Sun? Bsolar  ignored

55

http://www.cospa.ntu.edu.tw/aappsbulletin/data/19-3/11Hinode.pdf
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W. GROTRIAN, 1939

16 MK

5800K

corona

16 MK

5800K

The SUN
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16 MK
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corona

16 MK

5800K

The SUN



Corona …  enigma….
the coronal  heating  mechanism  remains  unknown!

2011

B. De Pontieu, et al.,  Science, 331 (January 2011) 55-58
http://www.sciencemag.org/content/331/6013/55.abstract
See also http://www.sciencemag.org/content/suppl/2011/01/05/331.6013.55.DC1/De-Pontieu.SOM.pdf

…. but with ~axions?
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http://www.sciencemag.org/content/331/6013/55.abstract
http://www.sciencemag.org/content/suppl/2011/01/05/331.6013.55.DC1/De-Pontieu.SOM.pdf
http://www.sciencemag.org/content/suppl/2011/01/05/331.6013.55.DC1/De-Pontieu.SOM.pdf
http://www.sciencemag.org/content/suppl/2011/01/05/331.6013.55.DC1/De-Pontieu.SOM.pdf


Solar Axion spectrum
16

0
5                        10 
Eaxion [keV]
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http://www-astro-theory.fnal.gov/events/080201presentation.pdf

RHESSI science nugget
H. Hudson, 30.4.2007

2D simulation

ma« 10-4eV/c2

Expected … ->   CAST  phase I 
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http://www-astro-theory.fnal.gov/events/080201presentation.pdf
http://www-astro-theory.fnal.gov/events/080201presentation.pdf
http://www-astro-theory.fnal.gov/events/080201presentation.pdf
http://www-astro-theory.fnal.gov/events/080201presentation.pdf
http://www-astro-theory.fnal.gov/events/080201presentation.pdf
http://sprg.ssl.berkeley.edu/~tohban/nuggets/?page=article&article_id=50


Typical analog solar 
X-ray spectrum solar minimum         solar maximum

Eγ ≈ 0.3 - 4 keV

YOHKOH

...observed!  ma>10-2eV/c2

M. Tsagri, Diploma Thesis, UoPatras

->   CAST  phase II 

59



 max≈ 10 - 20[meV/c2]

From 3  independent results: 

- WDs cooling rate (gae)

- SN1987A neutrino-signal (gaN)    limit

- Sun’s X-rays power law (gaγγ) 

 sCAST!?

60



... inspire novel  terrestrial /celestial experiments!
Collaboration work with Axel Lindner  / DESY

 anomalous nuclear decays

 Experiments must be observationally driven  beyond conventional thinking.

PATRAS WORKSOPS:        ... “crazy-ideas”

What axions-WISPs can do? ...

61
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“Thank  you  Konstantin, 
And continue to do
‘crazy’ things. They are the
only thing interesting in life.”

G. Charpak,  1992



Annual Workshops

 “crazy – ideas”

Axions bridge the gap between theory and observation of
the strong interaction, and have also inspired the artist
Ευδοξία Κυρμανίδου.
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Back-up slides
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Με απηέο ηηο λέεο δπλαηόηεηεο πνπ δηαθαίλνληαη κπνξεί λα δνζεί θσο ζην ζθνηεηλό ηκήκα ηνπ

Σύκπαληνο. Παξάιιεια ζα ζπληειέζεη σο θαηαιύηεο ζηελ ιύζε κεγάισλ θαη άιπησλ πξνβιεκάησλ

ηεο Σύγρξνλεο Φπζηθήο, όπσο:

Α) Σκοτεινή ύλη: κέζσ ηεο αλίρλεπζεο ειηαθώλ axions (ή άιισλ ζσκαηηδίσλ κε παξόκνηεο

ηδηόηεηεο), πνπ ζπζρεηίδνληαη κε ην πξόβιεκα δηαηήξεζεο ηεο Σπκκεηξίαο Οκνηηκίαο-

Φνξηίνπ ζηηο Ιζρπξέο Αιιειεπηδξάζεηο. Απηό πεηξακαηηθά εθθξάδεηαη κε ηελ (νπζηαζηηθά)

έιιεηςε ειεθηξηθήο δηπνιηθήο ξνπήο ηνπ λεηξνλίνπ,

Β) Κρσυός τομέας: κέζα από ηελ αλίρλεπζε ειηαθώλ παξαθσηνλίσλ, κε ηελ θαηαζθεπή

λέσλ πξσηνπνξηαθώλ ηειεζθνπίσλ ειηαθώλ παξαθσηνλίσλ, ή, ηελ αμηνπνίεζε δεδνκέλσλ

ηνπ ηειεζθνπίνπ HUBBLE ζε ηξνρηά. Απηό ίζσο πξνρσξήζεη ζύληνκα κέζσ ηεο

επεμεξγαζίαο εηθόλσλ ππνζηξώκαηνο πνπ γίλνληαη θαζεκεξηλά γηα ιόγνπο βαζκνιόγεζεο.

Γ) Σκοτεινή ενέργεια: ηελ αλάδεημε ειηαθώλ ρακαηιεόλησλ κε ην CASTθαη κέζα από

αλάιπζε – επεμεξγαζία ειηαθώλ δεδνκέλσλ.

Γ) Το μσστήριο της ηλιακής κορώνας: Τν πξόβιεκα ηεο ζέξκαλζεο ηνπ Ηιηαθνύ ζηέκκαηνο

είλαη έλα από ηα κεγαιύηεξα πξνβιήκαηα ηεο αζηξνθπζηθήο γεληθόηεξα. Η πξόηαζε καο

είλαη πσο ζσκαηίδηα όπσο π.ρ. ηα axions κε κάδα εξεκίαο ~17meV/c2 ή άιια ζσκαηίδηα κε

παξόκνηεο ηδηόηεηεο είλαη ηα θαηά πιείζηνλ ππεύζπλα ζσκαηίδηα γηα ην θαηλόκελν απηό. Η

ζπλέρηζε ζρεηηθώλ κειεηώλ ζθνπό έρεη λα βειηηώζεη θαη λα ηζρπξνπνηήζεη απηό ην

απνηέιεζκα θάηη πνπ ζπκβαίλεη εδώ θαη ~10 ρξόληα. Πξνθαλώο δηαγξάθεηαη θαη ε

πξννπηηθή θαηαλόεζεο ηεο εζσηεξηθήο δνκήο θαη ιεηηνπξγίαο ηνπ κε πξνβιέςηκνπ δσνδόηε

Ήιηνπ, θαη θαη’ επέθηαζε όισλ ησλ άιισλ αζηέξσλ ζην Σύκπαλ.

Φως  στο σκοτεινό  Σύμπαν
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Wilczek conclusion (“Physics Today”):

I’m much more optimistic about the dark matter problem.
Here we have the unusual situation that two good ideas 
exist… wimps and axions.

Witten conclusion (“Axions in String Theory”):

Axions are ubiquitous in string theory; as necessary as 
gravitons. Couplings and masses of dark matter QCD axions
are tightly constrained: Allowed couplings are within a range 
of x7 and the mass is constrained to the two decades 
10-6 –10-4 eV.

The axion remains a very attractive dark-matter candidate.

 Axion experiments are relatively inexpensive!!

On axion as dark matter candidate

http://www.physics.ucla.edu/hep/dm10/talks/carosi.pdf

http://www.physics.ucla.edu/hep/dm10/talks/carosi.pdf

