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What is Dark Matter? Particle interpretation:
(Still unknown) elementary particles that interact only weakly(Still unknown) elementary particles that interact only weakly 
with `normal’ matter 
One of the candidates: Axion - also addresses a strong CP problem in QCD



Open mass range for Open mass range for axionsaxions
The combination of The combination of 
accelerator searches, accelerator searches, 
ast oph sical andast oph sical and

from
PDG’08

astrophysical, and astrophysical, and 
cosmological argumentscosmological arguments
leaves open a search windowleaves open a search window

10-6 < ma < 10-3 eV

LIPSS is a laser-based laboratory experiment that searches for 
axion-like particles with masses in the range of milli-eV



Science, 17 March 2006

Can be understood in terms 
of a new elementary particle 
about 500million times lighter 
th l tthan an electron



Dichroism Dichroism 
rotation of polarization plane rotation of polarization plane 
[PVLAS Collab] Phys.Rev.Lett. 96, 110406 (2006);[PVLAS Collab] Phys.Rev.Lett. 96, 110406 (2006);
[BFRT Collab] Phys Rev D47, 3707 (1993)[BFRT Collab] Phys Rev D47, 3707 (1993)

Dichroism caused by productionDichroism caused by production
of particle φ in photon-photon 
collision



EllipticityEllipticity
dispersion: photondispersion: photon--axionaxion mixingmixingdispersion: photondispersion: photon--axionaxion mixingmixing
hephep--ex/0507061 (2005); Phys Rev D47, 3707 (1993)ex/0507061 (2005); Phys Rev D47, 3707 (1993)

Ellipticity caused by a virtual particle p y y p
φ mediating elastic photon-photon 
scattering



Uses LHC prototype dipole, 
looks for axions from the sun 
regenerating photons in the x-regenerating photons in the x
ray region. K. Zioutas et al., PRL 94, 
121301 (2005)

Have seen no effectHave seen no effect





Photon-axion conversion in 
presence of magnetic field

Photon-(massive) paraphoton 
oscillation (no magnetic field)

Photon-(massless) paraphoton 
i  i  ti  fi ld conversion in magnetic field 

via quantum loop of mini-
charged particles (MCP)

Experimental that use LSW:  LIPSS(Jlab, this talk) , BFRT (BNL), BMV(LULI), 
GammeV (Fermilab), ALPS(DESY), OSCAR (CERN), PVLAS (INFN)



AxionAxion--Like Particle Coupling to PhotonsLike Particle Coupling to Photons

Light, neutral boson coupling to photonsLight, neutral boson coupling to photons
pseudoscalar particle and 
pseudoscalar interactiong , p g pg , p g p

1,
44

1
M

gBEgFF
M

L
vv)

≡⋅=−=
ϕϕ µν

µνϕγγ

p

scalar particle 

)(
4
'

4
1 22 BEgFF
M

L
vv

−=−=
ϕϕ µν

µνϕγγ

p
and    scalar 
interaction

in present case, use FEL laser light and magnetic in present case, use FEL laser light and magnetic 
field from a permanent magnetfield from a permanent magnet
light polarization in direction of magnetic field light polarization in direction of magnetic field 
((pseudoscalarpseudoscalar JJPP=0=0-- particle) or perpendicular to particle) or perpendicular to 
magnetic field (scala Jmagnetic field (scala JPP 00++ pa ticle)pa ticle)magnetic field (scalar Jmagnetic field (scalar JPP=0=0++ particle)particle)



Photon RegenerationPhoton Regeneration
‘light shining through a wall’‘light shining through a wall’

couple polarized laser couple polarized laser 
light with magneticlight with magneticlight with magnetic light with magnetic 
fieldfield
Sikivie (1983); Ansel’m Sikivie (1983); Ansel’m 
(1985); Van Bibber et(1985); Van Bibber et(1985); Van Bibber et (1985); Van Bibber et 
al (1987) al (1987) 

22

4
sin

⎪
⎪
⎫

⎪
⎪
⎧

⎟
⎞

⎜
⎜
⎛ ϕ Lm

axion – photon (or photon-
axion) conversion probability

( ) 2
2 4

4
1

⎪
⎪

⎪
⎬

⎪
⎪

⎪
⎨ ⎠

⎜
⎝≈→

ω

ϕ
ϕγ Lm

gBLP
photon-ps 

h {} 14 ⎪
⎭

⎪
⎩ ω coherence; {} ~ 1

mφ
2 < 4ω/L





JLAB FEL: Used for LIPSS experimentJLAB FEL: Used for LIPSS experiment

LIPSS IR run at 0.935 micron



See G. Neil et al., NIM A 557, 9 (2006); www.jlab.org/FEL





Detector optics

.

lensmirror

Spec10:400BR-LN 
camera



Princeton Instruments  ACTON 10:400BRPrinceton Instruments  ACTON 10:400BR--LNLN

q.e. high at 935 nm
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LN2 cooled:  1.3 e/pix/hour dark noise !!!
used 100 kHZ readout rate



Parameters for initial LIPSS run (2007)Parameters for initial LIPSS run (2007)
BB field:field: 1 7 T1 7 TBB--field:  field:  1.7 T   1.7 T   
Magnet length:  Magnet length:  1.0 m1.0 m
IR FEL 0 2 kWIR FEL 0 2 kW (( 1kW1kW t d i 2009)t d i 2009)IR FEL power: 0.2 kW IR FEL power: 0.2 kW (~(~1kW 1kW expected in 2009)  expected in 2009)  
IR FEL wavelength:IR FEL wavelength: 935 nm  (1.3 935 nm  (1.3 eVeV))

ffffDetector quantum efficiency: 0.4Detector quantum efficiency: 0.4
Linear polarization:Linear polarization: 100%100%
Acceptance:Acceptance: 100%100%
experimental efficiency:experimental efficiency: ~ 90%  ~ 90%  

Expect signal rate > 0.01 Hz forExpect signal rate > 0.01 Hz for
ggaaγγγγ = 1.7 x 10= 1.7 x 10--66 GeVGeV--1 1 



laser beam alignment

high power laser can causehigh power laser can cause 
damage to equipment if not 
monitored and held stable!!

beam spot occasionally 
drifted and had to be 

adjusted using Verified that the beam pointing adjusted using 
picomotors;  the spots 
were logged to VHS 

motion was < 1 pixel on CCD

1 pixel is 20x20 µm2

tape



2 hour exposure; cosmic ray hits obvious2 hour exposure; cosmic ray hits obvious
exclude all regions where there were cosmic exclude all regions where there were cosmic 

hithitray  hitsray  hits
5x5 pix array area shown in yellow5x5 pix array area shown in yellow

run procedure:

1 take short (bias)1. take short (bias) 
exposure

2. take LED exposure

3 t k l ( h i )3. take long (physics) 
exposure (2 hours)

4. if CR hit ‘near’ signal 
i di dregion, discard run



increase S/N:  focusing lightincrease S/N:  focusing light

focusingfocusing 
lens

pixel array

< 10 µm

in this run the beam illuminated a 3x3 (or 
smaller) array of 20 micron x 20 micron 
pixels< 10 µm 

spot size
p



LIPSS Result on Axion-Like Particle
AA et al (LIPSS Collab), Phys Rev Lett 101, 120401 (2008)

PVLAS’05 (now 
di l i d)disclaimed)

N i l b d i b h l d d b• No signal observed, regions above the curves are excluded by   
the experiment(s) at 95%CL
• Scalar coupling probed (`B2’ interaction)



Hidden-sector U(1)H symmetry: Paraphotons Hidden sector U(1)H symmetry: Paraphotons 
L.B. Okun, Sov Phys JETP 56, 502 (1982); B. Holdom, 
Phys Lett B 166, 196 (1986); 

F  th  l t t   Ahl  t l  PRD 78  075005 (2008)  Ab l › For the latest, see Ahlers et al, PRD 78, 075005 (2008) ; Abel 
et al, JHEP07, 124 (2008)

LSW technique µν
µνχ BFLmix 2

1
−=

•AA et al, Phys.Lett.B 679, 317 (2009)
LIPSS observed no oscillations
•Best LSW constraints due to highBest LSW constraints due to high 
initial photon flux
•Region above the curves excluded 
at 95% CL



LIPSS results Phys.Lett. B679, 317(2009) vs other 
constraints: 
› Achieved the highest sensitivity in milli-eV mass range (plot 

compiled in arXiv:0905.4159)

Also results in a new constraint on mini-charged Also results in a new constraint on mini-charged 
particle (MCP) mass and charge, see formalism in 
Ahlers et al, PRD 78, 075005 (2008)    



Fall’06-Winter’07: Installation, calibration complete
First data taken in March’07First data taken in March 07

(20h in `scalar boson’ configuration)
› Scalar boson result: Phys.Rev.Lett.101,120401 (2008)y ( )
› Paraphoton result: Phys.Lett. B679, 317(2009) 

Spring 2009: Successful test run at ~1kW laser power
J l  A t 2009   i  ` d l b ’ dJuly, August 2009: ran in pseudoscalar boson’ mode
Will continue Fall 2009
Further improvements plannedFurther improvements planned
› Chameleon search planned
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