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Plan of Talk

® Infroduction to a Dark Maftter problem
> Axions as Dark Matter candidates
> Laboratory searches
> Solar/cosmic axion searches
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Matter/Energy Budget of Universe

stars DAYON neutrinos

dark energy y . dark matte

Dark Matter ~305%6




Observational Evidence of Dark Matter

Fritz Zwicky (1933): Dispersion speed of galaxies in a Coma
Cluster too high => "dynamic mass’ is ~400 times larger than

‘luminous mass’

S. Smith (1936): similar observation in Virgo Cluster; x200 excess in
mass, can be explained by presence of additional matter
between the galaxies

Vera Rubin (1970). Measured rotation of spiral galaxies,
discovered stars on the periphery revolve too fast around the

galaxy center=> an invisible halo carries ~90% of galaxy Mass
Galaxy NGC3198
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Gravitational lensing: 3D map of
observable Universe from
Hubble telescope

R. Massey et al, Nature 445, 286 (2007):
Dark Matter Maps Reveal Cosmic Scaffolding

eArea of 1.6 deg?
e~1/2 million galaxies




Chandra X-ray observatory
data’ 06 (see chandra.harward.edu)

Galaxy cluster 1E
0657-56 ( bullet
cluster’)

Dark matter (blue)
not slowed by the
Impact; while hot
gas (red) is slowed/
distorted by drag
force

——Separation during

collision
tp://chandra.harvard.edu/photo/2006/1e0657/1e0657_bullett_anim_lg.mov




More dark matter evidence
(2007)

Rlng Of dork Dark Matter Ring in CI’l0024.+17(ZwC_)I.0024+1652) HST+ ACS/WFC
matter formed in | - . A
collision of two E

galaxy clusters




What is Dark Matter?

® An unknown elementary particle that only
weakly interacts with ordinary matter
> May be light (~103 eV) “axion” (or axion-like
particle, ALP)

> May be heavy (~10¢ eV) “WIMP”
- Evidence reported April’ 08 by DAMA Collab.,

observed semi-annual variations of electromagnetic
background in Nal detector

- CDMS (2009): two candidate events
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What is Dark Matter? Particle interpretation:

(Still unknown) elementary particles that interact only weakly
with “normal’ matter
One of the candidates: Axion - also addresses a strong CP problem in QCD

VOLUME 40, NUMBER 4 | 23 JANUARY 1978

Lyman Labovratory of P 1ssachusetts 02138

It is pointed out that a ed in order to pre-
serve the parity and time despite the effects
of instantons, would lead .7 with mass rough-
ly of order 100 keV to 1 sed.

VoLuME 40, NUMBER 5 | 30 JANUARY 1978

Problem of Stron ce of Instantons
WITH

Prilled enzymes
Grease and oil dissolvers

Fabric whitener and
brightener

Columbia Univeysity, N for Advanced Studies,

The requirement that 30 color gauge theory of
strong interactions with . (2 LES. | analyzed, Several pos-
sibilities are identified, including one which would give a remarkable new kind of very
light, long-lived pseudoscalar boson,




Open mass range for axions

SN 1987A | Too many events | | Burstdurstion |

| GC stars & White awarf codlng (ebactrons)
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LIPSS at JLAB is a laser-based laboratory experiment that searches for axion-

like particles with masses in the range of milli-eV




CAST experiment

Differential Axion Spectrum
Axion Flux at Earth

—— Bahcall et. al. 2004
— Bahcall et. al. 1982
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Energy [keV]

Mean energy: < E >=4.2keV Uses LHC prototype dipole,
Axion Luminosity: looks for axions from the sun
Ly=19x107L, regenerating photons in the x-

Axion flux: ¢, = 3.8 x 10! em—2 5! ; ;
ray region. K. Zioutas et al., PRL 94,
121301 (2005)
Have seen no effect
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d halo axion

external

I ? “— magnetic field

cavity electric field

Local axion number density ~ 1013/cc

ultra-low noise
detector

Sikivie, 1983

high field
solenoidal
magnet

cryogenic high Q
microwave cavity

Condition for
resonant conversion:
hv = m_¢?

system output:

/" axion signal, width (10 v)

power
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cavity thermal

electronics
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Photon Regeneration in Light
Shining through a Wall’ (LSW)

® Photon-axion conversion in
presence of magnetic field

® Photon-(massive) paraphoton

oscillation (no magnetic field)

® Photon-(massless) paraphoton
conversion in magnetic field
vVia 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)
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Jefferson Lab is
Llocated in
Newport News,
Virginia

JLAB'S Free Electiron

Laser

Produced up to 14kW of
continuous light at 1.6 micron

wavelength
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JLAB FEL: Used for LIPSS experiment

Electrons start here

Py’
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Linear accelerator // assembly

& diagnostics

Electrons 7
stop here

High Reflector assembly

Accelerator is over 200 ft long

recycled electrons
optical
cavity
mirrors

A
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source

electron beam

laser light

beam
dump
wiggler for conversion
of electron energy
into light

superconducting
accelerator essential for

recycling electron energy
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LIPSS IR run at 0.935 micron

Energy (meV)

T T T T

Tamra~]

a \ FEL proof of principle
ns 1N
b-ps

eil et 2l Phys
Rev Letts 84, 662
{2000)

ote
Table-top su

THz proof of pruaciple:
Carr, Martin, McKineey, Nedl, Jordan & Williams
ature 420, 153 (2002) . .

and sl il Roll sonnd sonlissod cinad sisad sinal.

150 fs wide pulses

75 MHz rep rate
100 % df
935. +/- 005 nm

~ 200 watts avg power

>99% linearly polarized



More info on JLAB FEL

Injector
Superconducting rf linac

UV wiggler
Jefferson Lab FEL Output Light Parameters

IR Branch UV Branch
Wavelength range (microns) 15-14 0.25-1
Bunch Length (FWHM psec) 0.2-2
Laser energy / pulse (microJoulesJ) 100 - 300
Laser power (kW) >10
Repetition Rate (cw operation, MHz) 4.7 -75

Jefferson Lab FEL Electron Beam Parameters

Energy (MeV) 80-200

Charge per bunch (pC) 135 135

Average current (mA) 10 5
Peak Current (A) 270 270
Beam Power (kW) 2000 1000
Energy Spread (%) 0.50% 0.13%
Normalized emittance (mm-mrad) <30 <11
Induced energy spread (full) 10% 5%

See G. Neil etagle NIM, AR Le ol 2000 i dlab QNG A ELs: 5




LIPSS experiment schematic

Brewster windows

Polanization rotator
regenerated light

isolated vacuum systems




LIPSS Result on Axion-Like Particle

AA et al (LIPSS Collab), Phys Rev Lett 101, 120401 (2008)
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No signal observed, regions above the curves are excluded by
the experiment(s) at 95%CL
Scalar coupling probed (B2’ interaction)




New Constraint on Photon Paraphoton
Mixing

® Hidden-sector U(1), symmetry: Paraphotons
L.B. Okun, Sov Phys JETP 56, 502 (1982); B. Holdom,
Phys Lett B 166, 196 (1986) © Idom’s son” or HoBo

> For the latest, see Ahlers et al, PRD 78, 075005 (2008) ; Abel
et al, JHEPO7, 124 (2008) 1

: " _ _ ARL . AL T
LSW L,..=--xf"B, P—l614[sm(T)sm(T)}

10+

coupling

*AA et al, Phys.Lett.B 679, 317 (2009)

LIPSS observed no oscillations o LIPSS
*Best LSW constraints due to high GammeV
initial photon flux

sRegion above the curves excluded

N EQ b Andrei Afanasev, Intense Electron Beams Work
CJ

mass (eV)




Photon-Paraphoton Mixing

@ 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)

GammeV
LIPSS

MMCP [eV]

@ Also results in a new constraint on mini-charged
particle (MCP) mass and charge, see formalism in
Ahlersetu@e RREDBee0 fBHOG{ROBBY 172015




Low-mass Paraphoton Search

® Evaluated for JLAB FEL, see Baker’s talk at Searching for a
New Gauge Boson at Jlab, September 20-21, 2010

(mass < 25 keV)

boson beam dump

. LIPSS 2




Axion Parameters (PDG14)
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Combined Exclusion Ranges

(PDG14)
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