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Rroblems in Physics




Matter/Energy Budget of Universe

a Stars and ge
= Neutrinos are ~(08

= Rest of ordinary matte

are ~5% ,
stars Darvon neutrinos

S \-."r’f\J‘: 0
a Daric Matter ~30% g anergy

4 dark matte
a Dark Energy ~65% -
= Anti-Matter 0% -



Dark Matter: Observational

(1933): Dispersion speed of
oma Cluster too high =>
8 ~400 times larger than

aservation in
ass, can
dditional




Galactic rotation

(1970). Measured rotation of spiral
overed stars on the periphery
around the galaxy center=> an
~90% of galaxy mass




Gravitational lensing: 3D map
of observable Universe from
fikbble telescope

Nature 445, 286 (2007):
eveal Cosmic Scaffolding
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Dark Matter vs Ordinary Matter at
&alactic Scale

ed by combining data on gravitation lensing from
ad X-rays from Chandra space telescopes

gze shows dark

- .
L

The Bullet Cluster is made
of two colliding groups of
galaxies



What is Dark Matter?

O\WN elementary particle that only
acts with ordinary matter

03 eV) “axion”

DAMA Collab.,

ks of electromagnetic
ished in




Original papers proposing a hew pseudoscalar boson

VOLUME 40, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JANUARY 1978

A New Light Boson?

Steven Weinberg
Lyman Labovatory of Physics, Havvayrd Unfversily, Cambridge, Massachusefts 02138

{Recelved 6 December 1977)

It is pointed out that a global U({1) symmetry, that has been introduced in order to pre-
gerve the parity and time-reversal invariance of strong interactions despite the effects
of instantons, would lead to a neutral pseadoscalar boson, the “axion,” with mass rough-
ly of order 100 keV to 1 MeV, Experimental implications are discussed,

VoLUME 40, NUMBER 5 PHYSICAL REVIEW LETTERS 30 JANUARY 1978

Problem of Strong P and T Invariance in the Presence of Instantons

F. Wilczek™'
Columbia University, New York, New York 10027, and The Institufe for Advanced Studies,
Princeton, New Jersey 08540
(Received 29 November 1977)

The requirement that P and T be approximately conserved in the color gauge theory of
strong interactions without arbitrary adjustment of parameters is analyzed. Several pos-
sibilities are identified, including one which would give a remarkable new kind of very
light, long-lived pseudoscalar boson,



Axion hypothesis

1 L
Loco = -7 GG+ 7(ilp — M)q

m

f-term is CP-violating

Physical cffects depend
on the combination dp ~

8 =6+ Arg Det M mn  mu+ mg Ngep

€ —  Myimy 1
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dy < 0.63 x 1077 ecm * f <107
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The CP problem: QED *—— unrelated
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makes the problem worse !



Axion: Nambu-Goldstone boson of spontaneously
broken U(1)pq Symmetry (Weinberg'78, Wilczek'78)

Chiral symmetry /(1) PO allows to rotate [/ away

Spontaneous breaking of Pseudo

anomalous global symmetry * Goldstone Boson
(PGB)
Interactions £ Invisible

axion

(QCD)- Axion model @ are weak
has large bfeaklng scale Mass e

f o . .,
is small

Experiments looking for axions o
use coupling to two photons Sy ra E“pﬂﬁF#pFﬁﬁ 1




: i

€L
-------- .
@ Pscudoscalar coupled to ~~ T
1 o
Loy =3 vy ¢ € FuFap
T mass

two (independent)

properties : 1 coupling
Goyy = J  (notice dimensions)

@ Scalar coupled to ~~

! v
'E"f"i‘”'f — E g:#ﬁ ‘?E’F;.WF#

@ Similar exceptfor PS — EB , S — |E>—|BJ
Call them AXION-LIKE PARTICLES (ALPs)



r . "TEW k_endi
PRL 96. 110406 (2006) PHYSICAL REVIEW LETTERS 24 MARCH 2006

Experimental Observation of Optical Rotation Generated in Vacuum by a Magnetic Field

E. Zavattini.! G. Zavattini,® G. Ruoso.” E. Polacco,* E. Milotti,” M. Karuza,! U. Gastaldi® G. Di Domenico,?
F. Della Valle.! R. Cimino.* §. Carusotto,* G. Cantatore,™* and M. Bregamt'

BMLAS results (2006

(PVLAS Collaboration)

"Istituto Nazionale di Fisica Nucleare (INEN), Sezione di Trieste and Universita di Trieste, Trieste, Italy
*Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Ferrara and Universita di Ferrarm, Ferrara, Italy
Istituto Nazionale di Fisica Nucleare (INFN), Laborators Nazionaly di Legnaro, Legnaro, lialy
“estituto Nazionale di Fisica Nucleare (INFN), Sezione di Pisa and Universitd di Pisa, Pisa, Ttaly
*Istituto Nazionale di Fisica Nucleare (INFN), Sezione Trieste and Universita di Udine, Udine, Iraly
“Istituto Nazionale di Fisica Nucleare (INFN), Laboratori Nazionali di Frascati, Frascari, Ttaly
(Received 29 July 2005; rewised manuscript received 8 February 2006; published 24 March 2006)

We report the experimental observation of a light polarization rotation in vacuum in the presence of a
transverse magnetic field. Assuming that data distribution is Gaussian, the average measured rotation is
(3.9 = 0.5) % 107 rad /pass, at 5 T with 44000 passes through a | m long magnet, with A = 1064 nm.

The relevance of this result in terms of the existence of a light, neutral, spin-zero particle is discussed.

Based upon
experimental

ﬁd@@ @‘[F DOI: 10,1 103/PhysRevLett, 06,1 10406
L. Maiani, R. Pefronzio, COSMOLOGY
anad

PACS numbers: 12.20Fy, 07.60F=, 14 80.M=

Science, 17 March 2006
Magnet Experiment Appears to

E. Zavaiiini, Drain Life From Stars
It’s an unassuming experiment: to see how a

Phygo I-I—"@{ﬁ}o TI 750 35@ magnetic field affects polarized laser light.
TI @é And the rotation the researchers saw was tiny,
(( a mere 100,000th of 2 degree. If the result is
true, however, the implications are huge.
According to researchers in Italy who con-
ducted the exp eriment, this slight twist in the

beam—the result of disappearing photons
suggests the existence of a small, never-
before-seen neutral particle, which, if made in

stars, would siphon off all their energy.

Even theorists who find that scenario far-
fetched are struggling to explain the dis-
appearance of the photons. “1'm skeptical of
the particle interpretation,” says theoretical
physicist Georg Raffelt of the Max Planck
Institute for Physics in Munich, Germany.
“But there are no other obvious explanations.”

Standard physics predicts a very small rota-
tion in a beam’s polarization ina magnetic field

due to ordinary particles popping in and out of
the vacuum. But when researchers at the
PVLAS experiment at Legnaro National Labo-
ratory of Italy’s National Institute for Nuclear
Physics turned on their 5-tesla magnet in 2000,
they immediately saw a rotation 10,000 times
larger than expected, says PYLAS member
Giovanni Cantatore of the University of Trieste.

A twist in the tale. By rotating a laser beam with
magnets, this experiment may have found never-
before-seen particles.

some cosmologists propose isthe invisible miss-
ing dark matter that makes up a large chunk of
the mass of the universe. However, the particle
suppested by the PV LAS experi ment is not what



Dichroism

[ation of polarization plane

IRVIWAS Collab] Phys.Rev.Lett. 96, 110406 (2006);
IBERYNIab] Phys Rev D47, 3707 (1993)

Bext

qused by production
5 hoton-photgn




=|lipticity.
JISpErsion: photon-axion mixing
WEDREXPINS507061 (2005): Phys Rev. D47, 3707 (1993)

d by a virtual particle
photon-photon




Previous Searches: Electron Beam Dump Experiments

Summary of laboratory searches:
A heavy axion is excluded

For example: SLAC E137

Bjorken et al, PRD 38, 3375 (1988)
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ultra-low noise
detector

microwave Sikivie, 1983
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Local axion number density ~ 10'3/cc
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& AST experiment

Differential Axion Spectrum

ey g

—— Baheall et al 2004
— Bahcall et. al. 1982

%_ //‘\ Axion Flux at Earth

T
rth (x 10" em™s

at Ea

Axion Flux

Energy [keV]
Mean energy: < E >=4.2keV 1C prototype dip0|e’
Axion Luminosity: lons from the sun

L,=19x1073L,

. gotons In the x-
Axion flux: ¢, = 3.8 x 101 em™2 57!

ot al., PRL 94,




DHen mass range for axions

from

PDG'08
astrophysncal anc

cosmological argument
leaves open a search windc
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Laboratory

[Cold D

Het DM |

| GC stars & White dwarf coolng (electrons)

| Excess radiation

| Glosular duster stars (pratars)

SN 1987A | Too many evenls | [ Burst duration



AXIon Search Summary.

om P. Sikivie, talk at 4t Patras Worshop, DESY, June 2008

104

Laser experiments .-

Solar search i’
A HB Stars

Resonantly enhanced
photon regeneration

Oayy (GeV')
2
=
:
|

H T TR AT PARATTY WA m

1012 -;— Axion models
10-14 & Microwave cavity
E dark matter searches
10-16 N I 1 Y O B
10 10°° 104 107 102
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LIPSS collaboration
O.K. Baker (*), M. Minarni, P. Slocum

Yale University
asev(**), R. Ramdon
sEIgpRton University.
LI ENsiEllEs, . Boyce, M. Shinn
Jeffersor)

() Sp0kasriar)
(%) CO-500KE577)2)f)



hight Shining Through a Wall’

EBTRVIEN1983); Ansel'm (1985); Van Bibber et al (1987)

Very dim

spot of spot of
Laser beam light
[§ J_ — - == 3
E Laser Axlons
Magnetic field — Photons

created created

LIGHT BEAM experiment that would confirm the existence of axions passes alaserbeam
through a strong magnetic field, converting some photons to axions (green beam). The
axions penetrate awall before passing through another magnetic field that converts

some of the particles back to photons, which form an extremely faint spot on the farwall.




Jefferson Lab’s Free Electron Laser




JLAB FEL: used for LIPSS experiment

Injector
Superconducting rf linac »

current

UV wiggler


http://www.jlab.org/FEL/images/FELschematic.jpg

“Light-Shining-Through-The-Wall’
Experiments to detect Axion-Like Particles

iirom CERN Courier, Mar 2, 2007)

name place magnet (field length)  |laser wavelength power photon flux at
detector
5T 1064 nm
ALPS DESY 191 m 200W = 1071 10/s
: CW
1T 1053 nm
BMV LULI 0.95m ROOW =107t | 10/pulse
' 4 pulses/day
17T Q00 nm
LIPSS Jefferson Laboratory | ' 10 kW =1077% |0.1/s
: CW
9.5T
540 nm
0SQAR 1.0m 10 .
(preliminary phase) SR 95T b ALY il
oW
aam
8T 1064 nm
PVLAS 1m 0.8W .
(regeneration) INFN Legnaro 297 o =107 10/s
0.5m Npass=5x 10°




Photon Regeneration
‘light shining through a wall’

couple polarized laser
light with magnetic
field

Sikivie (1983); Ansel’'m
(1985); Van Bibber et
al (1987)

axion — photon (or photon-
jon) conversion probability

photon-ps
coherence; {} ~ 1

m¢2 < 4wl



= in present case, use FEL laser
field

= light polarization in direction of magne

= we want to test PVLAS in a completely indef
way




2arameters for initial LIPSS run (2007)
B-fl2lek 1.7 T
meEupERength: 1.0 m
IR FPI SO 0.2 kW
IR FEL wavelendta 935 nm (1.3 eV)
cluantLrn efficiency 0.4
linear polarization 100%
dccaptarce 100%
axperimeant al o f r"@'r']r\/ ~ 90%

signal rate > 0,01 rlz for
1.7 % 109 GaVt



LIPSS apparatus



MIRSS Experiment Layout

Beam Dump B,

Polarization Rotator

ol |
"

GV

Collimator

N\

FEL Beam (935nm)

™M1

S

Light Tight Box

Detector

RV

Particles?

System

/

#

Spec-10:400BR

LED

S

CCD Camera A

TM4



Presenter
Presentation Notes
The LIPSS experimental setup.  Laser light from the FEL is directed to the LIPSS beam line by Turning Mirror 1 (TM1) and a collimator.  Turning Mirror 2 directs the incident light through the generation magnet (GV) and to an optical beam dump (the “wall”) as shown.  A second, identical magnet (RV) is used to regenerate any photons that would result from a hypothetical particle (a LNB) that passes through the wall; no incident FEL light passes into RV.  These regenerated photons would be detected by the detector system in the Light Tight Box.  Details of the Light Tight Box are shown in the insert.



Detector optics

CCO stage

allgrl_r_n_%nt LED and lens = &0 lEns




Princeton Instruments ACTON 10:400BR-LN

Spec-10:400 g.e. high at 935 nm
LN cooled

.-’/ \\\K‘\

/ N

quantum efficiency (%)

Waveongh ) ﬂ{/va_\@ri_tengthﬁ (nm)

— Spec-10:400F — Spec-10:4008 = Spec-10:400R Optional IV Codting

LN2 cooled:] 1.3 e/pix/hour dark noise !!!
used 100 kHZ readout rate




Actual power delivered to the LIPSS
AN dump over 5 days

LIPSS runC dump - 1s, 1min, 1hr averaging

EDD n 1 I I | 1 I " I " 1
power at end-of-line, LIPSS dump avg. owver 10min EE 1 I og o 1 :E

"28 600 100" U 1:6 28.601log" u 1:6
mMuxBc.600.1og" u 1:6

aso |- : "28.3600.1og" u 1:6
EDD » 350 | l n —

powerW]

ADD - 150 |- 1 o

s0 - 5

o f

1.16952e+09 1.172e+09 1.1705e+09 1.1712+09 1.1715e+090 1.172e+09 1.1725e+09 1.173e+09 1.1735e+
UTG timels]

300 -

dump power[W]
Y

200

100

0 HE i H ¥ [ .- } L
1A727e+DA 72752+ 728+ T2E85e+091 V29e+08 F295e+00 17 3+ FE05e+09 73 1e+0A 7315+ 7322
LUTC time[s]



laser beam alignment

! ]
high power laser can cause
damage to equipment if not

gonitored and held stable!!

Verified that the beam pointing
motion was < 1 pixel on CCD

1 pixel is 20x20 pm?



2 hour exposure; cosmic ray hits obvious
s)xclude all regions where there were CR hits
SKXONIX array area shown in yellow

. run procedure:

+ = | 1. take short (bias)
exposure

2 . ' 2. take LED exposure

N P 3. take long (physics)
A exposure

. if CR hit ‘near’ signal
egion, discard run



\ pixel array

=

v

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

<10 um pixels
spot size




LIPSS Result

AA et al (LIPSS Collab), Phys Rev Lett 101, 120401 (2008)

coupling (1/GeV)

[
(—]
1

n

10

particle mass (meV)




Agreement with other experiments
light shining through a wall’

Cameron et al, PRD 47, 3707 (1993)
liard et al, PRL 99, 190403 (2007)

hou et al, PRL 100, 080402 (2008)
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Another test of physics beyond the
Siisndard Model

jector U(1) symmetry: Paraphotons
bhys JETP 56, 502 (1982); B. Holdom,

grs et al, PRD 78, 075005 (2008) ; Abel

LSW technique
,Y!

Y Y’

- LLIPSS
L GammeV
- BMV
L . J o -l L - i L | | ke ;
10 107
¥ mass (eV)

107




MPSS Status Summary

R’07: Installation, calibration complete
iIn March’07
onfiguration)
arches’ by PDG’08
3401 (2008)
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