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*Introduction:
*Aim of the PVLAS experiment
*Experimental technique

*‘PVLAS - LNL
*Overview of published results

Development phases
*Improvements with respect to PVLAS-LNL
‘Ferrara Test apparatus
‘Final experiment
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Classical vacuum has no structure.

divﬁ=0; rotl?l:—@

divB = 0:

The superposition principle is valid

Campo
Esterno
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Vacuum is the minimum Vacuum has a structure which
energy state and can can be observed by

fluctuate into anything perturbing it and probing it.
compatible with vacuum

*QED tests in bound systems - Lamb shift
*QED tests in charged particles - (g-2)
‘QED tests with photons is missing

*Macroscopically observable (small) non
linear effects have been predicted since
1936 but have never been directly
observed yet.
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a) Leptonic e*e” LbL scattering

o I
’\'\,% q\,\;\f‘l\‘r\l\

:

c) Leptonic e*e vacuum birefringence with second order radiatizecorrections.

.,
2ol

d) LbL hadronic scattering with e) Birefringence due to virtual
gluons in the gqgbar bubble spin zero bosons (e.g. axions)
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Described by the
Euler-Heisenberg
Lagrangian.

Should be there.
Also includes MCPs

Correction 1.45%

Hadronic contribution.
Difficult to extract
from indirect
measurements. g-2
open problem.

Contribution from
hypothetical new
particles coupling to
two photons.



Both related to the
‘ scattering amplitude

Two principle methods for detecting light-light interaction:
- Direct scattering
- Birefringence measurements
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For fields much smaller than the critical figld W Heisenberg and H Euler, Z. Phys. 98, 714 (1936)
(B<<4.410° T; E <« 1.3-10!8 V/m) one can write H Euler, Ann. Phys. 26, 398 (1936)
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Are neglected:
= o3 terms and higher

= virtual pairs with particles different from e+ e-
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‘Light propagation is still described by Maxwell’ s
equations in media but they no longer are linear due to E-H
correction.
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Study the propagation of the photon in an external field
The index of refraction gives information on the nature of the “media”

ANNALS OF PHYSICS: 67, 599-647 (1971)

Photon Splitting and Photon Dispersion in a Strong Magnetic Field

STEPHEN L. ADLER

Considering linearly polarised light traversing an external magnetic
field perpendicular to k

M€ _442%10°T

>> ‘B

wave

and ‘E

ext
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Linearly polarized light passing through a transverse
external magnetic field perpendicular o k.

g, =1+10AB> |, =1-4AB7,
=1+4AB%  {u =1+12AB7_

n=1+7AB%  |n, =1+4A B>

A, can be determined by
‘ measuring the magnetic
birefringence of vacuum.

An = 3 AeBEX‘I'Z

An=251023 for B.,=25T
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J. Haissinski et al., Phys. Scr. 74, 678 (2006)

f| = parallel linear polarization of incident photons and output photons
f, = perpendicular linear polarization of incident photons and output photons
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Very low energy photon-photon scattering is
proportional to 4.2

For non polarized light:

From Euler-Heisenberg Lagrangian (S.I. units)

‘For light at 1064 nm this predicts a value of o, = 1.8-10-%° cm?

-Experimentally Bernard et al.l"™"! have published o, < 1.5-10-48 cm?

*Duane et al., Phys Rev. D, vol 57 p. 2443 (1998)
**Bernard D. et al., The European Physical Journal D, vol 10, p. 141 (1999)
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( eh
2 2 2
Bcrit nmc

7
T”I;QED) = 2771( )

QED),

Generalized Lagrangian for which
QED is a particular case
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Forward
scattering

The form of L, is defined by properties of invariance.

For ¥=0
- 771 represents the interaction between parallel fields
- 77, represents the interaction between perpendicular fields

Birefringence An(pM) = 2‘5(772 - nl)Bl%?xt
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- Scheme:
- perturb the vacuum state with an external field
- probe the perturbed vacuum state with a polarized laser beam
- deduce information on the structure of the vacuum state

S

- The propagation of light will be affected by the polarized vacuum fluctuations

- Although we consider vacuum, because of the fermion loops the propagation of
photons in an external field is now described by Maxwell's equations like those in

material media. Furthermore they are no longer linear
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We want to study the speed of light in the perturbed
vacuum and therefore study changes in the refractive
index

n =1+((5nr—il<)

vacuum

field

Absolute changes of n,, . are too difficult to measure
so we study anisotropies due to the perturbing field.

» Linear birefringence and linear dichroism

* Linear dichroism (photon splitting) results to be
exceedingly small
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- A birefringent medium has n # n,
* A linearly polarized light beam propagating through a
birefringent medium will acquire an ellipticity v
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* A dichroic medium has different extinction coefficients: k|, # Kk,

* A linearly polarized light beam propagating through a dichroic
medium will acquire an apparent rotation ¢

Absorption
coefficient
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vacuum equiv.

pressure
(mbar)

N, -2.45-10°13 1.6:108
Ar 6.8:10°15 5.8:107

- 5 Vacuum is ‘equivalent’ to
Ne 2.8-10 1.4-10 4.3-108 molecules/cm3
He ] e
H, ] ]

CM constant
(atm Tesla™)

1.8:10°16 22107 .Fo‘r He: |
Vacuum is ‘equivalent’ to

8.5-10°1 4.7-107
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5.8:10! atoms/cm3



QED

‘photon splitting? Much smaller than birefringence.
*higher order corrections are ~ 1%

OTHER
*low mass, neutral particle search: axion-like
millicharged particles
 hadronic contribution
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One can add extra terms [*] to the E-H effective lagrangian to include

contributions from hypothetical neutral light particles interacting weakly
with two photons

Effects on photon propagation

Absorption Dispersion’
VW=

pseudoscalar case

M, M, are inverse
coupling constants

DICHROISM BIREFRINGENCE

scalar case

o _ [L.Maiani, R. Petronzio, E. Zavattini, Phys. Lett B, Vol. 173, no.3 1986]
6. Zavattini, QFEXT 2011, September 2011, Benasque, Spain [E. Masso and R. Toldra, Phys. Rev. D, Vol. 52, no. 4, 1995]



Dichroism AK

* (Photon splitting)
* Real particle
production

apparent
rotation ¢

Birefringence An

+ QED dispersion ellipticity 1
» Virtual particle

production

* MCPs

* Hadrons

Both An and AK are defined with sign

G. Zavattini, QFEXT 2011, September 2011, Benasque, Spain



Experimental study of the quantum vacuum with:

* magnetic field perturbation

* linearly polarised light beam as a probe

- changes in the polarisation state are the expected signals

Ellipticity
L

=_——Ansin29
v A

gredients

* high magnetic field

superconducting dipole magnet or high field permanent magnet
* long optical path

delay line cavity or very-high Q Fabry-Perot resonator

- ellipsometer with heterodyne detection for best sensitivity
periodic change of field amplitude/direction for signal modulation
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Main interest is the Euler-Heisenberg birefringence

e« B=25T
« F=4105 mm) An-=25-1023
e L=2m

If we assume a maximum integration time of 10° s (= 12 days)

Ellipticity sensitivity of < 3.7-108 1//Hz
Birefringence sensitivity < 2.5-10-20 1//Hz

Present sensitivity in
An =1.8-10-18 1//Hz

Shot noise limit = for I, = 100 mW

(I, = output intensity reaching the analyzer)
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I "”'ams" ry cmalyszr'I Static detection excluded [l =IO[02+11J2]

In the heterodyne detection, using a beat with a calibrated effect, we have
« Signal linear in the birefringence
 Smaller 1/f noise

Mod analyser

polariser magnetic field Ellipticity modulator I
Tr

0

mirror Y(t) at ZwMag mirror n(t) at wyeq

1= o+ 00 = 1o + (007 + 107+ 200000

Main frequency components at wy, +2wy,, and 2wy
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ggj Inserting a quarter wave plate before the modulator allows
U rotation measurements

- Ellipticities and rotation do not mix and are independent

« Inpractice, nearly static rotations/ellipticities o, generate a
1/f noise around w4

I, = 1|0 + (WD) + n(D) + B(0)’|
= L[0” + (n())* + 2p(n() + 2B,(Om() + )]

signal noise

Unita Arbitrarie

-
(6))
Wpfod - ZQMag 10y roq+ ZQMag |

(DMOd 20) Mod Frequenza (kHz)
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Ferrara test apparatus - High finesse successful

The Fabry-Perot cavity is a resonant optical cavity that increases the effective
optical path. It is composed of two mirrors placed at a separation dwhich is an
integer multiple of the light half wavelength. To obtain this condition a laser is phase
locked to the cavity using a feedback circuit.

Amplification factor

n=2E
T

Coefficient values * one standard deviation
Amp =6.1063 £ 0.0338
Finesse =4.9343e+05 + 4.85e+03

Ampiezza [V]

Finesse = 493000

Finesse

2000 4000 6000 8000 10000
Tempo [us]
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Focused on a general study of the vacuum in the presence of a magnetic field

Polarizzazione del
Vuoto con LASer

Major improvements
compared to previous
efforts:

* Resonant FP cavity (6.4 m)

for Iar'%e amplification factor

(>510

* Rotating cryostat allows
high modulation frequency
(up t0 0.4 Hz)

* Large magnetic field
(magnet tested up to 7 T)

* Magnetic system

mechanically decoupled from
optical system

G. Zavattini, QFEXT 2011, September 2011,
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An = 3 Ae BOZ . BFRT: limite precedente
v5]4 nm

ANyogq < 1.05 1012 @ 1064 nm R Ippe ) 532 nm

1064 n

An532 <1010 @ 532 nm ) QED Theory

¥

AMND ¢ 6.3 102 T-2
A(RED) = 1.3 10-24 T-2 ;
10
Photon energy [eV]
Bregant et al, PRD 78, 032006 (2008)

o, < 4.6 108 cm? @ 1064 nm

YY

o, < 2.7 10% cm? @ 532 nm

G. Zavattini, QFEXT 2011, September 2011, Benasque, Spain



Exclusion plot from rotation (red)
and ellipticity (green) measurements

[

PVLAS rotation 2006 |
not excluded by BFRT

3 4 5 6 738 2 5 6 78

0.001 0.01
Boson mass m [eV]
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The CAST experiment at CERN has excluded values of M < 1010 GeV
Unreachable with present lab techniques
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» Superconducting magnets produce stray field when
operated at high fields (saturated iron)

* Running time limited due to liquid helium consuption

‘Observed correlation between seismic noise and
ellipticity noise. The Legnaro apparatus is large and
therefore difficult to isolate seismically.

* No zero measurement possibile with field turned
ON.
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. -2
accelerazione [ms /+/Hz]

167 - Densita spettrale del rumore in ellitticita|

—r
D|
m

banco ottico verticale
suolo

10 15
Frequenza [Hz]

Flat noise spectrum above # 5 Hz

30
Frequenza (Hz)
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High finesse: F = 414000
L.s = (2F/m)L = 130 km

Cavity output power = 25 mW
Laser-cavity coupling = 75%
Cavity transimission = 25%

Sensitivity
— Gennaio 2005

Decadimento della luce in uscita dalla cavita

Coefficient values * one standard deviation
=0.0085669 + 0.000397
=3.4018 + 0.00152
au  =0.00022079 * 1.73e-07

" —5e-05

inesse = pi*tau*c/L = 414000

0 10

from carrier [Hz]

Record sensmvu'ry with a cavity ¥ = 3:108 1//Hz
Assuming B = 2.3 T: Sensitivity in An/B2 = 1.5-10-20 T2 1//Hz
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® B cinesi
—>— B corretto

Campo magnetico [kgauss]
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IeSHapparaiUsitiEErrara

Two permanent magnets allow a zero measurement

il |
" | |
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—
. -
= &{: Do, ) 5 -
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Y — " ——
.~ S
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I_zero = 7.5 mW
|_2pem =28 mV & “'|Frequenza rotazione magneti = 1.5 Hz

G= 0,'7 MV/W ..| = Magneti con campo parallelo
Pressione Ossigeno = 0.278 mbar]| | —— Magneti con campo ortogonale

Finesse = 235000
B°L = 1.85 T'm

An, = 2.06-10"% (T°’m)”’
Letteratura = 2.5-10

Ellitticita

I
0
Frequenza dalla portante [Hz]

In red, magnets at O degrees
In black, magnets at 90 deqgrees

With a finesse = 245000 and with the magnets perpendicular to each other we
demonstrated a reduction of more than a factor 80 of the Cotton Mouton signal
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Rotation frequency = 3.125 Hz

No cavity
Integration time = 1600 s
-9 172

Average sensitivity @ 6.25Hz=6-10 s

-
k=4
2
el
2
w

No electronically induced signals in the readout system
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With high-finesse cavity > 400000
Sensitivity worsened - still under study

— Non rotating magnets
— Rotating magnets @ 3Hz

Lo
N
L
Re
~N
-
—
>
b=
()
C
()
©
©
—
)
O
O
o
()
>
b
2
)
2
w

Frequency from carrier [Hz]
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Rotating Maghets Non rotating Magnets
Ellipticity peak = 4-10-8 No peak

Sensitivity = 3.5-107 1//Hz Sensitivity = 3.3-107 1//Hz
An sensitivity = 1.8-10-18 1//Hz  An sensitivity = 1.8-10-18 1//Hz
T=53o0re T=48ore

Rotating magnets

Non-rotating magnets

Coefficient values + one standard deviation
w_0 =2.5605e-06 £ 5.14e-08
w_1 =2.5423e-09 *+ 3.86e-11

Coefficient values + one standard deviation
w_0 =2.3349e-06 + 2.12e-08
w_1 =2.5934e-09 + 1.78e-11

counts/bin
counts/bin

6 8 10 12 14
Noise amplitude

6 8 10 12 14nV
Noise amplitude

Noise amplitude histograms around 2 €1,
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PERPENDICULAR MAGNETS |- Fl nesse = 245000

Rotation frequency = 3.25 Hz|
ration time = 20000
0 6.6 mW

Modulation = 5.8-10

Several harmonics at
moment under study.
Should NOT be there

>
=
2
=1
R
w

Second harmonic
compared to magnetic
probes near two optical
enclosures (black - output;

)

Aondi3

15 20 25 30
Data points
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s Bl Finesse = 245000

Several harmonics are again
present. Different
amplitutdes with respect to
the previous configuration.

Ellipticity

Magnet rotation harmonic

Second harmonic
compared to magnetic probes
near two optical enclosures

b (black - output; ).
PARALLELI MAGNETS Phase WiTh r'espeCT 1“O The
% o o probe has changed. Follows

Input magnet position

15 20 25
Data point
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~|Comparison in the A, constant between the PVLAS - LNL
| result and the Ferrara PVLAS test setup

* Integration time =
38000s

 Ellipticity = 1.9-10-8

« Clearly systematic
because also present with
perpendicular magnets

e Assuming such peaks as a
limit we confirm the
PVLAS - LNL result

-2
A. parameter [T ]

Magnet rotation harmonic

This limit confirms the published PVLAS value of

AND ¢ 631021 T2
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Currently building final apparatus in clean room in Ferrara.
Financed by INFN and MIUR

* Magnetic field: 2 x 1 m long magnets with 2.5 T
(ordered)

« Optical bench with isolation system (installed)

« Optical enclosures designed and are in ordering phase

« New more powerful laser arrived (2 Watts, 1064 nm)

« All optical elements, supports and movements will be non
magnetic (ordered)

« Getters will be used as vacuum pumps.
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errara clean room

_—

Installation in F
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Our best published limit with PVLAS-LNL

Expected limit with the“test setup and present performances:

Sensitivity = 2- 107" 1/+/Hz and finesse = 245000
Integrdtion time of 1e6 s = 10 giorni

éd limit with final setup and present performances:

Sensitivity = 2 - 10'71/\/Hz and finesse = 245000
Integration time of 1e6 s = 10 giorni

Expected QED value

Reachable with the new apparatus if the sensitivity
is < 3-10781/+/Hz and finesse 245000

-7 -6 -5
1 1
0 Sensitivit9[1/\/Hz] 0
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