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We report on the first results of a sensitive search forrscalgpling of photons to a light
neutral boson in the mass range of approximately 1.0 milli-electraa &otl coupling
strength greater than 20GeV* using optical photons. This was a photon regeneration
experiment using the “light shining through a wall” technique in Wwhaser light was
passed through a strong magnetic field upstream of an optical themp; regenerated
laser light was then searched for downstream of a second ntafyelétiregion optically
shielded from the former. Our results show no evidence for smalgting in this region

of parameter space.

PACS numbers 11.30.Ly, 12.20.Fv, 12.60.Cn, 12.90+b, 13.40.Hq

Several theories in particle physics as well as cosmolaggigirthe existence of at least
one scalar, that is, spin-zero, boson [1-9]. Many theories of ghigsigond the SM
(BSM) can accommodate scalars with much smaller masseseaidcouplings to SM
fields [10-12]. For the latter, there is renewed interest peemental searches for sub-
electron volt mass spin-zero, weakly interacting particleggéred in large part by the
recent PVLAS collaboration claims [13], now disclaimed [14], of monaalous rotation
of polarized laser light when it propagates through a magfielic The experimental
programs that explore the parameter space of weakly integatght, spin-zero, bosons
by and large all use the “light shining through a wall” \{)Stechnique of photon
regeneration [15]: laser photons are sent through a strong ticafigid where some of
them can convert into low-mass, weakly interacting bosons via thealkvif effect,
these bosons then pass through a wall that serves to block thenirlegkr light, and
reconvert into photons in a second magnetic field in a similar manner, as shownlin Fig.

The Light Pseudoscalar and Scalar Particle Search (LIRSI8paration searched for
evidence of photons coupling to light, neutral bosons (and tested the particle
interpretation of the PVLAS claim) in a series of measuresnémit took place at
Jefferson Lab (JLab) in the Spring of 2007. The results reportedaherthe LIPSS
collaboration’s direct searches for the scalar coupling of photoashigothetical light
neutral boson (LNB) in a regeneration experiment. This is condréstthe search for
pseudoscalar couplings between photons and a LNB that has alreadilyréesn



reported by the BMV collaboration [16], and as carried out originajlythe BFRT
collaboration [17]. The GammeV collaboration at Fermi Nationalcefarator
Laboratory (FNAL) [18] and the OSQAR collaboration at the Europ€anter for
Nuclear Research (CERN) [19] reported first results for bo#tas@and pseudoscalar
couplings to photons in this same region of coupling-mass parametex. sftas to be
emphasized that the LIPSS collaboration took data continuously over ekfeeriteds as
compared with the previously reported LSW experiments. Thus, ibst sensitive to
phenomena discussed in the context of hypothetical chameleon gd&i@e The limits
presented here can also be compared with the results from the €o\&boration [21]
that searches for solar produced axions (light, weakly intagagtiseudoscalar bosons,
[6]) using the regeneration technique, to sensitive searchdardomatter halo axions in
the galaxy [22], and to constraints on BSM couplings and masses fetsnafethe
gravitational inverse-square law [23].

The experimental setup is shown in Figure 2. Laser light frondltA@8 Free Electron
Laser (FEL) facility was used over a period of one week of nghniThe FEL creates
light that is more than 99.9 % linearly polarized over a wide gasfgwavelengths in
pulses that are 150 femtoseconds long with a 75 MHz repetitien ieor the LIPSS
runs, it was tuned to a wavelength of 0.986.010 micrometers with an intensity of 180
watts on average, and collimated to an 8 millimeter beam cdeaedk parameters were
monitored continuously during the run. The polarization direction of the lighé was
verified with an optical polarization filter and chromo-color television camera

The beam exits the FEL optical transport system and is edtamntto the LIPSS beam
line through a series of water-cooled turning mirrors (TM's)@ilimators, as shown in
Figure 2. The TM'’s are specially coated to reflect 0.935 mitightt and absorb light
outside its narrow optical bandwidth (roughly 0.010 micrometers). The LIPSSlineam
consists of an upstream (generation) magnetic field regionraittkatical (regeneration)
magnetic field region placed downstream of it. Between theergtion and
regeneration magnets is an optical beam dump that also sereepoager meter; the
beam dump in combination with a stainless steel vacuum flange ompheto the
downstream beam line blocks all incident FEL light from the meggion magnet. Any
regenerated photons would be detected by the detector system hotrsedight Tight
Box, downstream of the regeneration magnet.

Both generation and regeneration magnets had dipole fields ot Q.G Tesla on
average. Each magnet had an effect length of£10002 meters. The magnetic field
direction was determined from the magnet pole configuration aiftedensing standard
Hall probes. In all of the results presented here, the laggrgolarization direction was
perpendicular to the magnetic field; the experiment was thersfemsitive to scalar
(positive parity) couplings between photons and LNBs.

The Light Tight Box in Figure 2 is an aluminum case painted on botér iand outer
surfaces with black paint, housed inside a second box of black tapeedoauminum
foil. Inside the Light Tight Box, the photon beam passes a NewpofO8&PAR16 50.2
millimeter lens which serves to focus the beam to desired amcointo the CCD array;
the array sits five centimeters downstream of the lens.caimera system is a Princeton
Instrument Spec-10: 400BR with WinView32 software. It consistsa dfack-



illuminated CCD with 1348400 pixels imaging area (a single pixel is28x20 um in
area) and a controller box for easy integrated measurement using a PCCDlaray is
cooled to —120C resulting in a typical dark current of less than one sirgkiren per
pixel per hour [24]. The system featured onboard grouping (binningxells, where
groups of adjacent pixels may be summed before readout to demzadseoise. The
detection system also consisted of a light emitting diode Jl&fid a convex lens used to
provide a beam spot on the CCD; this serves as a reference spot on the CCD.

High signal to noise ratios are needed to set the sensitivies lohesired in this
experiment. The noise in each pixel can come from a variesoofces: thermal,
electronic, and stray light, to name a few. Additionally, a Bipgian may contain events
due to cosmic rays (CRs) that strike the CCD array. Athe$e sources and others were
studied and characterized over the past two years. Datacolézeted with the FEL on,
with and without lasing, with both and either generation and regeneratgmetsan and
off, with the CCD camera shutter open and closed in each casay light from
fluorescence in gas in the vacuum pipe due to CRs was showmagligible since the
experiment was run with 10Torr. Stray light from all sources was shown to be less than
one count per pixel per hour during the experiment. Read noise from téetode
electronics was characterized in a series of short 'bias'au@s01 seconds before,
during, and after the data runs. The read noise was determined 701b@.2.counts per
pixel per readout. The read noise was well described and easifgcted from the data.
Additionally, this contribution was minimized by collecting datadbteast two hours in
each run. CR's that strike the pixel array leave clearataiz signals in the pixels that
they strike and are easily subtracted from the data. Runsahtirca CR hit on any
pixel within an area of 100100 pixels around the signal region were discarded [25].

The data were analyzed by defining a signal region whereegieyperated photons would
be observed, and background regions where no signal was expectetifrdniga green
(0.532 micrometers) laser placed upstream of TM1 was focused lwmt€@GD array
through the focusing lens shown in Figure 2. Then, the FEL (in tealksa alignment
mode where the laser average power was reduced by morentbashea of magnitude so
as not to damage the CCD optics) was aligned in preciselgdme way and focused
onto the array. In both cases, it was demonstrated that thdéighsevas focused by the
lens down to the same, single pixel. Alignment mode runs wera taddfere and after
the data runs, and were interspersed during the data runs in oothexckofor long term
beam motion. No such effect was observed over the running period. Thengositthe
beam at TM1 to TM3 were monitored continuously during the data rusarbgras and
Spiricon LBA-PC software. It was determined that the beamdered by at most one
centimeter over the two meter long beam line. This correspandsss than 30
micrometers of displacement at the CCD array (which is Smetdrs from the focusing
lens). Thus, the signal region for the pixel array was takée @ 3«3 pixel area at the
lens focus. Tests performed subsequent to the data runs confirméuetbaam focus
on the signal region wandered by at most one pixel verticatlynarizontally; the 83
pixel area defined as the signal region did not change during the data runs.

The nine pixels in the signal area were binned together in softaraeach run. All other
pixels and pixel groupings outside the signal region were usedite deé background
region(s). The difference between the counts in the signal regidrthe counts in the



background region (normalized to the number of pixels in the sigmabn) was

determined for all data runs [25]. Figure 3(a) shows the humbeyuot<in the signal
region (top plot) where any regenerated photons would register aiedhatpixel array.

No excess events above background (bottom plot in Figure 3(b))seenein any single
run, or if all runs were combined. The background events are noechab the same
CCD array area in cases where a large area is use toighebackground statistics.
Seventeen hours of data were taken and analyzed.

The rate of regenerated photons is given by
R= ryP;uLNB P LNB - »€c€d (1)

wherer, is the FEL (incident) photon rate; is the photon collection efficiency (solid
angle for detection)s is the detector quantum efficiency, and

_ _(9B) _ (ML) _ 1, v
Powe =R, = - sin” P ‘*Z(QBL) (2)
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is the probability of scalar boson generation from the incident phd®omsagnets not
too long for a given wavelength of light; photon regeneration frorsetlsealar particles
is given by the identical expression as shown. Hei®the photon energyn (g) is the

LNB mass (coupling strength to photons), a@dL) is the magnetic field strength

(length). The significance of the result is defined $s signal/ \/background where

signal is the number of events expected based Hpaation (1) and that would show up
in the signal region as described above and shaviaiigure 3(a). Taking S greater than
or equal to five as the criterion for a new disagye¢he results indicate no coupling of
photons to a LNB at this level.

The results from this run can therefore be usedeibthe new limits on the scalar
coupling of photons to a hypothetical LNB showrFigure 4. This represents the most
stringent limits to date on this scalar couplingigeneration-regeneration experiment in
this range of parameters for a long, continuoushyaing LSW experiment. The region
above thes=5 curve (short dashed) agd2 (full) is ruled out in the present experiment.
These are similar limits already set by the BMV][IBFRT [17], GammeV [18], and
OSQAR [19] collaborations for pseudoscalar andacabuplings, but under slightly
different LSW experimental conditions. The limést by the BFRT collaboration [17]
(long dashed curve) is also presented in Figure 4.
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Figure 1. Photon regeneration using the “lightsig through a wall” technique. The
incident light §) couples to photons in the magnetic fidd] ¢reating the hypothetical

light neutral bosonX). Because it is weakly interacting, the LNB pad$gough the
optical barrier (the “wall”) while no incident phmts do so. Regenerated photons having
the same characteristics as the original photandtr'om the second magnetic field
region downstream of the wall as shown.



TM2

Beam Dump

::f

P8 T TETTITIITIIT ZII

Light Tight Box

Detector

I
3
GV
N
\ |
Collimator
A\
N
ﬁ(
FEL Beam (935nm) ~TM1

/
™3
RV

Particles?

System

o

LED
&

Spec-10:400BR

Camera

-
fq'.\‘—._" l
Y=

Figure 2. The LIPSS experimental setup. Lasét figgm the FEL is directed to the
LIPSS beam line by Turning Mirror 1 (TM1) and alcohktor. Turning Mirror 2 directs
the incident light through the generation magnat)@nd to an optical beam dump (the
“wall”) as shown. A second, identical magnet (R¥used to regenerate any photons
that would result from a hypothetical particle (dB) that passes through the wall; no
incident FEL light passes into RV. These regererahotons would be detected by the
detector system in the Light Tight Box. Detaildloé Light Tight Box are shown in the

insert.
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Figure 3. Data from the LIPSS runs in the sigegion (3(a), top) and a representative
background region (3(b), bottom) after proper ndiration. The latter was used to
determine the contribution from backgrounds in aigegion. All pixels not in the
signal region described in the text are used terdehe the backgrounds. No excess of
events above background is seen in the signalmegio
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Figure 4. The new limits on scalar coupling of fgms to a hypothetical LNB (in inverse
giga-electron-volts) versus the LNB mass in miléetron-volts. The curve shows the
results for a significance of five (short dasheadj &wo (full). The BFRT result [17] is
also shown (long dashed). The data point is th®mneclaimed (now disclaimed) by the
PVLAS collaboration [13].



