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We report the first results from the GammeV search for chameleon particles, which may be created
via photon-photon interactions within a strong magnetic field. The chameleons are assumed to have
matter effects sufficiently strong that they reflect from all solid surfaces of the apparatus, thus
evading detection in our previous search for weakly-interacting axion-like particles. We implement
a novel technique to create and trap the reflective particles within a jar and to detect them later via
their afterglow as they slowly convert back into photons. We constrain the coupling of chameleons
to photons as a function of chameleon mass for a wide class of chameleon theories.

PACS numbers: 12.20.Fv, 14.70.Bh, 14.80.Mz, 95.36.+x

Introduction: Cosmological observations over the
past decade have demonstrated with increasing signifi-
cance the existence of a cosmic acceleration, usually at-
tributed to a negative pressure substance known as “dark
energy” [1, 12, 13]. A major effort is under way to dis-
cover the properties of dark energy, including its cou-
plings to Standard Model fields. Such couplings can lead
to Equivalence Principle violations [4], fifth forces [5],
variations in Standard Model parameters such as the fine
structure constant, and unexpected interactions between
known particles. The chameleon mechanism, by which a
matter coupling and a nonlinear self interaction conspire
to give a field an environment-dependent effective mass,
is particularly compelling from a cosmological stand-
point [6, [7]. Chameleon fields can have small masses on
cosmological scales, while acquiring large masses locally
in order to evade fifth force searches [6, |7, 8, [9, [10, [11].

Chameleons may also couple to photons via terms
such as ¢F*F,, and QSF " E,,, for scalars and pseu-
doscalars, respectively; here, F),, is the electromagnetic
field strength tensor and F v its dual. Such a coupling al-
lows photons to oscillate into chameleons and back in the
presence of an external magnetic field. The chameleon
mechanism ensures that a chameleon with large couplings
to matter will become massive inside typical laboratory
materials. A chameleon with an energy less than the ef-
fective mass in a material will be completely reflected by
that material, allowing chameleons to be trapped inside
a “jar”. Chameleons produced in the jar from photon os-
cillation will be confined until they regenerate photons,
which emerge as an afterglow once the original photon
source is turned off [12, [13, [14]. The GammeV experi-
ment in its second incarnation is designed to search for
such an afterglow. Note that the chameleon mechanism
and the photon coupling are both necessary for this ef-
fect.

Chameleon phenomenology: A chameleon scalar field
¢ coupled to matter and photons has an action of the
form
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where g,, is the metric, V(¢) is the chameleon po-
tential, and Ly, is the Lagrangian for matter; a pseu-
doscalar chameleon would instead have a chameleon-
photon interaction —&F " F,,. In principle, ¢ can
couple differently to different matter particles. How-
ever, for simplicity, we consider a universal matter cou-
pling ﬁm = Mp]/Mm, where Mpl = 24 X 1018 GeV
is the reduced Planck mass. Theories with large ex-
tra dimensions allow matter couplings 3, much stronger
than gravity, while an upper bound of 3, < 10 is ob-
tained from particle colliders [15, [16], corresponding to
My, > 100 GeV. We allow for a different coupling to elec-
tromagnetism, 5, = Mpi/M,, through the electromag-
netic field strength tensor F),,,. Curiously, this term re-
sembles the dilaton-photon coupling ~ e 2?F? in string
theory.

The non-trivial couplings to matter and the electro-
magnetic field induce an effective potential

Vet (6, ) = V(@) +Pm0/Mr1p(7) 4 59/Mo1p (), (2)

where we have defined the effective electromagnetic field
density p, = %(|§2| — |EJ?) (for scalars) or Py = E-B
(for pseudoscalars) rather than the energy density. The
expectation value (@), the minimum of Vg, depends on
the density of both background matter and electromag-
netic fields. Thus the effective mass of the chameleon,

Mot = /d*Vor/d¢? evaluated at (¢), will also depend on
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FIG. 1: The GammeV apparatus (not to scale). The chamber
and the interior of the vacuum pump (total volume 0.049 m®)
are accessible to chameleon particles.

the environment. This dependence is crucial; the after-
glow phenomenon requires that the particles be massive
in the walls of the jar (to ensure containment) and that
they remain sufficiently light inside the jar to allow coher-
ent chameleon-photon oscillations. For a large range of
potentials, the effective mass scales with ambient density
as meg(p) ~ p®, for a of order unity. For example, with a
power law potential V(¢) ~ ¢, where ¢ is a real number,
we find 0 < a < 1. This is true also for chameleon dark
energy |17], V(¢) = Atexp(A™/¢") with A = 2.3 meV,
which is approximately V(¢) ~ A*(1 + A"/¢™) under
laboratory conditions. Here, n is allowed to be any real
number.

In order to provide model-independent constraints,
we treat the effective chameleon mass inside the cham-
ber as a free parameter. We note that for the power
law potentials mentioned above, the chameleon coupling
to the chamber walls contributes a quantity of order
1/R ~ 1075 eV to the chameleon mass inside the cham-
ber [10, [17], so that the total effective mass cannot be
made lower than this. In regions near the walls of the ap-
paratus, the larger effective masses (> 1072 eV) render
the oscillations incoherent. The resulting regions of di-
minished regeneration efficiency are negligibly small com-
pared to the total volume of the chamber.

GammeV apparatus: The GammeV apparatus, de-
scribed in [18] and shown in Fig. [l consists of a long
cylindrical vacuum chamber inserted into the bore of a
B =5T, L = 6 m Tevatron dipole magnet. The en-
trance and exit of the chamber are sealed with BK7 glass
vacuum windows. A 20 Hz pulsed Nd:YAG laser [19]
emits light of wavelength 532 nm (energy w = 2.33 eV)
into the chamber at a rate of F, ~ 10'® photons/sec.

Interactions with the magnetic field cause each photon
to oscillate into a superposition of photon and chameleon
states. This superposition can be measured in a quan-
tum mechanical sense through collisions with the win-
dows; chameleons bounce, while photons pass through.
Repeated laser pulses build up the chameleon popula-
tion inside the chamber. In order to populate the jar
with chameleons, the laser is operated continuously for
Tpr = 5 h. After emerging through the exit window of the

chamber, the beam is reflected back through the chamber
in order to increase the chameleon production efficiency
and facilitate monitoring of the laser power.

During the afterglow phase of the experiment, the laser
is turned off and a low noise PMT [19] placed at the exit
window is uncovered. Chameleons interacting with the
magnetic field oscillate back into photons, some of which
escape to be detected by the PMT. Data are taken in two
separate runs, with the polarization vector of the laser
either aligned with or perpendicular to the magnetic field,
to search for pseudoscalar as well as scalar chameleons.

Throughout the production and afterglow phases, a
pressure P =~ 1077 Torr is maintained inside the vac-
uum chamber using a turbomolecular pump connected
to a roughing pump. Because the low-mass chameleons
are highly relativistic inside the chamber, the turbo
pump simply acts as extra volume (0.026 m?®) for the
chameleons. Our experiment can only test models in
which the chameleon mass satisfies the conditions for
coherent oscillation in the chamber, meg <K Meose =
VArw/L = 9.8 x 107% eV at Peamper ~ 1077 Torr, and
reflection from the intake of the roughing pump, meg > w
at Prough = 1.9 X 1072 Torr. In the models with power
law scaling discussed above, meg = mo(P/Prough)™ ~
p%, our constraints on 3, are valid for o > 0.77 and
w < Moy < Mose(Prough/Penamber)®. In practice, we can
constrain a > 0.79 for scalars, and a > 0.86 for pseu-
doscalars.

We test our apparatus by generating a diffuse low light
level glow discharge within our upstream vacuum region
and observing an increased PMT rate.

FEzpected signal: In terms of the coupling 3., and meg
in the chamber, the chameleon production probability
[20, 21), 22] per photon is
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A particle that has just reflected from one of the chamber
windows is in a pure chameleon state. Repeated bounces
off of imperfectly aligned windows and the chamber walls
cause chameleon momenta to become isotropic. As a
chameleon passes through the magnetic field region, it
oscillates between the photon and chameleon states. In
the small mixing angle limit, the photon amplitude \ffnY
due to this oscillation is given by

2 > kBB - A
(-% —k2> U, = ]@ll kEx (2 x k)W, — (4)
where Uy = 1 is the chameleon amplitude, k£ ~ w is the
momentum, and k and 2 are unit vectors in the direction
of the particle momentum and the magnetic field, respec-
tively. The chameleon decay rate corresponding to a par-
ticular direction (0, ¢) is (|\I7,Y(9, )2+ Pans(0, ©))/ AL(0)
evaluated at the exit window, where 0 is the direction
with respect to the cylinder axis, Paps is the total prob-
ability of photon absorption in the chamber walls, and



At(0) = it/ cos(f) is the time required to traverse the
chamber. We model a bounce from the chamber wall as
a partial measurement in which the photon amplitude is

attenuated by a factor of frlc/fz, where f,of is the reflectiv-
ity. The mean decay rate I'qe. per chameleon is found by
averaging over 6 and . Although the cylinder walls are
not polished, a low absorptivity 1 — fief = 0.1 is assumed
in order to overpredict the coherent build-up of photon
amplitude over multiple bounces. This overprediction of
the decay rate results in a more conservative limit on the
coupling constant. We obtain I'qec = 9.0 x 107> Hz for
By = 1012, with Tgec 5§

While the laser is on, new chameleons are produced
at the rate of F,P,, and decay at the rate of NgI'gec.
After a time 7, the laser is turned off, and the chamber

contains Némax) = F,Pp I3 (1 — e Taee™r) chameleon
particles. For our apparatus, this saturates at 3.6 x 102
for 8, 2 10'? and small meg. The afterglow photon rate
is
fvolfcscedctF’prr2C
Fare (t) ftot 1—‘dec (1

e_chchr) e_chct,

()
for ¢ > 0, where t = 0 is the time at which the laser is
turned off, and fy,1 = 0.40 is the chamber volume as a
fraction of the total accessible volume. The detector effi-
ciency €get contains the 0.92 optical transport efficiency,
as well as the 0.387 quantum efficiency and 0.7 collec-
tion efficiency of the PMT. A fraction fes. = 5.3 x 107
of chameleons reach the exit window without colliding
with the chamber walls, and virtually all of these reach
the detector. While many chameleons that bounce from
the walls may also produce photons which reach the de-
tector (indeed, most of the photons that can reach the
detector are on bouncing trajectories), such collisions re-
sult in a model-dependent chameleon-photon phase shift
[17] which can affect the coherence of the oscillation on
bouncing trajectories. Our goal here is to present re-
sults that, as much as is feasible, are independent of the
chameleon model and can thus be applied more generally.
We therefore consider only the direct light from non-
bouncing trajectories in order to predict the minimum
possible afterglow rate. Figure [2] shows the expected
photon afterglow rate for several values of the photon-
chameleon coupling 3,. Non-observation of this under-
predicted rate sets the most conservative limits. . How-
ever, we also note that the availability of other chameleon
decay modes can weaken our constraints by allowing
chameleons to decay quickly enough to escape detec-
tion. Furthermore, large chameleon self-interactions can
lead to fragmentation and thermalization of chameleons,
weakening our constraints. Such will be considered in a
companion paper [23].

Results:  After turning the laser off, we open the PMT
box and remove the mirrors and filters that block the
chamber from the PMT photocathode. Then, we replace
the cover, turn the PMT on, and collect afterglow data
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FIG. 2: Expected chameleon to photon conversion rate for
various values of the coupling to photons (3. The solid curves
are for chameleons with masses of 107% eV while the dotted
curves are for 5 x 107* eV chameleons. Our observation time
window for pseudoscalar chameleons is shown shaded in yel-
low; the corresponding time window for scalar chameleons is
shifted to the right by about 700 sec.

for one hour. Table [ shows relevant data for both of
the data runs including: the total integration time dur-
ing the filling stage, the total number of photons which
passed through the chamber, a limit on the vacuum qual-
ity (which can affect the coherence length of the photon-
chameleon oscillations), the length of the afterglow obser-
vation run, the time gap between filling the chamber and
observing the afterglow, the mean afterglow rate, and the
limits on (3, for coherent oscillations.

In order to minimize the effects of systematic uncer-
tainties, we compare the time-averaged expected after-
glow signal to the mean signal observed by the PMT.
The dominant uncertainty in our measurements of the
chameleon afterglow rate is the systematic uncertainty
in the PMT dark rate. We estimate this quantity, us-
ing data from [18], by averaging the count rate in each
of 55 non-overlapping samples approximately an hour in
length. The dark rate, computed by averaging the sample
means, is 115 Hz, with a standard deviation of 12.0 Hz.
The measured rates are well below the ~ 600 Hz max-
imum throughput of our data acquisition system. This
systematic uncertainty is significantly larger than the sta-
tistical uncertainty in the individual sample means. Thus
our 30 upper bound on the mean afterglow rate is 36 Hz
above the mean of the data for each run, after the back-
ground dark rate has been subtracted.

For each meg and (3, we use @) to compute the to-
tal number of excess photons predicted within the ob-
servation time window. Figure [3] shows the regions ex-
cluded by GammeV in the (meg,3,) parameter space
for scalar and pseudoscalar chameleon particles. At mg
near \/4rw/L = 9.8 x 10~* eV, our exclusion region is
limited by destructive interference in chameleon produc-



TABLE I: Summary of data for both configurations.

Configuration |Fill Time (s)|# photons|Vacuum (Torr) |Observation (s) | Offset (s)|Mean Rate (Hz)| excluded (low mes)
Pseudoscalar 18324 2.39e23 2e-7 3602 319 123 6.2el11 < B, < 1.0el3
Scalar 19128 2.60e23 le-7 3616 1006 101 5.0ell < 3, < 6.4e12
1e+14 T by NSF-PHY-0401232.
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