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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. These measurements provide the first experimental constraints on the couplings
of chameleons to photons.

1 Chameleons

Cosmological observations over the past decade have demonstrated with increasing significance
the existence of a cosmic acceleration, usually attributed to a negative pressure substance known
as dark energy. The chameleon mechanism, in which field gains an environment-dependent
effective mass, has been proposed as a possible explanation of dark energy [1, 2].

Chameleons may also have axion-like couplings to photons such as (3 (¢/Mp1)F* F),, or
67(¢/MP1)F #F,., where (3, is a dimensionless coupling parameter. Such a coupling allows
photons to oscillate into chameleons and back in the presence of an external magnetic field. The
couplings of chameleons to matter and the electromagnetic field induce an effective potential

Vet (6, ) = V(¢) + @/ Merp (7)) 4 P 0/Me1p (), (1)

where pp, is the background matter density and we have defined the effective electromagnetic
field density p, = %(|§2| — |E|?) (for scalars) or Py = E - B (for pseudoscalars) rather than
the energy density. Thus the effective mass of the chameleon, meg = /d?Veg/d¢?, evaluated
at the minimum of the potential, will depend on the background energy density. A chameleon
with large coupling £, to matter will become massive inside typical laboratory materials. A
chameleon may be trapped inside a “jar” if its total energy w is less than what its effective mass
would be within the material of the walls of the jar. In this case, the walls reflect the incoming
chameleons. Chameleons produced from photon oscillation in an optically transparent chamber
will be confined until they regenerate photons, which emerge as an afterglow once the original
photon source is turned off [3, 4, 5]. The GammeV experiment in its second incarnation is
designed to search for such an afterglow and to measure or constrain the possible coupling of
chameleons to photons.
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2 Afterglow from a jar of chameleons

The GammeV apparatus, described in [6, 7], consists of a long stainless steel cylindrical vacuum
chamber inserted into the bore of a B =5 T, L = 6 m Tevatron dipole magnet. The entrance
and exit of the chamber are sealed with BK7 vacuum windows. A 20 Hz pulsed Nd:YAG laser
emits w = 2.33 eV photons into the chamber at a rate of F, ~ 102 photons/sec. The 1 cm™!
laser linewidth is sufficiently large to span the discrete energy levels of the trapped chameleons.

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 quantum mechanical
sense through collisions with the windows; chameleons bounce, while photons pass through.
The probability for producing a chameleon is obtained from the usual photon-axion oscillation

442 B2w? . 2 . .
formula Py, = %ﬁ)— X sin? (mi—gL) In order to populate the jar with chameleons, the laser
P17 eff

is operated continuously for 7, ~ 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
rate and facilitate monitoring of the laser power.

During the afterglow phase of the experiment, the laser is turned off and a low-noise pho-
tomultiplier tube 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.pamber = 1077 Torr is
maintained inside the vacuum chamber using a turbomolecular pump connected to a rough-
ing pump. Because the low-mass chameleons are highly relativistic inside the chamber, the
turbo pump simply acts as extra volume (0.026 m?3) for the chameleons. The positive dis-
placement roughing pump is however the weakest “wall” of the chamber, and chameleons
must be able to reflect (meg > w) on the higher pressure Prough = 1.9 x 1073 Torr resid-
ual gas at the intake of the roughing pump. Furthermore, our experiment is only sensitive
to models in which the chameleon is sufficiently light for coherent oscillation in the chamber,
Mot K Mose = \/4Tw/L = 9.8 X 107* eV at P = P.pamber- For a variety of chameleon mod-
els, the effective chameleon mass scales with ambient density as meg(p) x p®, for a of order
unity. Our limits on the coupling 3, will only be valid for models in which the predicted
density scaling is strong enough to satisfy both the containment condition at higher ambient
density and the coherence condition ant lower ambient density. If meg is dominated by in-
teractions with the residual gas rather than by interactions with the magnetic energy density,
then meg = mo(P/Prough)®, our constraints on 3, are valid for models with o 2 0.8 and
w < Mo < Mose(Prough/ Pehamber)®. Otherwise, the range of sensitivity in « is even more re-
stricted. Since in our apparatus, pm ~ py &~ 2 x 10~ 3g/cm®, the experiment is mainly sensitive
to models in which G, > 3, which in addition predict large o.

The prediction of the afterglow rate is complicated by the fact that repeated bounces from
imperfectly aligned windows and chamber walls cause chameleon momenta to become isotropic.
The coupled photon-chameleon equations must then be integrated along all possible trajectories
within the chamber. We model a bounce from the chamber wall as a partial measurement in
which the regenerated photon amplitude is attenuated by a factor of frle/fz, where frer is the
reflectivity. The mean decay rate I'qec per chameleon is found by averaging over all trajectories
and accounting for losses due to escape or absorption of regenerated photons. Although the
cylinder walls are not polished, a low absorptivity 1— fef = 0.1 is assumed in order to overpredict
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the coherent build-up of photon amplitude over multiple bounces. This overprediction of the
decay rate of the signal results in a more conservative limit on the coupling constant. We obtain
an afterglow decay rate I'gec = 9.0 X 10~° Hz for By = 10'2, with T'gec o< 63.

The signal itself is conservatively underpredicted as follows. While the laser is on, new
chameleons are produced at the rate of I, Py, and decay at the rate of Ny['qec. After a time 7,

the laser is turned off, and the chamber contains Némax) = FVPergelc

particles. For our apparatus, this saturates at 3.6 x 10 for 8, > 10'? and small m.g. The
contribution to the afterglow photon rate from non-bouncing chameleon trajectories is

(1 — e~ TaceTr) chameleon

vol fose Py Por”
Fua(t) = RIS (1 o) T 8

for t > 0, where ¢t = 0 is the time at which the laser is turned off. The detector efficiency €get
contains the 0.92 optical transport efficiency, as well as the 0.387 quantum efficiency and 0.7
collection efficiency of the PMT. Because chameleons in the turbo pump region do not regenerate
photons, we consider only the chameleons in the cylindrical chamber, which represents a volume
fraction fyo = 0.40 of the total population. A fraction fese = 5.3 X 10~7 of chameleons travel
the entire distance fyo from entrance to exit windows without colliding with the chamber walls,
and are focussed by a 2”7 lens onto the photocathode. While many chameleons that bounce from
the walls may also produce photons which reach the detector (indeed, most of the photons that
can reach the detector are on bouncing trajectories), such collisions result in a model-dependent
chameleon-photon phase shift [8] which can affect the coherence of the oscillation on bouncing
trajectories. Our goal here is to present results that 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 for any £, and
megr. Furthermore, we apply the maximum possible decay rate I'ge. in Eq. 2 to allow for the
possibility that the afterglow could disappear before we can turn on the detector. Figure 1
shows the expected photon afterglow rate for several values of the photon-chameleon coupling
B+. Non-observation of this underpredicted rate sets the most conservative limits.

3 Results

No significant excess above the PMT dark rate is seen. In order to minimize the effects of
systematic uncertainties due to fluctuations in the dark rate, we compare the expected afterglow
signal averaged over the entire observation time 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, using data from [6], by averaging
the count rate in each of 55 non-overlapping samples approximately one hour in length. The
dark rate, computed by averaging the sample means, is 115 Hz, with a standard deviation of
12.0 Hz. This systematic variation in the dark rate is significantly larger than the statistical
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 rate for each run, after the 115 Hz average dark rate
has been subtracted.

For each mes and (3, we predict the total number of excess photons expected within the
observation time window. Figure 2 shows the regions excluded by GammeV in the (meg, 3,)
parameter space for scalar and pseudoscalar chameleon particles. At meg near /4nw/L = 9.8 X
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10~* eV, our exclusion region is limited by destructive interference in chameleon production. At
higher meg, a larger 3, is needed to produce an equivalent non-bouncing minimum signal rate.
However, for 8, 2 10'3 our sensitivity diminishes because, as shown in Fig. 1, the chameleon
decay time I‘gclc in GammeV could be less than the few hundred seconds required to switch on
the PMT. In summary, GammeV has carried out the first search for chameleon afterglow, a
unique signature of photon-coupled chameleons. Figure 2 presents conservative constraints in

a model-independent manner, over a restricted range of chameleon models.
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Figure 1: Expected chameleon to photon con-
version rate for various values of the coupling to
photons 3,. The solid curves are for chameleons
with masses of 10~% eV while the dotted curves
are for 5 x 10~* eV chameleons. Our observa-
tion time window for pseudoscalar chameleons
is shown shaded in yellow; the corresponding
time window for scalar chameleons is shifted to
the right by about 700 sec.
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Figure 2: Region excluded by GammeV to

30 for pseudoscalar (solid blue region) and
scalar particles (region between green lines).
Constraints worsen at meg > 1073 eV as
photon-chameleon oscillation becomes incoher-
ent. These constraints are valid only for models
in which the mass scales quickly enough with
background density that both the containment
and coherence conditions are satisified.
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