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Abstract

ŽWe carried out a model-independent search for light scalar or pseudoscalar particles a’s an example of which is the
.axion that couple to two photons by using a photon-regeneration method at high energies allowing a substantial increase in

the sensitivity to eV masses. The experimental set-up is based on elements of the CERN West Area Neutrino Facility
Ž .WANF beam line and the NOMAD neutrino detector. The new particles, if they exist, could be produced through the
Primakoff effect in interactions of high energy photons, generated by the 450 GeV protons in the CERN SPS neutrino target,
with virtual photons from the WANF horn magnetic field. The particles would penetrate the downstream shielding and
would be observed in the NOMAD neutrino detector through their re-conversion into real high energy photons by interacting
with the virtual photons from the magnetic field of the NOMAD dipole magnet.

From the analysis of the data collected during the 1996 run with 1.08=1019 protons on target, 312 candidate events with
energy between 5 and 140 GeV were found. This number is in general agreement with the expectation of 272"18
background events from standard neutrino processes. A 90 % CL upper limit on the agg-coupling g - 1.5=10y4 GeVy1

agg

for a masses up to 40 eV is obtained. q 2000 Elsevier Science B.V. All rights reserved.

Ž .Keywords: Light pseudo scalars; Photon-regeneration
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1. Introduction

Neutral spin-zero scalar or pseudoscalar particles
Ž .a’s this notation will be used for both cases of

nearly zero mass are predicted in many theories. The
most motivated pseudo-Nambu–Goldstone bosons,
for example, arise in models constraining sponta-

w xneously broken symmetry, see e.g. 1 . They couple
to the divergence of the current whose charge gener-
ates the symmetry which is spontaneously broken.
The most popular light pseudoscalar, the axion, pos-

w xtulated 2 to provide a solution of the ‘‘strong CP’’
problem, emerges as a consequence of the breaking

w xof the Peccei–Quinn symmetry 3 . It is now be-
lieved that the axion has a mass much smaller than

Ž . w x;O 100 keV that was originally expected 4–6 .
The axion two-photon interaction is given by the
Lagrangian

1 mn˜L sy g F F asg EPB Pa 1Ž . Ž .int agg mn agg4

where g is the coupling constant, E, B are theagg

electric and magnetic fields, a is the axion field. If
B is an external magnetic field, a’s interact with the
photon electric field component parallel to B.

An example of a scalar particle weakly coupled to
two photons is the dilaton, which arises in super-
string theories and interacts with matter through the

w xtrace of the energy-momentum tensor 7 . In particu-
lar its interaction with photons is given by the La-
grangian

1 mnL sy g F F aagg agg mn4

1 2 2s g B yE Pa 2Ž . Ž .agg2

Here again, g is the coupling constant and a isagg

the dilaton field. If B is an external magnetic field
a’s interact with the photon electric field component
orthogonal to B. Usually it is assumed that g sagg

Ž y1 . Ž .O M and that the dilaton mass m sO M ,Pl a Pl

where M is the Planck mass. However, in recentPl
Žmodels with large compactification radii see e.g.

w x.8 , the dilaton could be rather light and since there
are no firm predictions for the coupling g theagg

searches for such particles become very interesting
and actual.

Several experiments have placed limits on possi-
Ž . w xble pseudo scalar bosons 1 . Experimental bounds

on g for light a’s can be obtained from laseragg

w xexperiments 9,10 , from experiments on Jrc and F
w x w xparticles 11 , and from orthopositronium decays 12 .

The best direct experimental limit, g -2=agg

10y3 GeVy1 for the eV mass range, has been ex-
tracted from the recent limit of the CLEO Collabora-

Ž Ž . . y5 w xtion Br F 1S ™ag -1.3=10 13 by assum-
w xing this decay to occur through a virtual photon 14 .

The best limit on the axion-photon coupling comes
from astrophysical limits on anomalous energy loss

w xby stars 15 . However, such astrophysical con-
straints, although more stringent, are model-depen-
dent and have various uncertainties. For example, as

w xhas been demonstrated in 16 , the inclusion of addi-
tional fermions which strongly interact with
Ž . Ž .pseudo scalars of mass m ;O 10 eV may evadea

the astrophysics constraints. Hence, it is important to
perform independent laboratory tests on the exis-
tence of such particles in the mass range discussed
above.

Experimental techniques used for searching for
Ž .light pseudo scalars are based either on the mea-

w xsurement of vacuum birefringence 17–19 , or on the
w xHelioscope method 20,21 , or on what is called

w x‘‘photon-regeneration’’ 22 . Here we describe a di-
rect experimental search for a particles which are
weakly coupled to two photons and which might be
present in the SPS neutrino beam. The experiment is
performed by using elements of the CERN West

Ž .Area Neutrino Facility WANF beam line and the
NOMAD neutrino detector and is based on the pho-
ton-regeneration method, used for the first time at
high energy. In the analysis we do not assume any
relationship between particle mass and coupling to
photons but we assume that a’s are rather long-lived
particles. The present analysis as well as the experi-
mental signature of the signal events are similar to

w xthose of our previous light gauge boson search 23 .

2. WANF and NOMAD detector

w x ŽThe present WANF beam line 24 schematically
.shown in Fig. 1 provides an essentially pure nm

beam for the CERN neutrino experiments. It consists
of a beryllium target irradiated by 450 GeV protons
from the CERN SPS. The secondary hadrons are
focused with two magnetic elements, the horn and
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Ž .Fig. 1. Schematic layout of the WANF beam line not to scale and an illustration of the principle of the WANF-NOMAD high energy
photon-regeneration experiment.

the reflector, located in front of a 290 m long
vacuum decay tunnel. Protons that have not inter-
acted in the target, secondary hadrons and muons
that do not decay are absorbed by a 400 m shielding
made of iron and earth. The NOMAD detector is
located at about 835 m from the neutrino target. The
horn operates in pulsed mode and has a length of
nearly 7 m. Its magnetic field is transverse to the
beam, azimuthally symmetric and its radial depen-

w x w x w xdence is B T s0.02= I kA rr cm between the in-
ner and outer aluminium conductors, where Is
100 kA is the horn current and r is the distance from
the horn axis. At the point where the inner conductor

Ž .is closest to the axis r,1 cm , a maximum mag-
netic field of ;2 T is achieved. The second focusing
element, the reflector, has a maximum field of ;

0.2 T and its contribution is negligible.
w xThe NOMAD detector is described in Ref. 25 . It

consists of a number of sub-detectors most of which
are located inside a 0.4 T dipole magnet with a
volume of 7.5=3.5=3.5 m3: an active target of

Ž . w xdrift chambers DC 26 with a mass of 2.7 tons
Ž . 3mainly carbon , an average density of 0.1 grcm
and a total length of about one radiation length
Ž .;1.0 X followed by a transition radiation detector0
Ž . w x Ž .TRD 27 , a preshower detector PRS , and an

Ž .electromagnetic calorimeter ECAL . The PRS is

composed of a plane of horizontal proportional tubes
and one of vertical proportional tubes preceded by a

Ž .9 mm thick lead plate 1.6 X . The ECAL consists0

of 875 lead-glass counters, each of about 19 X0

deep, arranged in a matrix of 35 rows by 25 columns
w x28 .

Ž .A hadron calorimeter HCAL and two muon
stations are located just after the magnet coils. The
trigger for neutrino interactions in the DC target is
provided by two planes of scintillation counters T1

and T . Interactions in the PRS or ECAL which are2

used in the present study are collected by the trigger
T =T =ECAL, referred to as the ECAL trigger1 2
w x29 . The ECAL signal is obtained as the OR of all
counter signals exceeding a threshold of ;0.8 GeV.
The average rate of ECAL triggers is about 3 for

13 Ž .10 protons incident on the neutrino target pot .

3. Detection principle

This experiment was possible due to the unique
combination of several factors, namely, the presence

.of: i the high HB dz regions both in the WANFH
horn and in the NOMAD detector, where z is the

.coordinate along the magnet axis; ii the relatively
transparent DC target, used to reject efficiently inter-
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.actions in the magnet coils; iii the PRS and ECAL
to detect photons. The experimental set-up consisting
of WANF elements and the NOMAD detector and
the detection principle are schematically illustrated
in Fig. 1.

If a’s exist, one expects a flux of such high
energy particles in the SPS neutrino beam because
both scalar and pseudoscalar a’s could be produced
in the forward direction through the Primakoff effect
in interactions of high energy photons, generated by
450 GeV protons in the neutrino target, with virtual
photons from the WANF horn magnetic field.

If a is a long-lived particle, it would penetrate the
downstream shielding and would be observed in the
NOMAD detector via the inverse Primakoff effect,

Ž .namely the interaction of pseudo scalars with virtual
photons from the magnetic field of the NOMAD

Ž .dipole magnet see Fig. 1 . The experimental signa-
ture of the a™g conversion is a single high energy
photon which converts in the PRS resulting in a
single isolated electromagnetic shower in the ECAL
with no activity in any of the other subdetectors.

The probability for the g™a or a™g coherent
2 Žconversions is proportional to HB dz see Sec-Ž .H

.tion 4 . Therefore we search for axion to photon
conversions as an excess of electromagnetic events
among interactions occurring in the PRS and ECAL,
as they are the most downstream detectors located in
the NOMAD magnetic field.

4. Axion and regenerated photon spectra

The energy spectra of photons produced in the
neutrino target mainly through p 0 decays have been

w xobtained with the same detailed GEANT 30 simula-
tion used to predict the neutrino flux distributions at
the NOMAD detector. The effects of pion re-interac-
tions in the target, photon conversion and
bremsstrahlung of electrons or positrons have been
explicitly taken into account, as well as the correct
material composition of the horn for cascade devel-
opment. Fig. 2 shows the energy spectrum of p 0’s
produced in 450 GeV proton collisions with the
neutrino target in a cone of ;2 mrad and the energy
spectrum of photons pointing to the NOMAD fidu-
cial area. The fluxes and spectra of a’s from g™a
conversions in the horn magnetic field, as well as

those of photons from a™g conversions in NO-
MAD were calculated based on results of Ref.
w x19,20 . In what follows we consider the axion case
for simplicity, but the results are valid also for the
scalar case.

In the general case, which includes photon ab-
sorption in the target, the probability to find a photon
at a distance L from the upstream edge of the
NOMAD magnetic field can be calculated from the
result of a numerical integration of the a™g transi-
tion amplitude which is given by the following ex-

w xpression 19,20 :

1 L L² < :g L a 0 s exp y dzGr2 dzŽ . Ž . H Hž /2 M 0 0

z
X w x=B z exp i dz qy iGr2Ž . HH ž /0

3Ž .

where M'1rg , B is the magnetic field com-agg H
ponent perpendicular to the axion direction. In the

Ž 2 2 .above formula, qs m ym r2 E is the differ-g a a

ence between the a and the photon momenta in the
medium for an axion energy E ; m plays the role ofa g

Ž .the plasma frequency photon mass in the NOMAD
target medium: m2 s4paN rm with N the elec-g e e e

tron number density and m the electron mass. Fore

the average density of the NOMAD target m f7 eV.g

Here, we use "scs1, so G,1rX ,3.5=0

10y8 eV is the photon absorption rate in the NO-
MAD target. The photon absorption in the target
results in a reduction of 40% of the signal. For the
case of inverse g™a conversion the transition am-

Ž .plitude is given by the same Eq. 3 taking into
account that the a™g conversion rate is twice that
of the inverse process for unpolarized photons with
the same coupling strength.

In the absence of photon absorbtion, the absolute
maximum of the a™g transition probability at a
distance L is given by the formula

2BHy10P L s1.25=10Ž .g 0.4T

22 5L 10 GeV
= 4Ž .

570 cm M
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. 0 .Fig. 2. a The energy spectrum of p ’s produced in 450 GeV proton collisions with the neutrino target in a cone of ;2 mrad. b Energy
spectrum of the photons crossing the horn magnetic field and momenta pointing towards the NOMAD fiducial area.

< <and corresponds to the case when qL <p , i.e.
when the axion and the photon fields remain in

w xphase 19,20 and propagate coherently over the
² :length L. For E ;20 GeV and for L equal to thea

total length of the magnetic field, the axion mass
range which can be explored at NOMAD with the
photon-regeneration method is m Q40 eV.a

The expected shape of the energy distributions for
photons from the a™g conversions at the end of
the NOMAD detector is shown in Fig. 3 for different
axion masses. The axion flux from the horn was

Ž .calculated by integrating Eq. 3 over photon trajec-
tories pointing to the NOMAD fiducial area. It is
seen that the photon spectra are quite sensitive to the

Fig. 3. Energy spectra of photons entering the PRS, as expected from a™g conversions of axions produced through g™a conversions in
the horn magnetic field. The effect of the axion mass on the energy spectra is clearly seen. The calculations are performed for
1.08=1019 pot and g s10y4 GeVy1.agg
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Table 1
Ž .Expected numbers of axions and photons E )3 GeV obtainedg

using the photon-regeneration method calculated for the coupling
g s10y4 GeVy1 and for 1.08=1019 potagg

Ž .m eV Axions from horn Photons at PRSa

91 7.2=10 46
930 6.3=10 43
9100 2.8=10 2.7
8 y2300 1.3=10 8.2=10

axion mass. The higher the axion mass the harder is
the spectrum needed to fulfil the coherence condi-
tion. Low axion masses tend to contribute mainly to
the low energy part of the spectrum. The numbers of
axions from the horn and of photons at the PRS
detector calculated for a coupling g sagg

10y4 GeVy1 and for 1.08=1019 pot are shown in
Table 1. One can see that for axion masses above
;100 eV the expected number of events at NO-
MAD drops very fast.

5. Event samples and selections

We study events taken with the ECAL trigger
during the 1996 run period. The selection criteria for
a™g events are based on a full Monte Carlo simu-
lation of a™g conversions in the NOMAD detec-
tor. These criteria are similar to those used in our

w xprevious search for a light gauge boson 23 . The
difference between the two analyses is due to the
lower ECAL energy cut and the additional back-
ground simulations described in Section 6.

Candidate events were identified by the following
criteria:
Ø DC=TRD: no significant activity in the DC or

TRD as measured by the number of hits in these
two detectors.

Ø PRS=ECAL: presence of an isolated PRS clus-
ter in both planes matched to an isolated ECAL
cluster. The energy of the ECAL cluster was
required to be greater than 5 GeV and its shape to
fit that expected from an electromagnetic shower
w x31 .
These criteria selected isolated electromagnetic
showers in the ECAL that originated from pho-
tons converted in the preshower.

Ø HCAL: no energy above 0.4 GeV.
Ž .Ø MUON: no track s in the muon chambers

matched to the PRS cluster.
After imposing the above requirements, we have

found 312 candidate events for a™g conversion in
the initial sample of 2.47=106 events recorded with
the ECAL trigger. The amount of background from
standard neutrino interactions in this sample was
evaluated using a Monte Carlo simulation program
Ž .see Section 6 .

ŽApplying the DC =TRD = PRS = ECAL )
.1 GeV =MUON selection criteria to the initial sam-

ple we identified a sample of n CC events collectedm

with the ECAL trigger. Here, MUON denotes a
single muon matched to a PRS cluster. This sample
corresponds mainly to neutrino interactions occur-
ring in the PRS region defined as the PRS itself and
in addition the downstream TRD and upstream ECAL
regions. The spectra of energy deposited in the ECAL
for these selected n CC events and for simulatedm

events which pass the same reconstruction program
and selection cuts are in agreement. The ECAL
trigger efficiency was obtained from a Monte Carlo
simulation and was found to be 71% and 97% for
n CC and a™g events, respectively. From them

simulation of the neutrino flux, the known cross
section for n CC interactions and the overall selec-m

tion efficiency, the number of protons on target
giving rise to the observed number of n CC eventsm

was calculated to be N s1.08=1019. This num-pot

ber agrees within 5% with the value measured by the
Ž 19 .WANF beam monitors 1.12=10 and was used

for normalisation. Additional uncertainties arise from
the contribution of events from neutrino interactions
in the downstream TRD region which pass the DC
and TRD cuts and from backscattering in events
occurring in the PRS. By varying the DC and TRD
cuts, it was found that the systematic error on the
number of n CC events from these effects is smallerm

than 5%.

6. Background events

The relative neutrino beam composition in the
NOMAD detector is predicted to be n : n : n : nm m e e

s 1.00 : 0.061 : 0.0094 : 0.0024, with average ener-
gies of 23.5, 19.2, 37.1, and 31.3 GeV, respectively
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Table 2
Background Estimate. Total number of interactions in the PRS

Ž .region and in the upstream region last two rows and the resulting
number of expected background candidate events

Item Total number Number of expected
of interactions candidates

n CC 274250 5.9"3.5m

n NC 81328 96.9"9.6m

n CC 4114 85.1"10.9e

n QEL 105 16.4"1.9e

n CC 439 11.7"1.8e
0Coh.p 603 38.6"8.4

n NC 451376 5.2"2.3m
0Coh.p 3670 11.8"3.4

w x32 . The main background to a™g events is ex-
pected from neutrino processes with a significant
electromagnetic component in the final state and
with no significant energy deposition in the HCAL.

The following neutrino processes occurring either
in the PRS region or in the upstream region, which

includes the magnet coil and DC target, were consid-
ered:
Ø n CC interactions classified as muonless becausem

the muon was not detected;
Ø inclusive p 0 production from n neutral currentm

Ž .NC interactions;
Ø coherent and diffractive p 0 production;
Ø quasi-elastic n scattering;e

Ø n CC and n CC interactions.e e

To evaluate the amount of background in the data
sample, simulated events were processed through the
same reconstruction program and selection criteria
used for real data. All background distributions were
then summed up, taking into account the correspond-
ing normalisation factors. These factors were calcu-
lated from beam composition and cross-sections for
the processes listed above. The total number of
expected candidate events after applying the selec-
tion criteria are given in Table 2 for each back-
ground component. The total background in the data
sample was estimated to be 272"18 events, where
statistical and systematic errors were added in

Ž . Ž .Fig. 4. The ECAL energy spectra for candidate solid line and background full circles events. Systematic errors are not shown. The shape
of the axion signals corresponding to masses m s30 eV and m s100 eV are shown for comparison.a a
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quadrature. The fraction of neutrino interactions sat-
isfying all cuts is about 7.5 = 10y4.

7. Results

Fig. 4 shows the overall background and candi-
date event energy spectra in the ECAL. The agree-
ment between data and Monte Carlo is reasonable.
The overall efficiency for single high energy photon
detection in the PRSrECAL was found to be ;25%
for axion masses m Q40 eV. The inefficiency isa

mostly due to the requirement of photon conversion
in the PRS, the ECAL energy cut and PRSrECAL
matching.

By subtracting the number of expected back-
ground events from the number of candidate events
we obtain N s 40"25 events showing noa™g

significant excess of a™g conversion-like events.
The 90% CL upper limit for the coupling g wasagg

calculated by using the following scaling relations:

E4 2Ms 10 GeVN s F PP m , EŽ .Ha™g g g ™ a a g
E1

PP m , E P´ PN PdE 5Ž .Ž .a™g a g sel pot g

and

1r4
90%Na™g90%CL y4 y1g -10 GeV = 6Ž .4agg Ms10 GeVž /Na™g

where N Ms 10 4 GeV is the number of expected candi-a™g

date events calculated for a coupling g sagg

10y4 GeVy1 in the energy region from E to E1 2

corresponding to the signal from the axion of mass
m , N 90% is the 90% CL upper limit for the ex-a a™g

pected number of signal events in the same energy
region, ´ is the selection efficiency, which wassel

found to be practically independent of the photon
Ž .energy E for E ) 5 GeV , F , Pg g g g ™ a

Ž . Ž .m , E , P m , E are the flux of photons pera g a™g a g

pot, probability of photon to axion conversion in the
horn magnetic field and probability of axion to pho-
ton conversion in the NOMAD magnetic field, re-
spectively.

Ž .The region excluded in the m , g plane at 90a agg

% CL is shown in Fig. 5 together with the results of

Fig. 5. Upper limit on the coupling g as a function of theagg

Ž .pseudo scalar mass m derived from the present analysis anda
Ž .from the direct searches of light pseudo scalars performed by

using the polarisation rotation of a laser beam in a magnetic field
w x Ž .10 dotted line and using the laser photon regeneration method
w x Ž .9,10 dashed line .

other experiments. For the mass region m Q40 eVa

the limit is

g -1.5=10y4 GeVy1 7Ž .agg

Ž .and is valid for both scalar and pseudo scalar cases.
The statistical limit on the sensitivity is set by the
values of HB dz in the horn and the NOMADH
detector. The uncertainties on p 0 production rate
Ž . Ž .,20% and neutrino fluxes Q10% , and on some
cross-sections for neutrino interaction in the PRS
Ž 0 .e.g. coherent p production and backscattering
effects give a large contribution to the systematic
error. Since the sensitivity of this search is propor-

4 Ž .tional to g , the upper limit from Eq. 6 dependsagg

weakly on variations of the selected photon energy
Ž .interval. The limit of Eq. 7 is approximately a

factor of 10 better than the best direct limit extracted
Ž .from the recently published limit on Br F™g a

w xobtained by the CLEO collaboration 13 .
Ž . Ž .The limit of Eq. 7 is valid for a pseudo scalar

w x y15 w xlifetime t s )10 m eV which is much shortera a

than the decay time of a standard axion into two
photons in the above mass range. The attenuation of
the a flux due to interactions in the shielding was
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Ž .found to be negligible, since for the limit of Eq. 7
the axion mean free path in iron is G104 km, as
compared with the iron and earth shielding total
length of 0.4 km used in our beam.
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