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Measurement of the Branching Ratio for the Decay n— p tu ~

R. S. Kessler, "’ R. Abegg, @ A. Baldisseri,® A. Boudard,® W. Briscoe,® B. Fabbro,® M. Gargon,®
E. A. Hermes,® W. W. Jacobs, @@ L. Lytkin, ©® B. Mayer,® B. M. K. Nefkens, "’ C. Niebuhr,® A.
M. Petrov,® J. Poitou,® J. Saudinos,® B. Tippens, "’ E. Tomasi-Gustafsson, ® A. van der Schaaf,® W.
T. H. van Oers, ?® S. E. Vigdor, ® @ M. Wang, "’ and D. White "
M pepartment of Physics, University of California at Los Angeles, Los Angeles, California 90024
OTRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 243
®Service de Physique Nucléaire, Centre d’Etudes de Saclay, 91191 Gif-sur-Yvette, France
@ Center for Nuclear Studies and Department of Physics, The George Washington University, Washington D.C. 20052
O physik-Institut der Universitdt Ziirich, CH-8001 Ziirich, Switzerland
® [ aboratoire National Saturne, F-91191 Gif-sur-Yvette, France
DIndiana University Cyclotron Facility, 2401 Milo B. Sampson Lane, Bloomington, Indiana 47405

® joint Institute for Nuclear Research, Dubna, Russia
(Received 29 September 1992)

The branching ratio (B) for n— p*u ™ has been measured at the SATURNE tagged-n facility using
the reaction pd — *He 1 as a source of ~10% tagged n’s per day. A sample of 100 n— u*u ™ decays on

a background of 8 events yielded B(n— pu*u~)=1[5.6*85(stat) =0.5(syst)1x10 5.

This value is

1.3+ 0.2 times the unitarity (lower) bound of 4.3%x10 7% in agreement with most quark and vector

meson dominance model predictions.

PACS numbers: 13.20.Jf

The decay of a neutral pseudoscalar meson into a pair
of charged leptons is expected to proceed predominantly
via a two-photon intermediate state. The rate for this
fourth-order electromagnetic process is predicted to be
very small, and therefore an exotic interaction outside the
framework of the standard model may be observable.
The decays n—u*u~, 7%—>e*te™ [1,2], and the
flavor-changing neutral current process K;— putu~
[3-5] are the only examples which have been observed.

QED relates the imaginary part of the n— pu *tu” de-
cay amplitude to the known amplitude for the decay
n— vy. This on-shell contribution (n— yy— utu ™)
gives the unitarity (lower) bound B(n— u*tu~)=4.3
x 10 7% [6-9]. The real part of the amplitude depends on
the nyy vertex form factor. Various calculations using
quark and vector meson dominance models for the form
factor suggest that the branching ratio is less than 1.5
times the unitarity bound [10]. A precision measurement
of B(n— u*pu ™) can therefore constrain models of the
nyy form factor. A measured B in excess of twice the
unitarity bound (or below unitarity) might be a signal for
new physics, such as the existence of leptoquark gauge
bosons [11]. The weak decay K, — u T u ~ is sensitive to
gauge bosons of much greater mass, but involves a flavor
change; the decay n— u¥u ™ is a probe for flavor-
conserving transitions.

The first search for n— u *u ~ at Brookhaven Nation-
al Laboratory in 1968 [12] resulted in an upper bound of
20x107% (90% C.L.). A year later at CERN [13] the
first observation of the decay n— u*p = was made yield-
ing a branching ratio of (23+9)x107% This value is
significantly higher than the unitarity bound, and sug-
gested that an exotic interaction might contribute. It

should be noted, however, that the n flux was based on
calculations of o(x~p-— n+anything), which gave a
large systematic uncertainty. The most recent result
from Serpukhov gave (6.5+2.1)x107¢ [14], which is
consistent with theoretical expectations, but it differs
from the CERN measurement by nearly 2 standard devi-
ations. The Serpukhov data suffered from a very large
background coming from the tail of p— u+u ™, and the
normalization was based on the Dalitz decay 7n
—utuTy.

A new opportunity to study rare n decays arose with
the discovery of a copious source of n’s from the reaction
pd— 3Hen very close to the reaction threshold [15].
The unique aspect of the present measurement is that the
n’s were tagged by detecting the recoil *He. This provid-
ed a normalization independent of other n decay chan-
nels, and eliminated most of the systematic uncertainties
that plagued the previous experiments. The SATURNE
synchrotron at Saclay provided a proton beam with an
energy 1.5 MeV above the pd— Hen threshold (T,
=893 MeV). At this energy the total production cross
section is o(pd — *Hen)=0.4 ub, which is about 90% of
its maximum value. The recoil *He from pd — *Hen
were emitted at laboratory angles less than 1.3°, and the
total momentum range was % 2.5%. With the SPES II
spectrometer [16] placed at 0°, the acceptance for the n-
tagging reaction was 100% as a consequence of the small
phase space. The proton beam of 10'' s ™! incident on
the 7 mm thick liquid deuterium target yielded about 108
tagged n’s per day.

The SPES II spectrometer consists of a quadrupole and
two dipoles which separated the proton beam from the
momentum-analyzed 3He. The 3He were identified by

892 © 1993 The American Physical Society



VOLUME 70, NUMBER 7

PHYSICAL REVIEW LETTERS

15 FEBRUARY 1993

pulse height and time of flight using two scintillator
planes behind the focal plane. Three focal-plane wire
chambers with x and y readout gave a trajectory recon-
struction efficiency of 97%. The recoil *He momentum
spectrum in Fig. 1 shows that the background under the
signal peak was 8%, half of which came from the target
walls.

The muons from the decay n— u*u ~ were detected
by a pair of identical range telescopes (Fig. 2) located
symmetrically about the target at 63° with respect to the
incident proton beam. Each of the horizontal and vertical
position hodoscope planes (P) consisted of 16 narrow
scintillator elements, giving an angular resolution of 20
mrad (FWHM), and time resolution of ~0.5 ns
(FWHM). The iron and lead moderators greatly re-
duced the high flux of pions, protons, and deuterons pro-
duced in the target. The 11° slope for the iron wedge
was chosen so that the average energy for the decay
muons after this moderator was independent of the emis-
sion angle. The trigger hodoscope (T) consisted of hor-
izontal and vertical scintillator arrays, and was used to

trigger on particles that penetrated the lead moderator.
The stop counters (S) consisted of six 5.1 ¢cm thick scin-
tillator planes, and were used to measure energy loss and
range. Details of the experiment are given in Ref. [17],
and will be published elsewhere.

Three data streams were recorded: (i) a pre-scaled
sample of *He detected by SPES II, providing the total
number of pd — 3Hen events; (ii) the triple coincidences
between the *He and the two muon detectors, yielding
the fraction of 7’s that decayed into a u ¥y~ pair; and
(iii) pulser events generating artificial triple coincidences
at a rate proportional to the instantaneous beam intensi-
ty, to study the effect of accidentals on the analysis
efficiency. Since these three data streams were recorded
simultaneously, the determination of the branching ratio
is independent of systematic uncertainties in proton beam
intensity, target thickness, n-tagging efficiency, total cross
section for o(pd — 3Hen), and computer dead time. The
limitation of the experiment came from the high singles
rates in the muon detectors (about 1 MHz per counter).

The n— u*u ~ branching ratio was obtained from the
relation

_ N@n—pu*u ) 1
B(n—put = . —
T ) T N pd— Hen) < Ay ey X €L x T W
where N(n— putu~) is the number of n—pu¥u~ |
events observed, N(pd—> 3Hen) =(1.22+0.01)x10° is The three essential features of the n— u ¥y~ event

the number of tagged s, A, _.,

+, - is the acceptance for
the decay n—u # _’ arlalysns

is the analysis efﬁciency,
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FIG. 1. The *He momentum (8u) relative to the central

value of 1320 MeV/c, as measured at the SPES II focal plane.
The large peak in the interval —3 < §ue < 3% is due to the re-
action pd— 3Hen. The solid line is a fit to the background,
and the dashed vertical lines show the window used to select
pd— 3Hen events. The dots are the result of a Monte Carlo
simulation.

selection were (i) good time resolution to reject acciden-
tals, (ii) the measurement of each decay product’s emis-
sion angle and range to provide kinematic constraints,
and (iii) stop-counter pulse heights to reject background
from n— yy (B=0.4) and n— 3z°— 6y (B=0.3).
The background from neutral n decays came mainly from
photons that showered in the iron wedge.

An angle correlation functlon AGLR—GC“'C
was defined, where 6§%° is the u *u ~ opening angle cal-
culated for the n momentum inferred from the tagged
*He, and 9[‘1‘5““”" is the opening angle measured by the
left and right muon detectors. Figure 3 shows the angle
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FIG. 2. Muon detectors for n— u*u~. The basic elements
of each detector are horizontal and vertical position hodoscopes
(P), iron and lead moderators, horizontal and vertical trigger
hodoscopes (T), and six stop-counter planes (S). The proton
(p) beam is incident on the deuterium target (d), and the recoil
3He is detected in the SPES Il spectrometer (not shown).
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FIG. 3. The angle correlation distribution (see text for
definition) of the final sample. In the signal region defined as
—3° < Af1r <3.0°, there are 108 —8=100+* 11 events. The
dots show the result of a Monte Carlo simulation normalized to
the data; the reduced y? of data/Monte Carlo is 0.9.

correlation for the data sample after applying cuts on the
flight times, pulse heights, coplanarity, and stop-counter
hit patterns of the detected decay products. After sub-
tracting 8 background events, the peak in Fig. 3 con-
tains 100 £ 11 pd— 3Heputu ™ events that satisfy the
n— 1T u ~ selection criteria.

A separate analysis was made to determine the contin-
uum background from pd— 3Hep followed by p
— u¥u”, in which the p mass was limited to a 2 MeV
band near the n mass. The continuum background was
analyzed for *He momenta outside the kinematic region
for pd — 3Hen, and used a simulation to determine the
expected number of p— u*u ~ events that satisfied the
pd — 3Hen selection criteria. No p— utu ™ signal was
found, and our sensitivity gave an upper limit of seven
background events (90% C.L.) contributing to the peak
in Fig. 3 (for comparison, in the best previous experiment
[14], the background from p— u*u ™~ was about 50%
larger than the n— utu ™ signal). A correction for the
continuum background was made by adding the back-
ground upper limit at 70% confidence level (4 events) in
quadrature with the lower statistical error. This resulted
in an asymmetric error, N(n% u u “)=100%}4.

The production of pd— 3Herx n~ was studied using
separate data sets without the iron wedge; these data,
combined with a Monte Carlo simulation of the decay of
one or both pions, determined the corresponding back-
ground contribution to the 7— u 'y~ signal to be less
than 0.3 event. The background due to the muon Dalitz
decay (p— u*u ~y) with soft photon emission has been
calculated to be less than 0.5 event. No correction was
made for the small background coming from pion and
Dalitz decay.
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The systematic error in the measured branching ratio is
dominated by uncertainties in the efficiency and accep-
tance factors appearing in Eq. (1). The u*u ™ accep-
tance was determined from a Monte Carlo simulation to
be (2.9+0.1)%. To properly simulate losses due to ac-
cidental hits in the muon detectors, the analysis efficiency
was evaluated by combining each simulated n— ptpu~
event with one event from the “random” (pulser) trigger.
The losses can be summarized as follows: (i) 20% of the
n— u*u~ events were lost due to accidental hits, which
either corrupted the time and pulse height information, or
resulted in an ambiguous event. The sensitivity to the
simulated timing and pulse height calibrations resulted in
+ 4% systematic uncertainty in B. (ii) 15% of the events
were lost because one of the decay muons scattered out of
the detector before stopping. Based on the sensitivity to
the details of the multiple scattering algorithm used in
the simulation, the corresponding systematic uncertainty
in B was estimated to be = 3%. (iii) 20% of the events
were discarded by the software selection criteria, which
introduced a 6% systematic uncertainty to B. The
overall analysis efficiency [e2BP® in Eq. (1)] was
0.54 = 0.05, where the various systematic uncertainties
have been added in quadrature.

The electronics efficiency was monitored by pulser
events generated with light-emitting diodes attached to
some of the muon and SPES II scintillators. The fraction
of pulser-generated triple coincidences that produced an
electronic event trigger was used to obtain the electronics
efficiency, and gave 6°'$°“°"'°—0 92+0.03. The 3% com-
puter dead time was not included in 6""2"“0"‘“ because it
was the same for the pd— 3Hen and the triple coin-
cidence data streams, and therefore cancels when calcu-
lating the branching ratio from Eq. (1).

The result of the analysis is

) =[5.623%(stat) +0.5(syst)1x10 ¢,
)

and it is compared with the previous measurements in
Fig. 4. Adding the statistical and systematic uncertain-
ties in quadrature, the ratio () of our measured B with
respect to the unitarity bound is R=Bnp—utu~)/
Bunit=1.3£0.2. This improves upon the previous Ser-
pukhov measurement [14] of #=1.5=%0.5, and does not
support the earlier CERN value of #=5.3+2.1 [13].

In conclusion, the decay mechanism for n— u ¥ u = is
well described by a two-photon intermediate state,
n— yy— u¥tu~. The real part of the decay amplitude,
which describes the off-shell behavior of the intermediate
state, contributes less than the imaginary part as predict-
ed by most standard model calculations using quark and
vector meson dominance models [10]. There is no indica-
tion of an exotic contribution to the n— u*u~ decay
rate.
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high quality beam, and for the technical support received

Bn—utp



VOLUME 70, NUMBER 7

PHYSICAL REVIEW LETTERS

15 FEBRUARY 1993

o 25 -
e z& | BROOKHAVEN
x f A CERN
=209 T ] SERPUKHOV
;Tt ‘ e C.E. Saclay
£ 15- |
= ]
[a0]
|
5. untary T ¢
bound ' ’

0 - e

1965 1970 1975 1980 1985 1990 1995
year

FIG. 4. The result of the present experiment compared with

previous results [12-14]. The dashed line shows the unitarity
(lower) bound.
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