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at High Enevgies, Hambuvrg, 1977, edited by F. Gutbrod
(DESY, Hamburg, Germany, 1977).

Sp. Alibran et al., Phys. Lett. 74B, 422 (1978).

"To determine the scan efficiency a sample of 134
high-energy forward e*, ¢”, and y’s was used. The
overall result of (78+15)% is consistent with that of (86
+20)% obtained from the eleven single-e” events alone.

%n a sample of 27600 total v, —p~ interactions, we
found 187+ 14 and 28+ 6 total v,—~ e and y,— e* inter-
actions, respectively [A. Cnops et al., Phys. Rev. Lett.
40, 144 (1978)]. We scale these numbers by 106 000/y
27600 to obtain 723+ 54 and 108+ 23 total v, and 7, in-
teractions, respectively, in the present sample. From
these numbers we estimate that we should have fifteen
ven—e” p and six v p— e*n events, consistent with the
actual numbers we see.

9This estimate is in good agreement with the measure-
ment by Alibran et al. (Ref. 6) of R, = (u~ within 3°)
(proton unseen)/(y~ +p)=(5+3)%, assuming v,-v, uni-

versality.

The fiducial volume is defined by R <170 cm, |z|
=125 cm, and D =78 cm, where R is the distance from
the center of the chamber, z is the vertical distance
from the median plane, and D is the distance from the
back wall of the chamber along the beam direction.

The 10% loss due to the E, =2 GeV cut was calculated
using the Weinberg-Salam model with a sinzewzé. How-
ever, this loss is only weakly dependent on the model
used.

2K, Schultze, in Proceedings of the 1977 International
Symposium on Lepton and Photon Intevactions at High
Energies, Hamburg, 1977, edited by F. Gutbrod (DESY,
Hamburg, Germany, 1977).

'3M. Holder et al., Phys. Lett. 71B, 222 (1977); B. C.
Barish et al., in: Proceedings of the Intevnational Neu-
trino Converence, Aachen, West Germany, 1976, edi-
ted by H. Faissner, H. Reithler, and P, Zerwas (Vie-
weg, Braunschweig, 1977).
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It is shown that a sizable transition magnetic moment between v, and a massive neu-
trino v’ (of mass of approximately 100 MeV) leads to some detectable effects, These ef-
fects could be revealed significantly in vy- (Vy-) electron scattering, but would remain hid-
den in most other cases. It is also pointed out under what circumstances a large transi-
tion magnetic moment arises in gauge models.

The stringent upper limits on the masses of the known neutrinos (v,, v,) appear to imply almost neg-
ligible neutrino magnetic moments. In this Letter, however, we wish to explore the possibility that
there is actually no fundamental reason for such magnetic moments to be very small.’”3 Certainly, if
the neutrino magnetic moments are larger than the usual estimates, their effects might have been no-
ticed in recent experiments on the muonless events in v, (V,) interactions. But suppose that there ex-
ists a heavy neutrino v’ with a mass of order of 100 MeV and lifetime of 107° sec,* and that this neu-
trino and, say, ¥, have a larger transition magnetic moment than is usually expected. Such a v’ will
have escaped detection so far, but may show up in the near future.®

Let us therefore consider a transition magnetic moment? between v, and v’ which interacts via pho-
ton exchange with charged particles according to’

Lie == (f'/2m )00 " q (L 4y v, g 3 (- Cype+ iy, u+...), (1)

where f'/2m, is the transition magnetic moment in question. The interaction in Eq. (1) is very differ-
ent for different regions of @*=-¢4?:

(i) At @* so small that ' 1Q1/@®n,> G, it is larger than the neutral-current weak interaction. There-
fore, it is important in v, collisions with a light target such as an electron since in this @*= 2mE,’,
where E,’ is the energy of the recoil electron.

(ii) At large @?, it becomes negligible. Here, e.g., in the case of v, +p~V'+p, we have Q>=2m E,’,
where E,’ is the energy of the recoil proton. Hence, v-hadron scattering is not affected® significantly
for reasonable values of f’.%*°

(iii) If the mass of v’ is of the order of 100 MeV, the effect will not be important in low-energy v,-,

360 © 1978 The American Physical Society



VOLUME 41, NUMBER 6

PHYSICAL REVIEW LETTERS

7 Aucust 1978

v, -

p=s Ve

e

and 7,-electron scatterings.’® In fact, the threshold for v,+e—~V’+e occurs at 10 GeV.

From the above comments, we see that the best way to detect v’ is by means of high-energy v,- and
V,-electron scattering. The cross section in this case due to (1) is™

do(v,e~v'e) do(V,e~V'e)

dE,’ dE,’ »
OO e A
= E, \2m, T 2mE T E/T 2UlmeE T 2m.E? T 4m2E?])’

where E is the incident neutrino energy, E,’ the }
energy of the recoil electron, and m’ the mass

of the heavy neutrino v’, (If we were to account

for the reported number of “anomalous” high-en-
ergy v,e events®''? with this mechanism, we would
need f'=3%107¢8 for m’= 100 MeV.)

We proceed to present a model which gives a
weak transition magnetic moment of the above
type. In such a model we need® a right-handed
v" and a massive charged lepton M~ which coup-
les to v,. Thus, in the SU(2)®U(1) model®
[Weinberg-Salam (WS)] we consider the following
muonic lepton doublets:

( ).

v, sing +N°cos¢
ye

v, cosg —N°sing

( ), ()

where ¢ is a mixing angle-and N° is assumed to
be heavier than 400 MeV. We may or may not
also insert (N°, ), depending on the outcome of
the atomic parity-nonconservation experiments,
and electronic lepton doublets can be treated sym-
metrically in such a way as to maintain electron-
muon universality (note, however, that this is an
artificial scheme). Then, the transition magnetic

moment between ¥, and v’ is®
Gemgny- sing [1 3 3y lny]
a2z costpl T1-yt-9)2’

where y =m % —/My?, g°cos?p/8My?=Gy/V2,:.

and typical diagrams are shown in Fig. 1. Quark-
lepton universality will be satisfied if we intro-
duce quark doublets ([« cosf ¢ — ¢ sinf clcose
~tsing,d);, ete.” Assuming sing/cos®p~1, we
have, for small values of ¥, f'~4.2X10"%,~ (in
GeV). Comparing this result with (2), we see
that do(v,e~v'e)/dE,’ for small m - is dominated
by the weak—neutral-current (w.n.c.) contribution
to do(v,e~v,e)/dE,’. However, we notice that
the situation is reversed in the range of m -

% 20 GeV where d(v,e~v'e)/dE,’ is larger than
do(vye=v e)y.nee/dE,"; for example, the data of
Ref, 5 as regards the total number of v, e events

3)

fr- (4)

are consistent with sing/cos?p =3 and m - =20
GeV or with sing/cos?¢ =2 and m ,- =30 GeV.
However, because of the spectrum of recoil elec-
trons according to Eq. (2), we expect most of the
events to have low energy for the recoil elec~
tron®; this is a characteristic of any transition
magnetic moment scheme. We also note that the
type of model (3) can be found in extended gauge
groups provided that the same gauge boson coup-
les to both the V+A and the V —A parts of the M~
currents, In addition, it is clear the phenomeno-
logy of v,~V' transition magnetic moment de-
scribed by Egqs. (1) and (2) is independent of any
gauge model.

One might have expected that a similarly large
charge radius'® (diagonal or transition) exists for
the type of model (3). However, the charge radi-
us is not enhanced by the mechanism of (3). Di-
mentional estimation shows that the diagonal
squared charge radius, a?, goes as My 2, and
explicitly, "’

@~ (Gg/2V21%)c, + ¢, In(My2/m 2],

i.e. a~5X107' cm in the usual WS model. The
type of model in (3) changes this result by intro-
duction of an additional term c,’ +c¢,” In(My?/m y-?)
which will remain small in gauge theories.
Therefore, though a¢® arises in higher orders in
gauge theories it is not important compared to
the weak neutral-current interaction.®

If v’ is produced,'® it mainly decays to v, +y

FIG. 1, Diagrams for a v, -v' transition magnetic
moment,
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with a decay width estimated’® from the contribu-
tion of Fig. 1,

L' ~vyy) =saf 2(m’/me)ym’. (5)

For f'=107® and m'~ 100 MeV, the lifetime of v’
is 0.95X10°° sec. The branching ratio for v’
~v,ee is 20/ 3mlin(m '/ 2m,) —-f—z] which is negli-
gible,

In this Letter, we have explored the possibility
of the neutrinos v, (v,) possessing large transition
magnetic moments relative to a massive neutrino
V', Such transition magnetic moments will have
interesting effects on several processes but may
have escaped detection so far. In general, for
v, incident on a hadron target, we would have
enough energy to produce v’ but the relevant ef-
fects would still be small because of the large @
in this case. For v, incident on an electron tar-
get, v +e~V'+e events may be more frequent
than the v, +e—~v,+e events at high energies, but
may not be produced at low energies because of
the v’ threshold effect.

The author wishes to thank Professor Lay Nam
Chang and Professor Henry Primakoff for contin-
uous encouragement on this subject, and Profes-
sor L. N, Chang, Professor P, Langacker, Pro-
fessor H. Primakoff, and Professor G. Segré
for careful reading of the manuscript and invalu-
able suggestions. He also wishes to thank Pro-
fessor Steven Weinberg for a stimulating discus-
sion. Without any of these, the paper would not
have appeared in the present form, This research
was supported in part by the U. S. Department of
Energy.
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We have performed a high-sensitivity search for massive long-lived particles produced .
at 2,5 mrad by 400-GeV/c protons on a beryllium target using time-of-flight, Cheren-
kov, and calorimetric techniques. A total of 10! light particle{ (" ,K~,p) was sampled
at 70 GeV/c. This experiment places a limit of 1.1x 10737 cm?/(GeV /c)? - nucleon on the
invariant cross section for the production of stable particles in the mass range of 4 to

10 GeV/c?.

A search for new, massive, long-lived parti-
cles produced in collisions between 400-GeV /¢

protons and beryllium nuclei has been performed

at Fermilab. The apparatus was sensitive to par-
ticles with masses between 2 and 10 GeV /c? and
with charge = -g-e. This experiment was approx-
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