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ABSTRACT 

We point out that neutrino flavor oscillations can significantly 
alter the cross section for neutrino-electron scattering. As a re
sult, such oscillations can affect the comparison between existing 
reactor data and theories of neutral-curren.' processes. They may 
also lead to strikingly large effects in high-energy accelerator ex
periments. 

One expects that, in general, neutral-current processes will be 
completely unaffected by the oscillation of neutrinos among their 
various possible flavors (v , v , v , . . . ) . After all, these proces
ses presumably preserve neutrino1 flJvor, and are independent of that 
flavor. Thus, oscillation of neutrinos from one flavor to another 
will not change any neutral-current cross sections. Indeed, even if 
the neutral weak interactions do change neutrinos Uf of one flavor 
(e.g., v e) into those of another, if they do so through amplitudes of 
the form 

a(v fA - v f 1B) - N £ 1 £a* , (1) 
where N f f is a unitary matrix and a is a universal amplitude, neu
trino oscillations will still have no effect. (The unitarity of Nfif 
guarantees that the interactions remain independent of flavor in the 
sense that the total cross section for a neutrino vj to interact, 
£o(v,A •* v,,B), doeB not depend on the incoming flavor.) 
£' f £ 

There is one exception to all this; namely, neutrino- ( or 
antineutrino-) electron scattering,A For all neutrino flavors but 
v c, this reaction is a purely neutral-current process. However, for 
this one flavor, the reaction receives both neutral- and charged-
current contributions, as illustrated in Fig. 1. Since the charged-
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Fig. 1. Contributions to 
o(v ee •* v e e ) . Here Z° and W" 
represent the neutral and 
charged weak bosons. 

current amplitude is appreciably 
larger than the neutral-current 
one, the cross section c(v ce •+ v,,e) 
Is much larger than o(vye + v u e ) \ 
o(v Te •+• v Te), etc. (Assuming uni
versality, the latter cross sec
tions are all equal.) Consequent
ly , at a reactor, ./here the beas is 
initially v e, oscillations Into 
other flavors will decrease the 
(anti) neutrino-electron event 
rate. At an accelerator where the 
beam usually starts out as v p or 
component will increase the v u, the development of a v c o 

neutrino-electron event rate. 
To make this more quantitative, suppose there are N physical 

neutrinos (mass eigenstates) v B with masses M,,,. Suppose further that 
the neutrinos of definite flavor, Vf» are nqt the mass eigenstates, 
but linear combinations of them, given by 

,-T.v. fm i (2) 

where U is an orthonormal mixing matrix. Then, as everyone at this 
Workshop knows very well, a neutrino v E born with one flavor will 
evolve after time t into a linear superposition of all the flavors, 

v(t) - £ a M . 
f* Z X 

(3) 

During this time the neutrino will have travelled a distance x =* ct. 
The probability of observing it as a neutrino of flavor f' at this 
distance from its source is 1 

+ H "«:. U * 0,. ,U_ t C O S 2 H — — r*f f m fra f'm fm' a. , m Ira mm 
(4) 

where p v is the neutrino moment <' 
is gi"en by 

-J the oscillation length 1 

' m m' • 
(5) 

Foi various reasons,2 recent discussions of neutrino oscillation 
have frequently centered on values of M 2 - M 2, of order (1 eV) 2. If 
M 2 - M 2, » (1 eV) 2, then I , - 2.5 m for p u™ - 1 MeV (a typical value 
for reactor antineutrinos), and 2.5 km for p - 1 GeV (a typical value 



at some high-energy accelerators, such as the one at Brookbaven). 
Thus, if M£ - M^t is indeed -(I eV) 2, then in a high-energy experi
ment one must turn down the energy of the neutrino beam, or else lo
cate the detector farther from the neutrino source than is customary, 
in order to give the neutrinos a chance to oscillate significantly 
between their source and the detector. Experiments involving these 
special steps are planned, and we shall return to them. However, 
reactor experiments will be sensitive to oscillations without any 
special steps being taken, and we shall focus for the moment on these 
experiments. 

If a neutrino which is a coherent superposition of flavors, 
2^ a ,\> , , scatters from an electron, the cross section for producing 
|. t t 
an out-going electron with kinetic energy '!',» Is given {suppressing 
spins and phase space facLors) by 

B 
Assuming that li, the weak interaction Hamilton iari, preserves fl.ivor, 
this simplifies to 

W J f e 

This relation applies, of course, to a neutrino (or nntineutrino) of 
definite momentum. AL a reactor emitting a spectrum N(p y) of anti-
.leutrinos, the event rate R<T,<TL,<T2) for Oe m-altering with outgo inn 
flection energy in the bin T. <T t,<T 2 will be 

T 2 

kCiyT e-=T 2) -f dT^ f d P y Nvp y) 

L I e .1 

Here ]>v is the minimum neutrino momentum that can lead to an elec
tron recoil energy T e. Note that beraus-' of the x-dependenct? in apt 
eq. (i), a rate computed via eq. (8) will be spec i fit- to a r-articu-
lar distance between neutrino source and detector- In an effort to 
present results that are more general, than that, we notice from eqs. 
(4) and (5) that if the sourcf. to detectur distance x is big enough, 
the oscillatory term in a|,(pv,x) will osrillale very rapidly us the 
Integral over p u in eq. (8) is performed, and thus will cancel out. 
Tu be specific, this will occur if 



wliiTi' "Pv'' l i i c' , e average momentum of the antineutrinos, and op v is 
their momentum spread. When cundition (0) 1^ met, the quantities cc, 
may t>*.- replaced in eq. (8) by their mean values, 

V " if 0?-."?, • »»> 
which depend net titer on x nor on p y. Since we expect the ue cross 
sections in he equal for all Flavors of antIneutrino other than v , 
it then follows from eq. (8) that 

R(T <T <T.,) = A 4 lie2 . (11) 

~2 "2 where A and 1' are constants, and 8 : I - â . Is the average fraction 
of cite v fiux tiiat has gone into flavors other than the original v e-

If MJf, - M^t = (1 o V ) 2 , a reactor with <p v- and Ap y ~ A MeV 
w'U have * r a r o'(<iV> " 10 m, and condition (9) will be met If x >> 10 
m. The published reactor ve measurements of Keineh, Curr, and So-
bvl f correspond to x = 11.2 rn, so this condition is not well-satis
fied, and the results we shall present do not applv in detail to the 
1'iihl ished data. However, these results are intended mainly to Il
lustrate hnw large the effects of oscillation can be. From calcula
tions of R by Barger, Uiiisnant, CI inc. and Phillips,u performed for a 
particular oscillation scheme but without making the approximation 
K p ~ '-if i, we know that this approximation becomes accurate when 
x = (20 - 10>m. This distance is not that muc It larger Chan 10 m, so 
WL- do ex|Fi_. t our results to give- reasonably good estimates of the ef
fects ol oscillation, valid for most vul-ies o) x of practical inte
rest, and f>>r ary model of osri 1 lat ion. . 

The Clasliow-Salam-Weinberg (CSW) model with sin e ; = k predicts 
that 

m T 

-£)•'? 

T \2 m T "1 

Here t: in the Permi coup! ing constant, mt, in the electron mass, and 
e:|. (Uli) iictually applies for any flavor of antineut rino except v t. 
The Ijst term in eqs. (12) is negligible for high-energy antineu
trinos, and tvt-n for reactor antineutrinos it is only a (10 - 20).S 
correction. Tht- dominant terms are the first two, and it is apparent 
that, as stated earlier, the vet* cross section is much bigger than 
lli.it tor v e. 

However, let us not assume the GSW modt;!, but try to be quite 

http://lli.it
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general. In Che v ee channe:., ve scattering involves the two diagrams 
of Fig. 1. Assuming y-e universality, we already know how big the W~ 
diagram is from the muor. lifetime. Under the same assumption, we 
will soon know quite accurately how big the Z° diagram is from high-
energy studies of v^e ami 3 e scattering. What wc do not know is the 
sign of the interference between the W and Z diagrams. Thia sign is 
the new information which can be revealed by experiments involving 
the v ee or v ee channel. 

Before all the recer.c attention to the possibility of neutrino 
osc 11 i JCitins, we ant! pur colleagues5 had computed the expected \*ce 
event rates for three cases, using the 1977 Avlgnone-Greenwood reactor 
v spectrum.6 In all three cases, the sizes of the weak couplings 
were taken to be as in the CSW model with sin 6 W - k, but the W-z in
terference was alternatively assumed to be destructive (as in the mo
del), constructive, and absent. The results of those calculations 
arc compared to the v ee data in Table I. 

TABLE 1 
Theoretical and experimental reactor v te event 
rates as fractions of Rv_.. the event rate for 
a pure uharged-current interaction. 

Event raLe/Ry 

^^\Electron 
'—^Energy 

Case ^ 

1.5 s T e < 3 

HeV 

3.0 < T < 4.5 
e 

MeV 

1.20 

2.8 

2.1) 

Destructive 

Constructive 

No Interference 

0.83 

2.2 

1.5 

3.0 < T < 4.5 
e 

MeV 

1.20 

2.8 

2.1) 

Experimental 0.87 i 0.25 1.7 i 0.44 

Relnes, Gurr, and Sobel 3 presented data for two T e bins. From 
Table I we see that in the low-T e bin the experimental result favors 
the destructive (GSH) cane, but is only 2>j standard deviations (o) 
from the no coherent interference case. In the high-T e bin, the ex
perimental res'.i£ is closest to the no interference case, but is only 
a bit more than lo from the destructive ci-ae, and only 2^o fro-i the 
constructive one. The evidence that the interference is destr ctive, 
MB predicted by GSW, is not very strong, but the data do mildly favor 
this case. 

Now let us see what happens when we allow for the possibility of 
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oscillations. Table II gives the approximate event rates, eq, (11), 
In the presence of oscillations, for the sane three cases as before: 
destructive, constructive, and no W-Z Interference. We see from this 
Table that the effects of oscillation can be appreciable, and that 
they are even bigger for constructive or no interference than for the 
destructive GSW case. 

TABLE 11 
Theoretical reactor ve event rates as fractions of K„_., tliu 
pure charged-current event rate without neutrino oscillations. 

2 
The symbol B denotes the average probability of finding a fla
vor other than v g in the reactor beam, due to the oscillations. 

' •—-^Electron 
-—Energy 

Case ^ - — - - ~ ^ _ 
1.5 s T s 3 MeV e 3 s T s 4.5 MeV c 

Destruct ive Interference 
(Weinberg-Salam, sin 8 " r ) 

W H 
0.83 - 0.32 H2 1.21 - 0.21 B 2 

Construct ivn Interference 2.20 - 1.68 g 2 2,76 - 1.77 B 2 

Nu Coherent Interference 1.51 - 1.0 B 2 1.97 - 0.V8 B 2 

(For the case cf destructive interference, Halls and McKvllar' 
have recently obtained the oscillation-modified event rates by fol
lowing essentially the same procedure as we did. They confirm our 
results nicely when chey use one or another of the published reactor 
antineutrlno spectra in their calculations.u However, they have also 
Inferred an additional spectrum by working backwards from the results 
quoted in Ref. 3. 3 They find that when this inferred spectrum is 
used* the top row of Table II becomes 0.83 - 0.06 ~fi for the low-Te 

bin, and 1.21-0.03 i* for the high-Te bin. These results indicate 
much less sensitivity to oscillations than do our own. That they are 
so different from our results i« very surprising, since in the ab
sence of oscillations the inferred spectrum and the 1970 Avlgnone 
spectrum, which is one of the published ones used by Halls and HcKel-
lar, lead to v ee event rates which differ by only - bX for a given 
theoretical v ee crosB section. Therefore, we believe It ia reason
able to rely upon the results based on the published spectra, ' ut 
this matter should obviously be clarified.) 

In Table III, the event .rates of Table II are evalustad for spe
cific illustrative values of B*. Let us consider, for example, 
o% - 4- From Table III, we see that for this degree of oscillation, 
the low-T data point lies closest to the predicted event rate for no 
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coherent interference. However, to within 2o, it is consistent with 
all three possible types of interference. For this sane degree of 
oscillation, the measured rate in the high-Te bin lies closest to 
the predicted rate for constructive interference. However, to with
in 2a, It too is consistent with any type of interference. We see 
that it" fr * S. the data do not provide any evidence for the Glashow-
Salam-Weinberg prediction for the interference. 

An alternative approach is to assume that the GSW model is 
right, and then to ask whether the data tell us anything about the 
degree of oscillation. From Table III, they clearly do not. In 
neither Te_bin do they provide very much discrimination becween one 
value of $• and another. 

TABLE III 
Experimental and theoretical event rates as fractions 
of Ru-A- T h e theoretical rates arc iiven for varloun 
values of the oscillation parameter 8^.* 

^^Electron Energy 

Caso ^ ^ ^ ^ = 

l . i i l s 3 MeV e 3 s T ! 4.5 MeV e ^^Electron Energy 

Caso ^ ^ ^ ^ = 1/3 1/2 2/3 1/3 1/2 2/3 

Destructive Interference 
(Ueinberg-Salara 
sln 28 H - 1/4) 

0.72 0.67 0.62 1.13 1.1 1.06 

Constructive Interference 1.63 1.35 1.07 2.17 1.88 1.58 

No Coherent Interference 1.17 1.01 0.84 1.64 1.48 1.32 

Experiraental Data 0.87 ! 0.25 1.7 2 0.44 

If the oscillation involves two families. Ret . 2 favors 
0.25 s B* s 0.40. A_maximal oscillation involving three families 
would correspond to 6^ = 2/3. 

Thinking of the future, we note that I* 6 =• S. oscillations re
duce the event rate by - 20X in the low-Te bin, and by - 10% in the 
high-Te bin, assuming destructive Interference, For the other types 
of interference, the reduction is greater. Th;is, a reactor experi
ment with b% accuracy would be able to measure, at least crudely, the 
effect of oscillations. 

Let us turn now to accelerator we experiments. If 



Ha - t^t - (I eV) and p v - 150 MeV, then the oscillation length l^t 
is 375 m. Thus (remembering that l m a</2 is the distance in which 
the effect of oscillation becomes maximal)) a detector *• 100 ti away 
from the neutrino source would be quite sensitive to the oscillation.9 

At a high-energy accelerator, the beam starts out as a v„ (or 
v u) beam, and the event rate w'll increase if the flux develops a ve 

( or v e) component. Tor neutrinos of * given momentum, the effect 
of oscillations involving any number of flavors follows from eq. (7). 
The total cross section for an evolveJ v„ beam, o(v(t)e), relative to 
that for the pristine beam, u(v e ) , will be 

, ("o(u v) - o(v e)l 
(13) 

Here a e IK thr probability ot observing a v e in the beam. Evaluating 
the expresslor. in brackets, assuming weak couplings with the CSW 
sizes but alli/wing for the three possible typea of W-Z interference, 
we find that 

^ t>, destructive interference 
o(v(t)e) 
o(v ue) 

' 12, no interference. 
• » 1 + a " . 18, constructive interference 

We see that the amplification of the event rate can be very large. 
For CSW (destructive) interference, an oscillation coefficient 
a 2 - 1/3, which is not particularly big, will still lead to a tripling 
of the t *enc rate! 

Of course, there will be no amplification at all unless the os
cillation produces electronic neutrinos. Note that large u^ •*-*• vfi 

oscillation with Mj - H^, - (1 e V ) 2 is allowed by the Gargamelle, 1 0 

Los Alamos, 1 1 and Grenoble 1 2 v u *-*• v e oscillation limits. However, 
such n-> illation with, say, H^ - M 2. (4 e V ) 2 is not allowed. If 
M^ - M^t - M eV) 2, a detertor at Fermilab located - 1 km from the 
neutrino source, as is usual for that laboratory, will not see a 
greatly modified ve cross section unless the neutrino momentum is 
down around 2 GeV. This is an atypical]) low momentum for Fermilab. 
However, a relatively intense neutrino b-iam with momentum in this 
range could be generated using the protons in the Fermilab booster. 1 3 

In addition to oscillation amors rhe various neutrino flavors, 
the possibility of mixing between "normal" neutrinos, which have weak 
isospin I - ^, and hypothetical particles with I - 0 has been con
sidered. '*• Since the latter particles do not participate in the usual 
weak Interactions, this mixing would turn "live" neutrinos in a beam 
into non-interacting matter. Ew.-nt rates for neutrino-induced reac
tions would necessarily decrease. Thus, an increased event rate for 
%>e scattering at a: accelerator would be unambiguous evidence for the 
more conmor-Iy considered oscillation among "live" neutrino fla
vors. A' '*" 

In summary, among neutral-current processes there is one 



reaction - neutrtnu electron scattering - whose event rate will be 
affuctud by neutrino flavor oscillations. This comes about because 
for one neutrino flavor - v e - this reaction has a charged-current 
piece. If Mj£ - rt£' "* (I eV)^, then reactor vt experiments will be 
sensitive to the oscillations without any special steps being taken. 
Oscillations can reduce the event rates in these experiments by 
(10 - 20)X, so that. If oscillations are known to be present, they 
must be taken into account in comparisons between tin data and the 
Glashow-S.Uam-Weinberg model. 2 2 2 

In accelerator experiments, if M̂ , - Mm' ~ (1 eV) , oscillations 
will have large effects only if the neutrino beam momentum Is made 
quite low, or the detector is placet a healthy distance from the 
neutrino .source, or both. However, if these steps are taken, the ef
fects of VJJ *-»• v e oscillations can be dramatically large. 
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