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rough. It contains many errors. I would much

appreciate it if you would tell me about the ones
that you find.

LIMITS ON NEUTRINO BACKGROUND RADIATION

Stephen Wolfram

Abstract

The standard model for the early universe makes no prediection regarding
the total number of low-energy neutrinos in the universe. Knowledge of this
quantity would be an important guide in such problems as matter-antimatter
separation. In this paper many existing observatiocnal and experimental results
are used to place upper bounds on it. The best 1limits (mostly not new) come
from cosmology and early universe nucleosynthesls. They indicate that less than
ten times as many neutrinos as would be expected on the basis of the simplest
guess exist. The Fermi energy of a possible degenerate sea of neutrinos is
shown from obervations not relying models of the early universe to lie below about
4 keV. For v, the best limit is 1.6 eV, while for ﬁe it is 35 V. (Previous
limits based on survival of primary cosmic ray protons indicate that E; < 0.3 eV,

but as discussed here, these limits are probably suspect.)
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1. INTRUDUCTICN .

According to the standard 'hot big bang' model of the early universe, the
nearly isotropic 3 K themal mlcrowave ‘background' radiation now observed has
been travelling towards the Earth without appreciable disturbance since its

emizsaion some 4 X llZ]5

yrs. after the beginning of the universe 1 . Photons
emitted at earlier times will have been sbsorbed by the rest of the universe,
which was then opaque to them. HNeutrinos should, however, have passed without
interaction from still longer ago, Observation of neutrinos from this period
could provide wvaluable Information on the very early history of the universe,
and if detected in very large mumbers would cast doubt on the validity of

the application of General Relatlvity to the evolution of the universe.

When they were in themal equilibrium with the rest of the universe, the
mumber densities of neutrines will have been determined simply by the ambiert
temperature and by thelr chemical potentials., The chemical potentials cannot yet
be estimated on purely theoretical grounds., I shall begin by assuming them to
be zero for all species of neutrinos, I also take all neutrinos to be massless.
In this ecase, the present density of each species should be comparable so that
of the photon (microwave) background radiation. The most important processes
which held neutrinos in themal equilibrium with the electrons and photons in

the early universe should have been 1, 5

"'.JiE + ‘uie

(1.1)

For types of neutrinos other than v o both these processes occur only through
neutral current terms in the weak interaction Hamiltonian. It should be pointed

out that although there is extensive experimental evidence for a AQ = 0 weak
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nucleon current, there has only recently been evidence for a neutral weak

electron current (from the observation of the process ve- uuez}, and there

iz no evidence coneceming neutral currents Involving neutrinog other than

v, and uu. Newvertheless, In the simplest gauge theories for weak and electro-
magnetic interactions, these currents do occur, with roughly equal strengths.

The reaction Uiﬁi « ¥y 1is forbidden for 'two component' (fixed helieity) neutrinos
in the approximation of local interactionS. If this idealization is not made,

the eross-—section in the non-relativistiec limit isu (mﬂ is the mass of the charged

lepton assoclated with the ui}

o (yy + Tyv,) = 207 [ET(GevJJE(M_} + 12

@

which 1z negligibly small. The mean free paths of neutrinos undergoing the
S

(1.2)

interactions (1.1) are caloulated” to exceed the radius of universe (so that the

neutrines cease to be in effective thermal equilibrium with the electrons)

when T g 10°0

K, which should have occurred sbout 0.5 s after the beginning
of the universe. The electrons dropped out of thermal egqullibrium with the photons
only at® T =5 X 107 K - after the decoupling of the neutrincs.

The specific entropy of a universe filled uniformly with highly relativistic

particles in thermal equilibrium at a temperature T 1s

o=tk 03y g (1.3)
T5(he)3 ~ off
where Ne of (KT) is the effective rumber of particle species in thermal equilibrium

at temperature T. Boson spln states contribute % and fermion ones 7/16 to
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Neff (kT). The specific entropy s of the universe is conserved, so that as
particle species 'freeze' out of thermal equilibrium (N of (kT) decreases) the
temperature of the universe must rise to compensate. It is believed that at
present only the photon background radiation contributes to s, so that Heff =1,
At the time of neutrino decoupling, however, electrons (and positrons) will also
have contributed to Hef‘f giving HE pr = Iflf . The average E?J;pemtm when the

)

neutrinos decoupled will therefore have been about (I% of the temperature

at the eleetron decoupling. The present temperature of the neutrino background

radiation should therefore bel’ 5

i 1/3
T =(ﬂ.) T, = 1.9 K. (1.4)

The higher temperature of the photon background radiation compared to the
neutrine ocne may be thought of as being due to the heating of the universe by
the amnihilation of e+e_ after the decoupling of the neutrincs. The present
average energy of a neutrino in the thermal neutrino background radiation should
be about 2 X llil-'5 eV, and the rumber density of each species of neutrinc should
be around 1.5 X 10% w3, The radiation will evidently contain equal numbers
of neutrinos and antineutrinos.

While in thermal equilibrium, the sum of the chemical potentials (u) of
the particles and antiparticles of a particular speeies must loeally be zero.
If', however, the numbers of particles and antiparticles in some region differ,
then |u| # 0. Such a difference can be maintained if the particles carry a con-
served scalar quantum mumber (or in general only if they are not charge-conjugation
eigenstates). The particles and antiparticles of the species will then have opposite
values of the gquantum number; 1f the total quantum number for the system is non-
zero, then |u| # 0. If the complete system is not in thermal equilibrium, but

contains separated reglons which are in intermal equilibrium, then these too



Unfinished in 1977

can have |p| # 0. Nucleons in the vieinity of the Earth evidently have
|u| # 0, It is possible that neutrinos may exhibit the same phenomenon. IF
for neutrinos, however, |u| =0 loecally at all times, then their energy density
should be similar to that of the photon background radiatlon.

let us assume that the total baryon and lepton (e, W, T,...) numbers of
the universe are zero. The predominance of matter over antimatter in some reglons
would therefore presumably be due to its spatlal separation in the early uniuerseﬁ.
Just before neutrino decoupling it would be - 1[]!'l times more probsble that a
neutrino should interact with an electron as with a proton. The separation of protons
alone does not therefore provide a simple reason for neutrino separation. Sinee,
however, the neutrino decoupling temperature 1s not much higher than the e+, e
one, it seems possible that the e', e~ will already have begun to separate into

the p, p rich regions by that time. The cross-section for  ve scattering is

given by’
2
20 m E
do m
_dé..vei . =2 A+ BO-22 - vup) -t
| = W Eﬁ
2 Gg m E
m
g (ve) = ——T,—E—“ [A + B/3 - r"(ﬁE}ggv]
A B = 2 - 2
(v, ) % (G + Gy +2) Bvae) = % (G, -Gy
A eT) = % (6 -G,° B(S, €) = % (G +0, +2)°
Ay eT) = % (6 +6,)° B (v, e) = % (G -G,)°
L) . L2 = = _ 2
vue} la{Gv Gﬂ} B(vHEJ—Br.EGV+GA}
A {vi e+} = A {ﬁi e ) B (Ui e+J = B {ﬁi e+}
-+ = =
iy {ui e ) = A {ui e ) B (Ui e+) = B fui e )

(1.5)
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where the energies are evaluated in the electron rest frame. For other specles
of neutrinos, the values of A and B should be the same as those for ‘vu, except
if such neutrinos have only V+A couplings, in which case they should be exchanged

(A& B). G‘J and G p are respectively the vector and axlal vector neutral weak

'charges' of the electron. In the Welnberg-Salam model GV = - %’-+ 2 singﬂ.w 5

GA = - % s 80 that with the value sinaﬁw = (.25 favoured by recent experiments,
= _ 1

larger E (as should be important in the case under consideration),

For small E, , it is evident that o(Ve) = o{ve), but for

- = g + -
u(vie)-o(‘ﬂie] —hiu(uie} —lid{vie}
J«e = 3 (no neutral currents)
= 2.3 (Weinberg-Salam model with sj_nz% = 0.25)
2
2
Ao, = Gy * &) [« 2
i# e 5
36, - )
1+ 5 (1.6)
i @ + GY° |

where the last equality follows if GA =0 or G\i" = GA or G‘! = (0, as happens in
the Weinberg-Salam model with sineﬁw = 0.25. The preferance of (antl) neutrincs
to interact with (anti) matter could cause them to congregate in reglons rich in
(anti) matter. A quantitative estimate of this effect is difficult.

If neutrinos in some reglon have a chemical potential |u| >> KT, then
they should form a degenerate 'Fermi sea'. Depending on the sign of yp, this
should eontain either nearly no neutrinos or no antineutrinos. The other state
should 111 all the avallable momentum states up to a momentum pg (=[u|/e),
Thelr average momentum would be pp/3, and thelr number density (assuming them

to populate only one helicity state)
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n=2%x% 11315 [pm (ev)]3 oS . (1.7)

While there are no thecretical arguments to suggest that a 'big bang' universe
should contain degenerate seas of neutrinos, observational evidence can place

only somewhat course bounds on n and Pp-
After neutrinos ceased to be in themal eguilibrium with the rest of the

universe (or with each other), their numbers could have been increased (or

decreased) by non-equilibrium processes. The most important of these is probably
neutrine emission from stars. As in the case of photons, however, although particles
produced by stars may well have much higher energies than those of cosmological

orgin, they should exist only in extremely small numbers. The energy density

2

] -
of neutrinos from stars should be only about 10 =~ that of cosmological

neutrinos even i |u| = 0.

One model in which most neutrincs would be of non-cosmological origin
is an osecillating universe 3 , which successively contracts and expands,
reaching temperatures only beldW those at which reutrinos should be in thermal
equilibrium. All neutrinos would then come from stellar processes over the
complete history of the urdverse. They would never be in thermal egullibrium,
and should form a degenerate Ferml sea. Since the energy of a free relativistlc

particle in an expanding unlverse scales as 1/R, the energles of the neutrinos
R

at the minimun radius of an oscillating universe would be abouft S F‘F

Frutn

where E'E‘ 1s thelr present Fermi energy. Any neutrinos which at that time

had energies above their threshold energy E, for absorption (by matter) will hawve

A
been removed from the Ferml sea. All lower energy states should, in the course

of time, become populated. The typical value of E, for {ﬁ}e is around 5 MeV,
2

A~ m,c”, where m, iz the mass of the charged

lepton associated with them. (Since the £ will tend to be unstable, these

while for other neutrinos E
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neutrinos will never be permanently ahsorbed. Because the universe will have

expanded between their absorption and remission, they will, however, tend to

is therefore given, in an oscillating cosmology, by 4
Ep = Smin_ E, =£E
Fpmsent A A
. _present E .
T e A
The cosmological bound (to be discussed below) EF < 1lIZ]"E eV for all species
of neutrinos then implies 9 £ < 1078 from v, and £ € 10719 from v,

For values of £ 1less than sbout 10'”, the compressed universe will, however,
have been sufficiently hot for neutrincs to be in thermal egquilibrium
wilth matter, so that their number densitdes wlll be roughly those predicted by
the simple 'hot big bang' model discussed above, rather than those given by
“d- (1.8).

For the remainder of this paper, it will tend to be convenient to specify

neutrino background radiations by Fermi energies E The number densities are

B
given approximately by equation (1.7).This expression strictly applies only
to a degenerate Ferml sea; for |u| =0 one must set Ep = 10 {E) in this formula

to obtaln the correct number density.
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2. COSMOLOGICAL CONSTRATNTS

The total present energy density of the universe is an important parameter
in the 'hot big DaNg model. Neutrinos could make a significant contrdibution
to it. Chservational centraints en the total density thus provide constraints
on the neutrino density. Accourding to the standard Friedmann model for the
universe, General Relativity (with zero cosmological constant) predicts that the

deceleration parameter, q, should be given in terms of the present density of

Q
the universe, p , l:v_‘,r:l"'1 (dots devote time derivatives)
Q - EE' = ?EIL 3
e (2.1)

=y 2
. 3 [R . -26 -3
ﬁc - E’—'G—(E) = 2°'X 10 kg m

If g%, the universe will expand fewewer, wile 1f g <%, 1t w'll
eventually recontract. If 1t is assumed that galaxies have had the same average

luninosity since the universe was half its present age, then red-shift measurements

1mp1y 1
q= 1.0 £ 0.5 . (2.2)

This suggests that

2 ¥ 1076 <p<BX 10720 ke ms (2.3)

—

On perhaps a tenth as much matter as would be required to make up this density
has ever hbeen obsemdl. The time, t, elaspsed since the begirming of the

universe is given by

t=—1 (& (2.1)
1+g \R

Red-shift measurement provide a value for the Hubble timell
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=0
R L .3+ 0.3) X 1040 yro o, (2.5)
R
whnile mucleochronology indicates that e
£Y 5 x 107 yr o . (2.6)
Combining these with egqn. (2.4), one finds that q¥ 2.6, indleating that 2
b ¥ 5 X 1070 kgm 2.7)

The density due to a species of massless degenerate neutrinos is given from

eqgn. (1.5) by

o ¥ 1078 [Eq (ev}]u mo . (2.8)
A single specles of massless neutrino must therefore have

Ep Y 2 X 107 ev s (2.9)

according to the usual cosmological model. In view of the measured value of the
deceleration parameter (2.3), observation of a Ferml energy in excess of the
bound (2.9) would (if its value remained constant throughout the unlverse)

represent a serious difficulty for Friedmann models of the universe.

A species of neutrino with |u|= 0 (and' m = 0) should have

il - =
ﬂ=%%—; T, = 5 X 1002 kgm3 (2.10)

s0 that up to ~ llilE such specles of neutrino could exist before (2.8) is violated.
Another 1imit on the mumber of types of massless neutrinos comes from demanding that

I (p »w) 2 Tpop(¥).  In the Weinberg-Salam model
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=10-

- 2 2 2 4
'ty + v,9,) ) 18 Gy, (sin"8,, - 3/8) m,
P(y +ee) 64 T of

(2.10)

H

> x 107 {Einzﬁw - 3/8)°

3 x 107,

1]

indleating that the total number of massless neutrinos (which couple to the V)
is less that about 3 X lDT_ The absence of a slgnificant wv decay for the
T (9.5) would set a better limit by a factor of about 100.

If stable massive neutrinos exist, then, so long as they have masses
less than sbout 5 FE??EE 13 s they should now be present at thelr (scaled)
equilibrium rumber density of about 1.5 X lUE (2s + 1) w3 (s 1s their spin).

Each species should contribute a density

p = U4 X 1029 @2e+1) meve®) kgm (2.11)
s0 that the bound (2.9) suggests 14
Im ¥ 100 eve? . (2.12)

Limits on the numbers of degenerate massive stable neutrinos may be obtained
2
by replacing the term D;F {e’U}]u which appears in p by [pF (e??ﬁ}]s m,, (eV/c).
Big bang nucleosynthesis provides further, more stringent canstraints

an the neutrino content of the universe !

. Most of the neutrons in the early
universe will either have decayed or been included in HHE. A small mmber
remained in EH, the number depending drastieally on p. If it is assumed that the

observed interstellar 2H originated in the early univserse, then 1lts abundance
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perhaps suggests that 15

~28 3

p = 0.03 p, = 5 X 10 Kg m (2.18)

in superficial disagreement with the value (2.3) obtalned from the cbserved
deceleration parameter using a Friedmarm model. If some of the 2H produced 1in
the early universe has been destroyed in stars, then p could be much larger
than (2.14).
The total mumber of neutrons which survived decay until the universe
became cold enough for them to form uﬁe depends on the Ferml energy of a possible

-{Gg Fermi sea = . 1In the periud of nucleosynthesis

Moo= om = -u = u {2.15)

since W, B 0. The equilibrium neutron fraction 1= then

2,711
%" = 1 + exp(uue ' (mn mp} ) )] . (2.16)
T X T

1

The present uHe abundance (by mass) is = 2 nnf’(nn + np). The fact that the observed

uHe ahndance does not deviate far from the predietion of (2.16) with n, = 0

2
Indieates that at that time

vl | ¥ G -m) ¢ = 1 Mev (2.17)

so that the present chemical potentlal

THDW

Y - =5 (2.18)
libel TﬁéGGUpling 1 MeV = 2 X 10°° &V .

Note that, since this value of p 1is not far above the average neutrinc energy

for |u| = 0, one must distinguish between p and Ep. In the case of camplete

. 1
degeneracy, of course, |u| =Ej. More exact calculations © show that the predicted
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ll"He abundance remains unaffected (within 5%) only so long as

6 6 o

L4 X107 <y <5%X 107 &V (2.19)
= ' =

e
(negative values of u represent Ge degeneracy). If a 10% discrepancy is
allowed, both 1imits become around a factor of 2 larger. The number denslity 17

of {ﬁ} is therefore less than shout m_3 - close to the u =0 value

e
of 1.5 X 108 w3,
The number of neutrons which survive decay until the universe is sufficlently
cold to allow nuclecsynthesis will also depend on the rate of expansion (cooling)
of the universe. The present abundance (by mass) of IJ'H-e iz found to depend on the

rate of expansion according to the formula 18

m hn {uHe}

————=L = 0.268 + 0.0195 log., ("N + 0.190 log, (N_..)
mn{lH]I 10 (p 10 eff

o

(2.20)

where Py 1s the present nucleon density, p A is the eritical density (egqn (2.1))
and Nef‘f‘ 1s the effective number of particle specles contributing to the energy of
the universe at the time of nucleosynthesis. First let us assume that u, = 0.
Any at least nearly massless specles of neutrino which undergoes neutral current
weak interactlons with electrons will have been 1n thermal equilibrium at that
time, and will therefore have contributed around 7/8 to the value of He £ (This
assumes that only one spin state is populated: if more are, this should be
maltiplied by their number.) The demand that the cosmologleal abundance of iilr[e
should not differ from its canonical wvalue (obtalned from (2.20) by setting

Neff = 9/2) by more than 5% then constrains the number of such speciles to be less
than about 7 *?. There should thus remain fever than about three specles of

(nearly-massless) neutrinos to be discovered. Species of neutrinos which have
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p # 0 will contribute more than their u = 0 value of 7/8 to Heff' A partially

or completely degenerate spin state will contribute to N epp 8 term 20

15 2 1 I
Nepp = +T2 0"+ —2p ¢, ¢ ¢ = (2.21)

The constraint that such contributlons should not lead to a wvalue of N e

greater than about 4.5 then implies

» -4
|“u| <5X10 ev (2.22)

for any massless species of neutrinos. This corresponds to the limit

ﬁv < (2.23)

ocn their mumber density. The previous requirement that these particles should
have been in thermal equlllbrium at the time of nucleosynthesls 1s no longer
effective, since a degenerate species of particles will exlst in sufficlent
numbers to contribute to p or s even 1f 1t i3 not In thermal equilibrium.

The bound (2.24) shows that if conventlonal models for big-bang rucleo-
synthesls are correct, then there can be only a rather small rmumber of
neutrincs in the universe. The remainder of thls paper 1s concerrned with 1limits
on the density of neutrino background radiation which do not rely on models
of the early universe. DNone will come even near to the 1imit form nucleosynthesis
(2.22) or from the total mass of the universe (2.9). Nevertheless, thelr
independence of early universe models allows them to serve as an important

checlc on these theories.
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3. CONSTRAINTS FROM DECAY PROCESSES.

The presence of large numbers of low-energy neutrinos would, because of
the exclusion principle, modify the phase space avallable for neutrino emisslon.
In the case of a degenerate Ferml sea, no neutrinos (or antineutrinos, depending
on the sign of W) with energles less then E.ﬁ, could ever be emlitted. The resulting
modificaticns to decay energy spectra closely resemble those ardising from a finite

neutrino mass. Limits on neutrino masses derived from measurements of the minimam

neutrino energy in decays are therefore also constraints on E'F 2 . The best limits
on the Fermi enrgies (or masses) of the presently-known species of neutrinos
derived in this way are (21,22,23,24)
Ee 3 o
Ex, ¥ 35 eV Ca » e e v,)
v
ES ¢ U kev %Nz » “he " v)
fﬁi . (3.1)
Ep 0.6 MeV (b> ev, uu}
(=)
T ¢ 0.5 eV (x> uv v)

where the process in which the measurement was made is given in parentheses.
In addition to depressing the enrgy spectrum for A =+ Bﬂ;ui at large E, ,

the neutrino background radiatlon could give rise to processes like v A + BL ,

L
yielding Ei‘, > my = My, in apparent wviolation of energy conservation 3
The fact that no such anomalous ewvents (which would appear te imply a negative
neutrino mass) are cbserved in experiments 21 on 31—1 - SHE e Vg Indicates that

W
ES ¥ 35 ev . (3.2)
B

None of the experiments have, however, made a careful analysis of possible

neutrino absorbtion (they were designed to detect a Ge mass) so that (3.2) should
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be treated with care.

The rates of B decays with very small Q (={mpl—mBJcE) values should be
(=)
v

&
for an allowed B-decay with small Q value is given by 23

5 7
b 9 (216) |m,l° (3.3)

2T m
(=

increased by absorption of fram a neutrino background radlation. The rate

ra -» Eeue} o

The rate of the A + B transition due to neutrino absorption is given by

i

I‘{UEA+BE} a{ueh-rBe} n

2
s GF Emﬁ E"J iI'II 12 -
E*rrg ir
(3.4)
2 4
_ % my Bp 2
18113 ir ’

where the last expression holds for a degenerate Ferml sea of neutrinos. The
ratio of the Induced to spontaneous transition rate In a degenerate Ferml sea 1s

therefore approximately

2 4
- I‘{ueﬂ :- Be) i ﬂ"r}mﬁmeEF‘ -
- T(A + Be ) Q? ’
The smallest known & value in beta decay is for lSTRe; the (allowed) B decay of

this nuclide has Q = 2.6 keV, and the lifetime for the deecay 1s v 4 X 101{] yr 2%

of E3+ decays, the decay of lsBEr has the smallest @ value - 191 keV. Thls nuclide

has a mean life of about 75 min 2 . The ratio of neutrino absorption and

187

spontaneous decay rates for Re is
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To cbtain better limits than (3.9) or (3.10) one must find B decays with
still smaller Q@ values. An alternative would be to investigate the B decay of a
very energetic nucleusen. The spontaneous decay rate would decrease like
17y = II‘ICE;’E , while the neutrino absorption rate should remain constant as the
energy of the nucleus is increased. The apparent laberatory half-life of the
nucleus would therefore not decrease as 1ts veloclty was increased: an apparent
breakdown of the relativistic time dllation formulae. Neutrocns are the ocnly B
unstable particles with samall @ values which may be derived from high-energy
proton beams 1n particle accelerators. The ratio of neutrine absorption to

spontaneous decay for a neutron of energy E is

2
GF EF E n Trest
M'n(E) » pe Ge} 3w

T(‘Jen + pe )

. (3.11)
Gg" E TI'eSt- EF'

= = (degenerate neutrinos)
18 w

W
Ewven a 1000 GeV neutron beam would therefore only probe EFE N 30 eV.

A similar method cannct be used in p decay because of its large spontaneous

decay rate.
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187 Ve I
R(Re) = 0.03 [E, (en] " . (3.6)

1875 B half life caleulated fram nuclear theory=>

The faet that the value of the
does not differ significantly from 1ts measured value suggests that B {1BTFE} 2 1,
which implies that

W
e

Eq ¢ 2 eV . (3.7)

A sti1l]l stricter limit may, however, be obtained. The Fermi level at any time
will be given approximately by

R

_ present
- ¥ {3 .8 }
By Eg R resent .

s0 that at earlier times, it will have been higher. The IBTRE now found was
probably formed when the universe was at most half its present age. At that time,
E’E‘ will have been larger, and the rate of neutrino sbsorption higher. The neutrino
absorption rate averaged back to the time when the universe had half its present
radius should be a factor of about 14/3 higher than the present rate. That the
lETHe half-life inferred from galactic nucleochronology 27 does not differ
appreciably from that found in laboratory experiments suggests R (IETREJ <% 3714,
so that
E;E' ¥ 1.6 eV ., (3.9)

For the presence of a ﬁe degenerate Ferml sea to effect an appreciable
decrease in a B decay rate, it must have a Ferml energy comparable to the Q
value for that decay.

The limit on E;e obtained from considering the neutrino absorption
eontribution to 153Er* B+ decay is

v
E® ¢ 4 kev . (3.10)
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i, CONSTRAINTS FROM EEAM DUMP EXPERIMENTS.

In this section I describe the only method for detecting neutrino background
radiation in which neutrines from the background radlatlon may be studied directly.
The basic process Involved 1s elastic (neutral current) scattering of a high-energy
proton from a low-energy neutrine. Some of the inecident proton energy will be
transferred to the neutrine, which may then be detected in a bubble chamber. Several
experiments have recently been performed in which a high-energy proton beam
(typically 400 GeV) impinges on a thick targeteg. Any neutrinos produced in the
target pass through to a bubble chamber, in which some of them may be detected by
thelir secondary interactiona. The ratio of the number of neutrinos promoted from
the background radiation in such an experiment to the number arising firom the
production and subsequent seml-leptonic decay of a short-lived particle, C, is

glven by
<glpv + viﬂ‘.'}F'nu

]
<glpN = CX)>BC+»X") N selet

(4.1)
10718 [E‘F fev}]u E,, (GeV)

<olpN »CX) >B(C+>vX) (ib)

The latter form assumes a degenerate Ferml sea of neutrinos and an iron target.

Luclei ON€ requires Ep v 3 keV.) Since the process

pv + vK can occur before the target, while pN + CX may take place only within it,

(Mote that to obtaln n, W n

the rate for the former process will be enhanced relative to that of the latter by
a factor R’I ”‘t £ where t‘beam is the distance that the beam travels in line
with the target. The neutrine produced in pv + v¥ will always travel in the forward
direction, whereas one from the seml-leptonic decay of a particle nearly at rest will

be roughly isotroplec., This effect should further increase the relative probability
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of cbserving pv + VX events. Note that any massless specles of neutrino may
participate in the process pv + vi., The neutrinos produced will have energles up
to v Ep . S0 long as there 1z a charged lepton with m < EP assoclated with it,
the final high-energy neutrine should undergo the reactlon wN -+ Rt)[' in the
analysing bubble chamber, thereby revealing i1ts identity. Results of present beam

dump expemmtszg suggest that

Ep ¥ 10 kev (4.2)

(=)

at least for %; and {ﬁi and Dmbﬂbl}ﬂ'gﬂ also for {T.;i. This 1limit on the \.',rp
Fermi energy ls about a factor of 50 lower than the limit from end-points of

5

MV, Ve energy spectrag3, while one for {G_)r would be a factor n10° smaller

than from t + utuuugu. Unfortunately, until production of chamm and other new
flavors is determined more accurately in other types of experiment, beam dump
experiments canngt be used to place a still more stringent limit on possible

neutrinoe background radiations.
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5. CONSEQUENCES OF A 'NEUTRINO AETHER'

The existence of a neutrino background radiation containing a high-density
of low-energy neutrines could cause a mmber of curdous effeets. Let us assume that
any such radiation was onece In thermal equilibrium, and that its composltion has
remained unchanged since then, so that it will now contain nearly only v or
only v. (If this assumption is relaxed, most of the phenomena described in this
section would not oceur.) Since neutrinos interact with other partiecles through
a vector field, which can be uncharged, the Interaction energles of neutrinos will

satisfy (A=e, N, ...)

<A |H|vA> = <V |H|VE

(5.1)
= —<VA|H|vA> = —<vI[H|vE
The effective masses of particles and antiparticles in the presence of many
v (or V) will therefore differ. For szpin O particles
It A | = 2/3 G, n (Ae)3
eff eff E"‘F
(5.2)

12

10~ [Eg(e)]3 ev.

A difference in the effective masses of K° and E° would be manifest in the

K; - K: mass difference. The fact that this mass difference is = 4 X llIJ'_IIS eV i

implies that
Ep <2 MeV (5.3)

in effective mass difference |ch+ - mROI = lflﬂ_8 eV would be sufficient to

y L]

account for the observed CP violation effects However, an effective mass

difference arising from interactions with the neutrino background radiation will
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vary with the wveloeity of the particle (as 12]. That no such variation in the

33

strength of CP violatlon 1s observed implies

Eg ¥ 200 keV . (5.4)

This 1imit applies to any massless species of neutrinos. The extra effective
mass of a particle arising form its interactions with the neutrino background
radiation will be a part of its apparent gravitaticnal, but not inertial, mass.
Tests of the Principle of Equivalence are now accurate to about one part in lﬂlS,
so that

Y1 MV . (5.5)

Ep

A1 v (or v) of a particular species presumably have the same helieity.
Cbservations of Doppler shifts 1n the microwave background radiation 34 suggest
that the Earth is moving at a veloeity of about 2 X lf:.‘J_3 ¢ with respect to the
center of mass of any neutrino background radiation. The two spin states along
the direction of the Earth's motion of a spin % particle may therefore have different
energles as a result of their (usually) neutral current interactions with the

neutrino background radiation. The energy difference 1

22 GF n /(1 - B

|EC4) - E(4) ] B .

1

1077 [EE' (e‘h’)]a ev . (5.6)

This will cause a torque to be exerted on the aligned electrons in a ferromagnet.
Such torques have been searched for (to probe possible _5'.3& terms violating
Lorentz invardance) by locking for a diurmal effect on a ferromagnet suspended
inside a solenoid which cancels its field, thereby controlling background magnetic

flelds. The experimental limlt thus obtained is 36

EG) - E®)], ¥ 107 v, (5.7)
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2.

Implying that for all massless neutrinos
n,
B, < 10 keV . (5.8)

Another effeet35 of the energy difference (5.6) is to change the relative
phases of the helicity states for a propagating particle, thereby rotating its
plane of polarization. The rotation angle per unit distance travelled is typically D

1]

% E4) - E()| (- 8% t/e

[t4

2/2 GV n (5.9)

10717 Ep (eV) 3 rad m

Extra-terrestrial experiments to measure such an effect appear difficult, because
of the presence of (time—varying) magnetic field which would tend to swamp it.
Cbservations of muon spin precesslon in experiments designed to measure the muen

anomalous magnetic moment imply that3T

W) -EW, ¥y x 10 e
(5.10)
Eq ¥ 30 keV
An experimental search for diuwrnal shifts in nuclear magnetic resonance frequenciles
givesﬂ
[E(H) - EW)|, ¥4 x 1077 ev

(5.11)
Ay
E’F < I keV

Because of the presumed smallness of the Wy elastic interaction (ec.f. egq. (1.2)),
the rotation of the plane of polarization of photons traversing the neutrino
background radlation will undoubtedly be very amall indeed.

It iz belleved that atoms may cease to be parity elgenstates because of
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parity—violating neutral-current weak nucleus—electron interactions. It might
be thought that this effect could also be achieved by interactions of the electrons
with neutrinecs in the background radiation. The usual parity-violating atomlc

5~ and P-wave mixing term due to neutral current Interactions of electrons with

the nuecleus 1= of the form 38
;4-
SIS a0 s g =2 ) PR o

L]

(5.12)

v e (o)

The mixing amplitude induced by the neutrino background radiation is, however,

-+ =+

- a.p B - >
A p = O n @ —2 wp@® £F-D & da
[=
w5 L @y @ & (5.13)
= 0

(the angular integral vanishes) so that 1t cannot in fact induce such mixing.
Interactions with the neutrinc background radiation can shift energy
levels, but the effect 1s undetectably small.

Neutrincs of very low energy may undergo coherent scattering from the
complete volume of a solld scatterer, so that thelr total Interaction cross—section
wlll be proportlonal to N2 rather than N . The volume through which the
scattering will be coherent 1s about 2> = 10720 / [B (en)] 3 wd. 1r|u|=0
and {E‘u} mlD-5 eV, this wlll be very large. The momentum transferred to the
scatterer in each neutrino interaction wlll however be AE u/ ¢. Unfortunately,
the microwave background radiation and cosmlc rays should both exert larger
forces than the neutrino background radlation. (If the density of neutrinecs is
very high, then their energles will be correspondingly large, and their scattering

will mostly be inccherent.) Direct mechanical detection of the neutrino background
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radiation is therefore not possible; instead one must make use of 1ts spin

propertles, as done sbove.
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6. CONSTRAINTS FROM COSMIC RAY CBSERVATICNS.

High energy cosmic ray particles should lose enrgy-by scattering from the
neutrino background radiation. A similar phenomenon should occur from the micro-
wave background radiation >, and the fact that no cut—off to the primary comsic
ray spectrum is apparent up to energles a20°T ey suggests that they have travelled
through the microwave background radiation for 'cY}’lEJl5 8. The neutral-current
neutrino-proton interaction cross-section in, for example, the standard Weinberg-

Salam model is

-16

10 Ep (eV) Eu (eV) 5

(6.1)
[E.p (eV) E, (V) + _mE'E] z "

wWhere the energies are evaluated in the neutrino rest frame. The interaction time

ST (v p)

for a proton propagating through a degenerate Ferml sea of neutrinos is

g, = l/one
(6.2)
11 277 2
10 (eV) (eV) + 10
z [, o0 Ben » w2

[Ep (eV) EF(e‘.T}] i

For & = 10°° v, the condition 1, 310™ s implies
Bp < 0.3 eV . (6.3)

This extremely stringent bound on the Fermi energies of all types of neutrino
(participating in interactions with protons) should not probably be taken very
seriously until a cus—off on the cosmlc ray spectrum due to interactions wilth
the microwave background radiation is cbserved. The calculated minimm value

15 e eV, so that fallure to cbserve a

of Ty is = 107 s, and occurs for EIJ = 10
cutoff in the spectrum around thls energy would prevent this phenomenon from belng
used to deduce the mean flight time of cosmlc rays, and hence thelr degradation

by interactlons with low-energy neutrinos.
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1 = CONCLUSICONS.

Table 1 sumarizes limits on the chemlcal potentials of a neutrino
background radiation. It is clear that the best bounds come from cosmology.
These indicate that there is no significant excess of neutrinos above the
number expected in the standard big-bang model if uw=0. This result should
be explained by any model of matter-antimatter separation in the early
universe. Neutrino background radiation, if sufficiently dense, was found
to lead to many bizarre effects. Fallure to chserve these effects sets
1limits on the chemlcal potentlals (density) of any neutrino background
radiation, which, although they are much less stringent then those from
coamology, do not rely on models for early universe nucleocsynthesls or of
the large-scale structure of the present universe. Refinement of these
bounds by further experiment would serve as an important check on
coamological models, and observation of a neutrino background radiation

would have profound consequences for models of the universe.



AT

Type(s) of neutrino Limit on |u]

(In case of complete
degeneracy |u| = Ep)

Al 2 X 1r::t_2
(=) -6
Ue X 10
=l
A11 5X 10
Ve 35 eV
Ve 4 keV
{EEJ 0.6 MeV
(=)
uT 0.5 GeV
Ve 1.6 eV
(=) (=) (=)
Vgs uu, probably Vi 10 keV
E
A1l 200 keV
#
All i weV
*
A1l 0.3 eV

eV

eV

=
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Method

Deceleration parameter -
total mass of universe (2)

uH& production in early
universe (2)

ﬁb:p&nsim rate in early universe -
He production (2)

3H + e & ;e end point (3)

EENa + e ot v, end point (3)

TR AN end point (3)

T+ U ‘uu‘uT end point (3)

IBTRE neutrinoe absorption
half-life (3)

Beam dump experiments (4)
K0 CP violation (5)

Diurnal torgues in MMR (5)

Cosmiec ray proton survival
(1imit suspect) (6)

%  Must undergo elastic weak interactions with ordinary matter.

Table 1 : Summary of limits on the chemical potentials of the neutrino

background radiation. The sections in which each of the limits are discussed

are given in parentheses.
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