s I
( 78 0—14.
EI’B}HZ | l . Ref.TH.Z2073-CERN

LOW-ENERGY BELASTIC NEUTRINO-NUCLEON AND NUCIEAR SCATTERING
AND ITS RELEVANCE FOR SUPERNOVAR

J . Bernabdu

CERN -~ Geneva

ABSTRACT

Low-energy (Ev§;20 MeV) elastic neutrino nucleér
scattering, from the neutron to the Fe~Ni region, is
analyzed by using both the conventiocnal extension te had-
rons of the Weinberg model (I) and the recent vector model
(11). The calculation is relevant for the understanding
of supernova theory. In both mecdels, spin {if any) and
isospin dependent effects are comfortably below 10% of co-
herent scattering for A>10. For the neutron, the cross-
section for momentum transfer, when compared to the one of
the isoscalar current, is: i) more than one order of mag-
nitude larger in model (I); 1i) about twice in model {11).
It is pointed out that the vector model gives more drama-
tic effects in the supernova "strategy", both lowering
the cross - section in the inner core and increasing it in

the outer region.
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1. INTRODUCTTION

The weak interactions play a crucial role in astrophysics, and the
presence of new components such as neutral currents ! may have an important
effect in this field. It seems that the most spectacular application 2 is
to the theory of supernovae. A long standing problem has been the manner in
which a supernova can blow off its outer regions while leaving its core %o
collapse to form a neutron star. These explosions could provide an explana-

tion for the origin of heavy elements and cosmic rays 3).

At the point where the core of the star is neutronized, its collapse to
higher densities could be stopped, but the envelope would continue to fall
into the core, making impossible that a supernova occurs and can lead to a .
neutron star. What was suggested 4 to solve this problem is that the enve-
lope could be blown off by neutrinoes produced in the core and able to leave
it. What is needed is that the neutrinos give a lot of momentum or energy to
the outer region, i.e., that the scattering in this region should be very
strong, whereas it should be much less important in the core so that the
neutrinos might escape.

Weak neutral currents have an interesting feature. In popular models 5)_7)

there is an isoscalar piece that, for non-strange hadrons, is given by the
electromagnetic current. Then elastic electron and neutrino cross-sections

by I=0 +targets are proportional ito each other 8). This means that, like

the electromagnetic current, neuwtral currents allow the coherent scattering

of neutrinos by whole nuclei 9}. The coherence is present as long as there

are pieces in.the weazk neutral current which are spin and isospin independent,
that is, the wvector current of baryon number. This gives the hope that the
scattering by the Fe-Ni region is so strong, when compared with the scatter-
ing by neutrons, that the explosion oveccurs. Wilson 10 made exploratory
calculations to show the relevance of this argument, and Schramm and Arnett 1)
pointed out that degeneracy effects tend to give even greater influence of
these neutral currents. Up to now, the approach to the problem for the new
ingredient has been through the interaction of neutrinos with the spin and
isospin independent piece of the nucleonic ecurrent. The differential coher-

ent scattering cross-section is then given by 8)’9>

do . & a2 AY E:’(J-t-cosﬂ)

4 (aa)? (1)

when the wave length corresponding to the momentum transfer is large compared

with the nuclear radius (this is a fairly good approximation for astrophysical
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neutrine energies, Ev;SEO MeV). Here A is the nucleon number, 6 the
lab frame scattering angle, and (a ao) the effective coupling constant of
this contribution. With G the Fermi value, we have a = sin2 Qw’ with
the same physical mesning of © both in the conventional extension to

57,6)

hadrons of the Weinberg model and in the recent vector model of Ref. 7).

We shall designate these models by (1) and (II), respectively. DPresent
data j?) on muonless. neutrine interactions give the wvalue ao:=0.391t0.05 if

interpreted in model (I}, and aO:jO.68 for model (II) 7).

In. this note we want 1o study the effective neutrino mean free paths
for momentum transfer, due to elastic nuclear scattering. The question we
ask is whether the. values extracted from Eg. (1) are reliable for light
elements, in particular for the neutron case where, we shall see, the physics
is entirely different. If there is a nucleonic current which is spin aﬁd/or
isospin dependent, this piece will contribute to the process vA—uA as well
as the other one. The analysis is made in models (I) ana (II), with two dif-

ferent considerations in mind:

i} how the non-iscscalar neutral current piece modifies the simple result

(1), in each model separately;

ii) how numerical results for the cross-section of momentum transfer com-

pare beitween (1) and (II), for a given target.

In Section 2, we review the effective Lagrangian obtained in the two
models we discuss, and deduce the differential cross-section of our interest.
In Section 3, we express the cross-section for momentum transfér in terms of
observed quantities, separating the coherent pért from the isospin and spin
dependent parts. PFinally, in Section 4 we present our results and their

relevance to the theory of supernovze.

NEUTEAL CURRENT THEORY

In gauge theories with neutrsl currents for weak interactions, the
massive boson & arises from a combination of the gauge fields w®  ang
BM; the orthcgogal combination is the electromagnetic field Au. %he
neutral current, coupled to Zu, can be written in terms of the ones

associated to WO and A in the form
e 53

z we

J:JF

t.m, ' (2)
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where Gw is the Weinberg angle cf the mixing of the gauge bosons to obtain
the physical neutral fields. In order tc contact with the phenomenology of
charged current weak interactions, some identification between the gauge
group and a symmetry group for hadrons must be made. The known Cabibbo
piece of the hadronic current coupled to the charged fields w¥ is an iso-
vector, with V-A character, for noan-strange hadrons. By itszlf, this
piece will originate a neutral current JWO with the same properties.
However, the absence of AS=1 neutral cﬂrrents indicates that extra
pieces must be added tc the Cabibbo current. In the conventional extension

5)

tc hadrons of the Weinberg model, with an extra V-A charmed current,

. wo
the modificztion of JW only affects the contribution coming from strange

0
6) This would not change the properties of JW

(and charmed) constitugnts
for the nmuclecn. However, in the recent vector model 7 y the charged curant
also contains an extra V+ A charmed piece, from which JWO receives an
isovector V+A coniribution for nucleons. In both modelsf the content of
the electromagnetic current is assumed to be well understood, with its iso-
vector and isoscalar vector parts. We summerigze this discussion by stating
that, for nucleons, model {(I) gives a neutral Jro current which has iso-
vector V-A properties, whereas model (II) contains an extra isovector Vi+A
current, thus giving a pure AI=1 vector coniribution to the neutral cur-

Wo
rent from JM

As we are interested in a region of momentum transfer much less than
the nucleon mass, we will not consider induced terms in the hadronic current.

From Eq. (2) and our discussion, we are able to write
LIRS T TEINS
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where =-1.25 as determined from charged current processes. TFor nuclei,

g
A
using the impulse approximation, we obtain the folleowing charge and current

operators
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in the non-relativistic limit, with -ao==sin2 QW.

Tor astrophysical neutrino energies Eg20 MeV, the wavelength corre-
sponding to the momentum transfer is larger than the nuclear radius, i.e.,
(qR)2 << 1, 80 we shall forget retardation effects in the matrix elements
of the nuclear currents <A]JZ!A> . These matrix elements have then no E
dependence. The matrix element of the effective Lagrangian for the process

vhA—yA is given by
(o> =85 "(nr)u(AlleA) (5).
eff? = VY s »

and we are only interested in the differential cross-section. The sum over
initial and final polarizations in the square of Eg. (5) implies that there
are no interferences among the different components of the matrix elements

<A[JZIA> and, in view of (4), that there are no vector-axial vector inter-

ferences. Thus our results are the same for neuirince and antineutrino

scattering. This is a rigorous result in medel (II), but 1t is & conseguence

of our approximations im model (I). We cbtain
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where (E,p) and (E',p') are the four momenta of initial and final
neutrinos, j is the angular momentum of the nucleus, and m{m') its

initial (final) third component.

In terms of the lab frame scattering angle ©, and neglecting nuclear

recoll energy, we chbtain the following differential cross=-section

‘ a% r‘t)
ds . g¥ 4 ., (1+w39)l<4 m |L 2 } m)l
an (:.n) yrimm ) e, - q.,)t

NEIT z;)*u) ' 2
..|.(l.....co59) (Jmlz- 0 l}.“ﬁ

(7}

The approximations we made, in order to get Eq. (7), are equivalent to con-
sider, kihematically, the scattering as the one by a fixed centre source of
the externél weak potential. In elastic scatiering, only three momentum is

transfered by neutrinos %o the nucleus.

CROSS-BECTION FOR MOMENTUM TRANSFER

As neutrinos deposit momentum in each elastic interzsction, we calculate

the cross-section for momentum transfer

{-2a, (2-
o,z [dn0- wsO)i.fL:E__; 3 ‘2 A+ {238 (2-8)

-a, A +(-a5) (2-N)

A (') *lb)

A o ] 2

PR W | 'Z W 'J’“)l
T 24l mm

4 0 ' (8)

where Z(N) is the number of protons (neutrons) in the target, and A= Z+N.
We see that the spin-dependent term, if it exists, is more effective for
morentum transfer, as it is already spparent from the angular distribution:

given in Eq. (7). This is the origin of the factor 5/3 in front of this
term, in Eg. (8).
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We shall write this cross-section with the coherent part separated out

tr

2
o :.3.%@3#"5" [4+1’]"'+_s*£ (9)

where T 1ndicates the correction coming from pure iscspin dependent effects

which give interference with the coherent part,

i-2a,
-2 & {10)

z
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whereas § vrefers to the spin and isospin dependent effects, which in

model (I) are given by

*

. 2
s 5 (R, L 2 e fFO w0
3 ) d vz d 3 J

and they do not exist in model (z1).
It is clear that we will face three possible situamtions.
i) A2l nuclei with N=2=07=0, S$=0.
ii) Fuclei NZZ, but j=0=T4£0, 5=0.

1ii) NAZ end jJAO=DZ£0, s{fg}.

For the cases (i) and (ii), we have explicitly the answer because T (if
different from zerc) is given by (10). However, model (I) in the case (iii)
needs the calculation of §, Bg. (11), which involves the use of a parti-
cular nuclear model. Instead, we shall rely on the following argument.

For N>7Z [we have the exceptions of proton and 3He, but in those targets
the calculation of (11) is triviall, the ground state Has iscspin

I={N-%)/2 with third component I,=-T. The ground state of the analogue
nucleus, with the same isospin (Z=2N) ard third component I_=1I, will be
unstable against a superallowed P+ decay (I,I)”*(I,I—1). We are interest-
ed in the expectation wvalue of ng in the state |I,-I>, sc it can be
related tc the matrix element of T_g appearing in the R+ decay considered.

We are able to write the connection
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With 0(1)553(1), the right-hand side of (12) can be extracted from the
(ft) value. This means that it is possible to BXPTEeSS 82 in terms of

measured quantities; a straightforward czlculation gives

¥ 5 -2)) K ¢u.
S ..”‘Q:Az(ﬂ 2) D (N-2) (13)

where K==2rr3 ﬂnz/(m2G2), and (ft) is the wvalue for the B transition
{(I,1)-(1,1-1) we discussed sbove.

By using (10) and (13) in Bg. (9) we calculate the modification to the
elastic cross-section for momentum transfer, due to spin and isospin depend-
ent effects in the hadronic weak neutral current. It is worth while to dis-
cuss here what are the results in the special case of the neutron. We can

rewrite 14 T= (22/4) +(N—Z)/(2aOA) in model {I) and 1+ T= (22/4) + (N—Z)/(aoA)

in model (II), in which form the separation between the "eleciromagnetic!
0

contribution and the ATl =1 JW piece is apparent; 82, if it exists, is
entirely given by the axial pa?t of JWO. The isosczlar components came
from the electromagnetic current, whic% is only coupled to protons in the
approximation we worked out. This means that the physics for the neutron
case is completely different from the one which generates the coherent scat-
tering. All the pieces for the neutron come from the weak reutral .current
analogue %0 the charged current. This has the implication that the pre-
dicted cross-section, for the neutron, becomes independent of the Weinberg
angle, il.e., on the value of a,. 411 these comments are the mani- _
festation, on the results, of the assumed structure for the weak neutral
current, Eq. (2), independent of the particular model (1) or (I1). For the

- R R wo . : .
neutron, all contributions zrise from Ju s Whereas the isoscalar piece

to buiid up coherent nuclear scattering comes entirely from JST:
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RESULTS

In order to present the results from the neutron case to the Fe-Ni
region, it is convenient to use the geparation given in Eq. (9). Deviations
of [1-+T]2 from 1 indicate pure isvspin dependent effects, whereas the
deviations of 82 from zerc, in model (I}, indicate both spin and isospin
dependent effects. The "correction factor" +to coherent scattering is ob-
tained by adding these two terms. In the takble we give the results for a
selected sample of N#ZZ nuclei. The two rows asscciated to each element
correspond to the results obtained in models (1) and {II), respectively,

with calculations performed using the values aO(I)=:O.4 and aO(II):=O.7.

For 52 the second row is always empty, indicating that this effect
does not exist in model (II). In model (1), the result Sz==O for scalar
nuclei j=0 1is explicitly stated. TFor nuclei in our class (iii), we are
39

K

able %*o extract the 82 value, from Eg. (13), up to sy by using the

corresponding (£t) value 13). We see that the value of 52 is below 1%
from 23Na on, so at this level no effect of this term is expected in

heavier elements.

From the table we see that isospin dependent effects are somewhat
larger in model {(II). This is understccd because the vector current of JH
is twice that of model {I) and, although aO(I)<:aO(II), we have
2aO(I):>aO(II). However, in very light elements (A<:10), the effects of
82 are largely dominating in mecdel (I). TFor the neutron, the cross-section
for momentum transfer becomes 14 times larger than the one extracted from
the "coherent scattering" formuls, Eq. (1}. This tremendous factor comes
essentially from the spin-isospin dependent term present in the axial cur-
fent, which contains several enhancement factors: larger matrix elemént,
more effective angular distribution and it is not suppressed by ai, when
compared with the isoscalar part. In model (I1}, things are not so drastic.
The result for the neutron is about twice the one from Eq. (1), the change
coming from isospin dependence of the neutral current. TFor A>10, the modi-
fications to coherent scattering are always below 10%, and that independent
of the particular model. The table and the discussion above answers the

first question we posed in the Intrcduction.

In connection with the second point, we see that in heavy nuclei, in
which the non-isoscalar piece is only marginal, that the cross-section for
momentum transfer is essentially determined by the value of a, in each

model, then

T, (IT)
S ~ 3.4 (1)
Ger (1) {Av 40
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For the neutron, however, the results for this cross-section are, as pointed

out before, independent of ao.' The result gives

G,, ()
O (1) fneutron

= 0.48 (15)

Thus, in the neutronized inner core of the supernova, the effective neutrino
mean free path becomes larger in model (II) when compared with model (I).

In the past, an estimate for this mean free path was extracted from Bq. (1)
with a, = a, (I). We have seen that it becomes about-14 times shorter if

one uses model (I) and about six times shorter with model (17).

The comparison (714) and (15) shows that the vector model is more effect-
ive than the conventional model, in order *tc do the job needed in the super-
nova mechanism, in both aspects: neutrinos may éscape more easily from the

inner core, and the scattering is stronger in the outer region.

The difference between the neutrino cpacities in the neutronized core
and the high A region is not as great as was thought from the "coherent
scattering" formula, Eq. {1). In model (II} the difference remains quite
dramatic, but it goes down if one believes model (I). TFor example, the
ratio of mean free paths, due to elastic scattering, for neutron matter and
for ARG60 elements is about 4 cr § (instead of 60), and it becomes 30
in (II) for the same neutrino energy. In any case, the difference is there
and the big cross-section in the outer layers remains the same (I), or is

increased (II).

We hope that the remarks and results contained in this paper may be
useful for understanding the mechanism, because it appears that the elastic
neutral current scattering discussed here is a very important process, both
for neutrons and for heavy elements. A word of caution, however. Detailed
answers may strongly depend on the model one chooses, and thus we will need
to wait until the quantum number content of the hadronic neutral current I's
established.

The author would like to acknowledge several discussions and remarks by
A. De Rujula, T. Ericson, C. Jarlskog and R. Tarrach. When this paper was
completed, we learnt of a paper by D.N. Schramm and D. Tubbs, in which some
of the points treated here for model (I) are also considered. I thank
Prof. D. Schrazmm for this information and for z very interesting correspon-

dence.
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Table

Pure isospin dependent effects [(14—T)2- 1] and-
spin-isospin dependent effects [82] in the
neutrino - nuclear cross-section for momentum

transfer (see the text)

Ag .(1+T)2' 52 Ay (1+T)2 52
n ;:gi 12.18 3501 1:82 0.0C
0 gzgg 12.18 3741 1:8# 0.60
3 1;{ 1.28 39 12812 0.00
31 8}812 - 1.28 40, 1:83 0
s | 182
e |10 o ||
Mg 1:83 0.01 51 j]:gg
195 kgg 0.02 525y 1:8—4; | 0
ow | 12| O S | 10|
g | G | Fre | 1l0g
27A1 : ::gg 0,00 58Ni | 1:82 | 0
e | e | e oo | 1%
S IR
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