TISNO379-301X

#Hjﬂx rW%Pf

UNIVERSITE LIBRE DE BRUXELLES - VRIJE UNIVERSITEIT BRUSSEL

INTER-UNIVERSITY INSTITUTE FOR HIGH ENERGIES

LOW 02 NEUTRINO INTERACTIONS AND HADRONIC COMPONENT

P. Marage

Review talk presented at the Xth International Seminar on High Energy
Physics Problems, Relativistic Nuclear Physies and Quantum Chromody-
namics.

Joint Institute for Nuclear Research, Dubna, USSR, 24-29 September,
1990. e

Universities of Brussels {ULB-VUB)

Pleinlaan 2 September 1990
1050 Brussels TIIHE-90.06



LOW Q2 NEUTRINO INTERACTIONS AND HADRONIC COMPONENT

P. MARAGE
Université Libre de Bruxelles - CP 230
Boulevard du Triomphe
B-1050 Bruxelles - Belgium

ABSTRACT
A review is presented of experimental data on neutrino
scattering at low Q2?- and large v-values : shadowing; total
crosg section and pion preoduction on nucleons; ccherent n, p
and a, production on nuclei. The data are interpreted in the
framework of the PCAC hypcthesis and the hadron deminance
model,

1. Introduction

The kinematics of neutrinc interactions is described by the twe
invariants Q¢ = - g% and v, respectively (minus) the square of the
4-momentum transfer and (in the lab system) the energy transfer from
the leptens to the hadrons. The Bjorken variables are y = v / E, and
x =02 / 2Mv (M is the nucleon mass).

The (Q%,v) plane can be
divided in several physical
domains, as sketched here. Regicn
I, where g is time-like and Q% is
negative, is the domain of semi-
leptonic B decays. Neutrino
scattering happens in the upper-
half plane, below the diagonal | N /
line II, which corresponds to +7 (‘IY
elastic scattering (x=1). Along =
this line is regicn III, the low W ' ';L‘;C‘
region of resonance production (W ;
is the invariant mass of the. ' T Y
hadronic system: W2 = 2Mv - Q% + 0 T' R
M2) ., Region IV is the deep [ 2P4V(CEW2)
inelastic domain, with large Q?-
and large v-values, which made
neutrino scattering studies gloriocus in the f70’s : discovery of
{hadronic) neutral current interactions, dilepton events due to charm
production, tests of the parten model and QCD tests of scaling
violatioen.

In this paper, we are interested in region V, with low Q?-values,
but extending up to high v-values. Only in the last years was a
detailed study of this domain possible, mainly thanks to the large
samples of high energy data obtained in bubble chamber experiments.

Perturbative QCD calculations are of poor utility in this low Q2
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and large distance region, alsc known as the "higher twist™ region. A

convenient approach is thus provided along an alternative picture, the

hadron dominance model. For electromagnetic interactions, the vector

meson dominance model ("VMD") is indeed known to give a satisfactory

description of the data in the corresponding region!, In this

framework, one considers the possible

fluctuations of the current into . uﬁ'

quark-antiquark pairs, dominated by the -}

lightest meson states with relevant v

quantum numbers, which interact strongly

with the target. For neutrino

interactions =-either of neutral or

charged current type-, the vector current

is thus believed to be dominated by the p

meson, whereas the axial current is

dominated by the gradient of the pion N A Hadrens

field and by the chiral partner of the p with J¥¢ = 1**, the a; meson.
This hadronic behaviocur of the current only shows up if the

hadrenic fluctuation of mass m has a sufficient "life-time", i.e. if

its coherence length 1, is large compared to the relevant dimension R :

le =~ o753z > R (1)
2. PCAC and meson dominance

The PCAC hypothesis {partial conservation of the axial current)
states that 5

ap AR = fn My ¢’n ' (2)

where AP ig the weak axial current, and fp, my and @y are the
pion-current coupling constant, the pion mass and the pion field.

Adler? has shown, on basis of the CVC (censervation of the vector
current) and PCAC hypotheses, that for Q2 = 0 the inelastic neutrino
cross section is proportional to the corresponding pion crcss sectioen.
Bell® stressed the fact that this pionic behaviour of the weak axial
current is due to the non-pionic (a, dominated) part of the current ;
the pion pole itself gives negligeable contributions to the cross
section (they are proportiocnal to the final state lepton mass squared).
Adler’s prediction thus reads :

d20 (VN = pX) G2 ” lEf] mg 2 5
- = 5 fﬂ 5 5 5 c(ml - X) + O (mp), {3)

dQ2 dv 4n E +m

where G is the weak coupling constant, and m, is the a; mass or the
mass of other systems (e.g. non rescnant (pn) systems) dominating the
axial current. For Q¢ = 0,- the neutrine cross sectlon as . given by Eq. 3
is thus purely longltudlnal SRR ~

For Q2 # 0, the contrlbutlon of: the vector current, of the - - .
transverse axial current;-and possibly of an additional part of the .-
longitudinal axial current (which would vanish for Q¢ = 0 in contrast
with Eq. 3) has been computed by Piketty and Stodolsky*



d?c (VN - pX) G2 ) Igl 1 wz 02

Fo PP [02 bn) 1 - (og* & o) (PN = X)
.Gz 2 Eq 1 )2 @2 ’

" a5’ 2 g2 |2 + mi 1-¢ (ot e7op) (alN = X)

+ (p ai) interference , (4)

where fp (f,) is the coupling constant of the p (a;) meson to the weak
current, € is the polarisation parameter, og and o are the transverse
and longitudinal cross sections. The interference term is small.

3. Shadowing

Already in 1964, Bell® predicted the existence of shadowing for
low Q2 neutrino interactions cn nuclei : the incident wave, -behaving
like a pion according to Adler’s theorem-, should be strongly absorbed
on the outer face of the nucleus, yielding a reduced averaged cross
section per nuclecn. '

Shadowing has been abundantly studied in electromagnetic
interactions®2-®, including at large Q%-values®¢. In agreement with Eg.
1, it is observed to fully develop only for sufficient values of v (v >
4-5 GeV2: hers R is the hadronic mean free path in the nuclear matter).

Only in 1989, however, was Bell’s prediction confirmed for
neutrino interactiens?’, by the compariscn of 16000 v and v interactions
on deuterium (exp. WA25) with 20000 interactions on neon {exp. WASO},
obtained in the bubble chamber BEBC at the CERN SPS -see Fig. 1. The
observation of shadowing already for small v-values (see Fig. 1b}
confirms that, for Q¢ = 0, the weak current behaves like a pion and is
thus completely shadowed, as predicted from PCAC.

Using Glauber’s model, Kopeliovich® showed that the shadowing 13
really due to the second order inelastic correction to the elastic

(1) (2)
g [+

cross section, which exactly cancels the first order (non shadowed}
contribution, leaving the (shadowed) pion-nucleus Cross section. This
explains why, although the a, dominates the axial current j,, full
shadowing is attained as soon as the condition of Eq. 1 iz fulfilled
for the pion mass, i.e. at very low v,

4. Cross sections on nucleons

4.1 Total cross section

The total neutrino-proton Cress section, for low Q%-values, was
studied by the WA21 collaboration® at the CERN §2S, which collected
15000 v and 9000 v charged current interactions in BEBC filled with
H,. One observes on Fig. 2 a good agreement with the predictions of Eq.
3-4. In particular, the PCAC contribution of Eq. 3 (curve "PCAC") is
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required to describe the data for Q¢ =~ 0, whereas the meson dominance
contributions of Eq. 4 {curve "VMD") dominate feor higher Q?-values.

4.2 A resomance production

‘Abundant datal® have been collected at small Q?- and small
v-values on A resonance production. The 837 neutrino-induced p~m*p and
130 antineutrino-induced p*n~p events with Q2 < 1 GeV? collected by the
the WA21 collaborationl®2 are well described by Adler’s modelll for A
production; the data for Q2 =~ 0 provide a test of PCAC (see Fig. 3).

—PCAC
—-NO PCAC

N/0.05 Gev2
- N/005GeV?2

T T T T T 055 T ¥ T T l'.O
Q%(Gev?) Q2 (Gev?)

Fig. 3 Q®-distribution of the pnp events with 1.1 < m(pm < 1.4 GeV;
the curve is a prediction based on!?, including the PCAC contribution

4.3 Diffractive pion production

An analysis by D. Rein!2? of WA21 datal? consisting of p~m*p and
p*n-p events with W > 2 GeV, outside the resonance region, support the
idea of a diffractive process, arising mainly from the longitudinal
component of the axial current, as expected from PCAC,

5. Coherent interactioens on nuclei

Coherent interactions on nucleil? constitute a spectacular
illustration of quantum mechanics : the wave asscciated to the incident
particle is ccherently scattered by the different nucleons, which
develop maximum constructive interferences, such that

T{(A) = A T(N) ; oA} = A% o(N) . ‘ (5)

The condition for such a ccoperative behaviour is that the wave be
essentially constant on the entire nucleus of radius R :

k] R <1, (6)
where k is the 4-momentum transfer to the nucleus; ky and ko are the
component of k longitudinal and transverse to the current direction; k?
= t is negative, and the energy transfer to the nucleus is very small.
Coherent interactions are thus characterised by a rapidly falling
|t |-distributicn. It has been shown?’ using Glauber’s model (see
alsol€) that this dependence can be parametrised as :

2 2

W , where (7)



2 v 2

2‘ = L 2 ] ' =
kL “min (Q2+m2) r Kp t
tpin 1S the minimum value of [t]| kinemati-

cally necessary to create a real particle
of mass m. As stressed in 13, By is
related to the depth of the backward slice
from which the produced hadrons can escape
the nucleus without reinteraction, and on
which the coherence condition (6) must
hold. By is related to the transverse
dimensions of the nucleus. Both parameters
are thus of quite different physical
origins, but in practice, for light
nuclei, B, = By, as used in the modell’.
Using the optical theorem, the coherent neutrino-nucleus cross
section deriving from Eq. 3 or 4 can thus be parametrised as

2 - , - !
do (vita ha) 12]1 Gros (RN e By tmin g Br t

where & is the atomic number and F,,, accounts for the possible
reinteraction of the coherently produced hadron inside the nucleus.

Experimental data on ¢cherent meson production were mainly
obtained from charged current interactions in bubble chambers, which
allow the full reconstruction of the reaction kinematics. The nucleus
recoils as a whole, acquiring very low kinetic energy, and remains
undetected, without emission of nucleons, evaporation protons or
nuclear fragments ("stubs").

Ne Ne

E‘ab.ss ! (9)

5.1 Coherent pion production

Since 1983, coherent pion productionl? has been extensively
studied, as well in neutral as in charged current interactions!8-26, It
is due to the scattering of the longitudinal component of the axial
current along Eq. 3 and 9.

The measured cross sections give a consistent picture over two
orders of magnitude in the neutrino energy, as shown in Fig. 4 (except
posgibly for 2 data points of2?2, but the average cross section over
their full energy domain is compatible with the data from the other
experiments) . In agreement with the Standard Model predictions, taking
account of PCAC, one has indeed (see also?2)

S(T*) = o{n™) = 2 o(M°) . (10)

The kinematical distributions have been compared?1r23,26 ywith the
model predictions, thus providing a detailed test of PCAC (see Fig. 5}.
The agreement is good. In particular, the Q?-distribution has a maximum
for 02 = 0, and extends up to Q2 = 1 GeVZ, in agreement with Bell’s
statement on the role of the non-pionic component .of the. axial current.

5.2 Coherent p meson production - TR -

Two experiments?7?/28 have reported the observation of coherent p*
and p- production, the n° meson from the p decay being reconstructed
from the observation of the gammas converting in the bubble chamber.

The kinematical distributions and total cross sections are in
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agreement with the predictions deduced from Egs. 4 and 92°. In contrast
with single pion production, the Q?-distribution supports the
prediction of a vanishing cross section for Q% = 0, as required by CVC.
The energy distribution might however be softer than expected from the
model. On basis of the angular distributions, both experiments report
the presence of a sizeable longitudinal component.

5.3 Coherent a, and (pn) production

The coherent production of 3 pions by antineutrino scattering was
studied3® in the channels (n7n*n~) and (n~n°n°); the observation of
(r-mtn-) systems has also been reported in3?!,

This process32 is due to the scattering of the transverse axial
current, with a possible longitudinal contribution,similar to that in
the p case, along Eq. 4 (the contribution of the PCAC term of Eq. 3 is
of a few %). As stressed inlS, the axial current is not necessarily
deminated by the a, meson, but non-rescnant {pi) systems could also
give an important contribution : in the case of diffractive (3n)
production by real picn scattering, the interference between those two
contributions ~known as the "Deck mechanism"2?3- have made a;
productions studies very delicate for many years34.

The mass distributions (Fig. 7) indeed suggest (pn) production,
either non-resonant or from a, decay, but favour an axial mass lower
than the a; mass. The qualitative features of the kinematical
distributions are reproduced by the model, but the [t|-, ty,;,= and
x-distributions are flatter than expected, and the E,-, v=, y- and
W-distributions softer; the total cross section alsc seems higher than
expected,- in spite of the numerous uncertainties on the model. All
these features might indicate a sizeable contribution of ncn-resonant
pn systems, with an effective mass lower than the a; mass, and
-possibly- a cross section higher than expected for the a; meson.

6. Conclusions

The observation of shadowing and of coherent interactions on
nuclei, as well as the total cross secticn, A production and pion
diffractive production on nucleons form an array of consistent
evidences, in low-Q? neutrino and antineutrino interactions, in favour
of the PCAC hypothesis and the hadron dominance model.

The hadronic component thus contributes to the higher-twist
effects at low Q%-values, and in particular to the longitudinal cross
section33,- through the PCAC hypothesis and Adler’s theorem,

Besides its own interest, the study of these effects is of
practical importance, especially for the study of elastic neutrino-
electron scattering?® and for the extraction of s5in2@y, from the ratioc
of neutral to charged current cross sections3$.
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