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Differential cross sections for neutrino scattering on*?C
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Differential cross sections for neutrino scattering’@@ are calculated within thécontinuum random phase
approximation model. The charged current {¢”) and (v, ") capture reactions ol’C are measured by
the LSND Collaboration at LAMPF. We investigate and discuss the merits of such studies, especially the
information that can be extracted from data for differential neutrino scattering cross sections.
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[. INTRODUCTION discuss which information could be extracted from such
measurements. Section IV describes electron energy spectra
Although first attempts were started in the early 1970s, itand angular distributions fot’C(v,,e )X reactions. Here
took until the year 1990 that measurements of neutrinowe focus on the difference between the expected standard
nucleus scattering cross sectidugth an error<20%) be-  events and events stemming from— v, oscillations. Fi-
came feasible. By that time an experimental gr@gp25 at nally Sec. V is given over to a summary.
LAMPF [1] determined both the inclusivé’C(v,.,e )X
cross section and the exclusive contribution to th
ground state. Soon afterwards also the KARMEN Collabora- Il. BASIC INGREDIENTS
tion [2,3] measured these cross sections, and, on top of that,
observed a neutral current excitation of a nucleus, the Due to the smallness of the Fermi coupling constant, neu-
2C(v,»") 2C*(17,1;15.11 MeV reaction. Since 1993 the trino scattering cross sectiortand other weak observables
LSND Collaboration at LAMPH4] is using, in addition to like muon capture rat¢san be accurately calculated within
the low energy neutrinosE,<52.8 Me\) stemming from first-order Born approximation by application of the Feyn-
pion decay at rest, neutrinos with higher energies<300 man rules and a multipole expansion of the transition opera-
MeV) from pion-in-flight decay to study neutrino induced tors as outlined in Ref10]. For the low neutrino energies
reactions ont?C. Within the last four years both groups sig- and small momentalﬁ|s400 MeV/c) transferred in the re-
nificantly improved their setup and collected more data foractions calculated here, the weak Hamiltonian can be writ-
better statistics. ten, according to the standard model, in the ugatkctive
Already in the 1990 experiment Allegt al.[1] took data  current-current form. The second basic ingredient is the ini-
for the angular distribution of thé’C(v,,e” )N g.s. Cross tial and final nuclear states, which we describe within the
section(see, e.g., Fig. 2 in Ref1]). And as the liquid scin- continuum random phase approximatidRPA). As the
tillator neutrino detector is, like the E225 experiment, ca-model has been dealt with in detail in Ref8,9], it is ap-
pable of determining the direction of the outgoing electronpropriate that we just briefly outline its features in the fol-
via observing its @renkov light cone, we expect further and lowing. In this approach the usual RPA treatment is com-
improved data to come up soon. bined with a correct description of the particle states in the
For simplicity of notation let us define that the term “dif- continuum, i.e., the excited many-body states are coherent
ferential cross section” will be used in the following to de- superpositions of one-particle—one-hdlgp-1h excitations
note the scattering angle dependent cross sectiorid(}) obeying the proper Coulomb boundary conditions for scat-
as well as the cross section differential for the energy of thdering states. Its basic properties can be summarized by
outgoing lepton o/de;) or both @20/dQde;). the nuclear ground state is well describéd) the excited
The purpose of this paper is to investigate what we carstates are generic continuum states of 1p-1h structGje,
learn from measuring differentialv(,1”) cross sections final state interactions are accounted for with a realigtic
(I=e,u) on *2C, including the question whether or how they nite rangg residual interaction derived from the Bonn meson
are linked to the detection of neutrino oscillations and toexchange potentidll1,12, (4) this model has been shown
solving the discrepancy between theory and experiment cond3,9] to yield a good description of the giafdipole and
cerning the**C(v,, ,u )X reaction[5-7]. spin-dipolé resonances in light nuclei, e.g., it*C and
The paper is organized as follows. The theoretical basis 0of°0, which are expected to dominate the low energy neutrino
our calculations has been presented in detail in previous pscattering cross section®,) continuum RPA has been found
pers[8,9]. In Sec. Il we therefore just summarize the basicto reproduce well the total muon capture rates in nuclei like
features of continuum random phase approximatieRA)  *°C, 0, and“°Ca[14].
and state the key formulas. In the first part of Sec. lll angular As we will refer to it in the following section, we write
distributions for neutrino induced reactions are generallydown the neutrino scattering cross section formula as derived
treated. This is the prerequisite to a second part, where wi@ [10],
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with momentum transfer

where we have used the abbreviations 0
g:=|q|l=/ w2+4eiefsin23. 9

X 2ReI¢l| 7T )33l TS () 3)*, &)

i |k mec?) *
&= & 1_( €5 ) ’ The following features of the cross section formulas are im-
portant
€ €a (1) Due to the current-current form of the weak Hamil-
b:i=—%—, tonian the contributions to the cross section are products of
4 leptonic(i.e., kinematical terms, as the leptons are poinjlike
and hadronic matrix elements.
~(mgc?)? (2) Equations(6)—(8) can be compared with the cross
 ge section formula for electron scatteririgee, e.g., Ref.15)).
In close analogy to the longitudinal and transverse response
€ =€—w, 4) functionsR (g, w) andRy(q,w) specified there, one is led to

define the weak response functions for neutrino scattering by

and the absolute value of tifthree) momentum transfer is A - 2
given by RCL(Q:w)::<Jf M;(a) + aEJ(Q)‘\]i> , (10
=1l = Vo 2€i(1-acoH) ~(mic"). - (6) Rr(@,@): =3 T2+ (3T (@912,
(11)

Here 0, w,€; ,ef,lzf,mf denote scattering angle, excitation R R
energy of the nucleus, energy of the incoming neutrino and  R;(q,»):=2RgJ{| 7T q)[| 3 (Il TS (@) 3))*. (12)
energy, momentum and mass of the outgoing lepton, respec- _
tively. The charge {1;), longitudinal (£;), and transverse Furthermore, in the general case where the mass of the out-
operators {2,779 in the reduced matrix elements stem 9°iNg lepton cannot be neglected, the respdRg(q, «) in
from the multipole expansion of the weak hadronic currenEd: (10) must be split up in threg functionRc(g, ),
(see Ref[10]). The Fermi functior(Z, ¢;) takes account of RL(.q’w)’ e_md Reui(d, @) _corrgspondmg to thg three had-
the Coulomb final state interaction between nucleus and find mc_mat_nx_elements given In Ed2), respectively. Note
lepton in the case of charged current reactions. Note that th; at,_ln principle, alsdkc, (9, ) in Eq. (10,) must be_ split up
interference term between vector and axial vector current iff} this way, because, due to the leptonic faatdq in front
the lower line of Eq.(3) has a negativépositive sign for ~ Of the operatorZ,, this nuclear response function is not
(ant)neutrino scattering due to their different helicities. ThePurely hadronic. For the sake of simplicity we have chosen
square brackets on the left-hand side of B.indicate that  the definition in Eq(10), though.
the cross section is a double differentid}dw) for excita- (3) In the ERL described by Eq#6)—(8) only the trans-
tion of states lying in the continuum. verse operators cont.rlbute to the backward scattering
If the mass of the outgoing lepton can be neglected, i.e®—180° cross section, while for forward scattering
in the extreme relativistic limitfERL, this applies for ©—0° there are only Coulomb and longitudinal contribu-
(Ve,ef) reactioni the cross section formula reduces to theuons to the cross section. This reflects the fact that the spin
simpler form: transfer to the nucleus along the momentum tranéfﬁrom
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an incoming left-handed neutrino is zefice., longitudinal ~ denoted byo,) and transversed(;;) contributions, which
for an outgoing extreme relativisti@nd therefore also left- are shown as dashed and dotted curves in Fig. 1, too. They
handed lepton in the forward direction. And it must be one correspond to the first and second sum in B, respec-
(i.e., transverse if the lepton goes in the oppositback- tively. Note that, while the transverse contribution to the
ward) direction. (ve,e7) cross section according to the kinematical factor in
Finally, to compare with the data, the differential crossgq. (8) vanishes at scattering ang®=0°, this does not
sections in Eqs(1) and(6) must be folded with the normal- happen for the €, ,u ) reaction, due to the non-negligible
ized energy distributiom;(€;) of the incoming neutrinos: mass of the muon.
42 | Unfortun]a(u?;y the!?C(ve,e7) 12N EIJ_s_tfross sectiodlﬁthichk )
o [ o ine in Fig. 1(a)] cannot quantitatively be compared with the
dQ[dw]([w’]®)_fo dQ[dw]([w’]®’ei)ni(€i)d6i’ data in Fig. 2b) of Ref. [1], because, due to its layered
(13) structure, the E225 detector had a very limited resolution for
electrons produced arourt=90°. However, it can be read
and, for excitation of states lying in the continuum, one hasff the solid line in Fig. 1a) that the calculated ratio of

]y

to integrate over the excitation energy backward to forward cross section is slightly smaller than
. o 2:1, which is in good agreement with the data.
d_0(®)_ f“’ d’c (0.0)d (14) Our calculation can also be compared with the new pre-
dQ wgredQdw @ @ liminary LSND data[18] for the angular distribution, which
do not exhibit the unfavorable limited resolution around
®=90°. However, the error bars are still too big to allow a
ll. RESULTS

cogent test of the theory. Qualitatively, drawing a straight
We start with a(more academijcdescription and discus- line through the data, one can estimate a value ofD.2

sion of differential cross sections for neutrino induced reacfor the ratio of backward to forward scattering. This is in

tions on nuclei, ignoring for the moment whether they can beagreement with the calculated result.

measured or not. Note that in most of the following plots the ~ The lower diagraniFig. 1(b)] shows the reactions plotted

differential cross sections were normalized by the correin Fig. 1(a), but now for the excited states N (denoted by

sponding total cross sections in order to compare all results

on a linear scale. For completeness and to be aware of the

order of magnitude, we recollect the total cross sections cal- 037777
culated within continuum RPA, although already published | B o L
[16,5], in Table I. Here we also list other theoretical results g | (a) T e e
and compare with the latest datavailable to the authar % sk e Y e
The agreement between continuum RPA theory and experi- g ~“F oo
ment is generally very nice, except the discrepancy by a ’g
factor of 1.7 for the’*C(v,,, ™)X reaction. =
Figure 1 shows the calculated differential cross sections g 0.1
for charged-current excitations dfC as a function of the N
scattering angle. In the upper diagréRig. 1(a)] the exclu- ©
sive reactions to thé?N ground statgsolid lineg are plot- N S~ ]
ted. While the ¢.,e™) cross sectionthick line) is slightly o 30 60 90 120 150 180
backward peaked, we find that the,(,u ) cross section scattering angle 9, [deg]
(thin line) is strongly forward peaked. This arises from the
weight of the Coulomb-plus-longitudindin the following 03 ———mr————1—+—1——+7——
— - —__ 3&3”&' (cL)
TABLE I. Comparison of measured and calculated total cross g (b) . ‘;gg..;‘_))'?;l;_(ﬂ)
sections for neutrino capture reactions O0RC in units of = b — = ELa)A (L ]
1072 cn?. The results of this work are labeled by an asterisk. gocc DGR ]
I
Q
Reaction Theory Ref. Expt. Ref. £
2C(v, ,u7)X 1925 [*] 1130+30(stah=180(sysh [18] § 0.1
1900 [6] 5
1310 [17] r
2Cv, w7 )™Ngs 63  [*]  64x10(stah=10(sysh [18] 0.0L==5= -
12C(p,,e7 )N * 3.7 [19] 6.1+0.9stap=1.1(sysh [20] 0 30 Scatﬁgring a%og le ®}2[%eg] 150 180
6.3 [*] 6.0=0.6(stad=0.8sys) [18]
9.8 [21] ) . ) . )
1ZC(ve,e’)12Ng.5. 9.4 [19] 10.5+1.0(stap=1.0sys) [1] FIG. 1. Normalized differential cross sections as a function of

9.2 [22] 9.1=0.5(stah=0.8(sysy [20] o e e e pper ﬂ?z:;gmhe
93 [*] 9.1+04stad:09sys) [18] angular distributions for the exclyswe reactions to ground

. =Y =0.Asy state are plotted, the lower diagrath) shows the same for
8.0 [23 12C(v,17) 12N * reactions.
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3 — TABLE II. Average value of the momentum transfer to the
E S ] nucleus for neutrino capture reactions and muon capturé’@n
(a) - — ucﬁi":,%u.f_ The abbreviations DAR and DIF stand for decay at rest and decay

03f Za in flight

\ - Reaction v source (laly (MeVic)

12C(ve, 7)™y DAR 47.3
2C(ve, 07 ) 2N* DAR 53.6
2C(w, . n) Ny, DIF 131.0
2C(w, ,um) N> DIF 206.8
C(p,v,)B* (m,) 83.3

do/d0, [normalized]

0 30 60 90 120 150 180
scattering angle 0, [deg]

smaller(destructive interferenge¢han the neutrino cross sec-
Ob———————7———— 7T tions, where vector and axial vector current interfere con-

: — :gg;;;:;:,;'.‘ ] structively. Combined with the backward peaking of the ki-
(b) . ?cgg:;‘:;,;f‘.' ] nematical (or leptonig factor in Eq. (3) this causes the

differential cross sections for antineutrinos to be more for-

3 ] ward peakedor less backward peakgthan for neutrinos.
0k E Reflecting the product form of Eq$l)—(3) and (6)—(8)

: ] we generally find for ¢.,e™) reactions that the leptoni&i-
nematical factors vary more strongly as functions of the
scattering angl® than their hadronic counterparts, i.e., the
nuclear response functions. Therefore, the shapes of the

F—— - o U oL andor, contributions(thick dashed and dotted curves in

o 30 60 90 120 150 180 Fig. 1) are determined by the kinematical factors. Their
scattering angle @, [deg] monotonic decreaséncrease¢ as a function of® in the

range[0—1] can easily be seen from their analytic expres-

FIG. 2. Comparison of differential cross sections for neutrinoSIons in Egs(7) and(8). Due to the non-negligible mass, the
and antineutrino scattering. The upper diagf@rshows the angu- Kinematical terms for £, , ™) vary less strongljcompare
lar distributions for the exclusive reactiof¥C(»,1)*?Ny¢ vs ~ analytic expressions in Eq&2) and(3) and Egs(7) and(8)],
2C(y,17)*?B 4], in the lower diagramib) do/dQ; is plotted for ~ and the hadronic response controls the shape gf and
12C(y, ,17)12N* and Y2C(v,,1 7)¥?B* reactions. o7|-

According to Eqs(5) and (9) the momentum transfer is
12N*), i.e., these are thimclusive minus ground statoss  fixed by the scattering angle for given excitation enetgy
sections. For bothi(, ,u ") and (ve,e") reactions the domi- and neutrino energy;. Therefore the momentum transfer
nant contributions come from the transverse response. Nofistribution of the reaction depends on the shape of the dif-
that the strong backward peaking of thé&C(v.,e”)™N*  ferential cross sectiofor vice versa Weighting the trans-
cross section, which at first glance might be surprising, caferred momenta with the corresponding differential cross
be attributed to the fundamental conserved vector currerections we determined their distributions and mean values
(CVC) hypothesis, as has been pointed out by Donr{é®}.  for the reactions plotted in Fig. 1 and for muon capture. Or,
The argument is based on Adler's theord@4], which  in simple terms, we calculatedo/dq and dw,/dg, the
states that in the extreme relativistic limit the forward cross sections and muon capture rate differential for the mo-
(anthneutrino cross section only depends on the divergencesientum transfer. From Table Il we can gather that the aver-
of the vector and axial vector hadronic currents. If the vectolage momentum transfer invf,, ;") reactions is significantly
current is conserved, only the divergence of the axial vectonigher than in ¢,,e~) reactions, while the average momen-
term contributes to the forward scattering cross section. Fukym transferred in muon capture lies between these values.
thermore the Coulomb and longitudinal-multipole operatorsConcerning the discrepancy between theory and experiment
for the axial current are only involved in transitions to for the total 12(;(,,#”“—))( reaction cross section, the num-
2N* states of unnatural parity, because they have paritpers in Table Il deliver the important information at which
(—)?*1[10] and act on the initial’=0" C ground state. momentum transfer one should perform further tests of the
By a multipole analysis of thé’C(v,,e”)*?N* reaction we theoretical modelée.g., by comparison with electron scatter-
find that dominantly I (48% of the strengthand 2~ (44%) ing datg. Work in this direction is in progress.
states in1?N* are excited. Hence, if CVC is fulfilled, the The momentum dependences plotted in Fig. 3 also present
forward scattering cross section measures onlyothecon-  the range of momentum transfer relevant for a reaction.
tribution from the excitation of 2 states and therefore While muon capturgdotted ling analyses the nuclear re-
should be small. sponse functions in a small range between 80 and 90

In Fig. 2 we compare neutrino and antineutrino captureMeV/c, the dashed curve for th€C(v,,e )¥N* reaction
reactions on*?C. As the interference term in the lower line extends over a wider range centered aroun80 MeV/c.
of Eq. (3) turns out to have a negative sign for the plottedThe broad distribution for the’C(v,,u")*N* reaction
reactions, we find that the antineutrino cross sections areross section(solid line) mirrors the flatness of the corre-

03f

do/dQ, [normalized]
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45 e e known and corresponding experiments have been performed

= 4 05— ; ) [20] E over the last decadg5]. At first glance an analysis analo-
i 2 —— = () [10] 3 gous to the Rosenbluth-decomposition in electron scattering
¥ 3%p T () L3 7 might suggest itself. But a severe problem comes from the
§  30b E fact that the initial neutrino energy distribution is folded with
: s F 1 the response functions and kinematical factidgs. (13)];
N =5 3 E this does not allow one to extract the responses for a fixed set
3 ook = of w andg. From a mathematical point of view the folding
& 155_ _ operation in Eq(13), which smears the response, cannot be
- : ] inverted.
g 10 E However, a solution of this problem can easily be found
5 st IR 1 for the exclusive’C(v,,e7) N reaction. Here the exci-

0 S T T T T D e tation energy of the nucleus is constant and a measurement

0 50 100 150 200 250 300 350 400 of the double differential cross secticﬁo/dﬂdef will also

lal [MeV/c] fix the initial energy of the neutrino by energy conservation.

FIG. 3. Momentum transfer dependences for the SO then;(€;) spectrum factor is known and thg integral in
12C(ve,67) N* and 2C(v,, i) 12N* reactions (lo/dq) and for Eq. (13) breaks down. By use of ong_) we obtain for the

the 22C(u ", v,,)12B* muon capture ratedw,, /dq). The curves are measured sets{ ,0,) the corresponding momentum trans-
normalized by the total cross sections-capture rates and furthermofers q,, or the sets q,,,®,). Then a binning ofj,, into suit-

multiplied by the factors in square brackets. able ranges of momentum transfer will allow one to draw for
each bin a Rosenbluth plot. In the general case of Egs.
sponding differential cross section in Figbl (3) this would consist of tracingl?c/dQde; divided by

To illustrate what can be learned from measurements off;(€;) and by the prefactor on the right-hand side in EL.
angular distributions we present Fig. 4. Here we investigatedersus a trigonometric function i® (e.g., co®)) to separate
the effect on the differential cross section caused by a 50%he five response functioR:(q,w), R (q,), Rei (9, w),
reduction of theoc_ term. This corresponds, e.g., to the Ry(qg,w), andR,(q,w). However, such a five-parameter fit is
situation found in electron scattering, where a theoreticalery unlikely to be practiced, because, due to the tiny cross
model could yield a wrong result for the ratio of transverse tosections, we do not expect precise input data from the ex-
longitudinal response contributions. The solid and dashperiment. Furthermore, it will probably be impossible to
dotted curves show that this would clearly change the shapmeasure the outgoing angle for myons, because their ener-
of the angular distribution for thé“C(v.,e”)*Nys reac- gies are too low to produce enougler€nkov light in the
tion. Especially the ratio of backward to forward scatteringLSND detector. Therefore we confine the discussion in the
would rise by a factor of about 2. We find the same factor offollowing to the extreme relativistic limit and consider the
2 for the ¥°C(ve,e7)'2N* reaction (dotted and dashed three response functions given in E¢$0)—(12). Here the
lines), but the small cross section in the forward directionRosenbluth separation can be done by plotting the quantity:
will hardly be measurable. 2

. : . . (d O'ig‘f/de6f)

This situation leads to the general question whether and 5
how it is possible to separate the weak longitudinal and  (2G%ef/m)[F(Z,€1)/(23;+1)Ini(w+ €f)coS(0/2)
transverse response {ant)neutrino scattering. In electron (15)
scattering the benefits of such a separation, i.e., the measutgs 5 function of ta#(©/2).

ment of detailed information on the target dynamics, are well  Note that the response functi®(g, ) in Eq. (12) could

also be determined by measuring neutrino and antineutrino
cross sections, but experiments with neutrino and an-

018 T T T T T T T T T T T T t . .
F eop ey ] ineutrino sources of the same type are presently not avail-
—_ [ == e )N (g, /2) 221  able. On the other hand it can be seen in Fig. 2 that for
2 0151 —7- 25:;;:.;:’:;. (0,/2) ,,.//';'// ] (ve,e7) reactions the difference between neutrino and an-
= 1 tineutrino scattering is small and therefore the interference
g 0.12 term in first order is negligible. Then we are left with the two
5 - response functions in Eq§L0) and(11), which again can be
£ 0097 separated by plotting the quantity in Eql5) versus
o . tarf(®/2). In this case Ry(q,») is the slope and
3 0.061 Reu(d, ) — (02/29%) Ry(, ) the intercept of a linear fit to
5 - the data. Finally, following Ref.25], another method for the
0.03r separation oR¢ (g,w) and Ry(q,w) is given by plotting
the quantity:
OOO L L | L L | s L I L L | ' L |

0 30 60 90 120 150 180 (d%0_¢/dQdef) p
scattering angle 6 [deg] (2G2&Im)[F(Z,en] (23, + 1) n(w+ €1)co2(©12)

_ a2
—k

20°

FIG. 4. Effect of a reduction of the Coulomb and
longitudinal response on the differential cross sections for the

12C(ve,e7) Ny and Y°C(ve,e7)2N* reactions. Rr(d, @) (16)

=nRec(d,w) +
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as a function of the argument defined as

2092

n.=|1+

-1
tanz%} .

7

For decreasing scattering angefrom 180° to 0° the vari-

able » rises from 0 to 1 and is correlated to the longitudinal

component of the polarization of the exchanged virtwal

boson. Then

Reu(q,0) is

(—qi/2q2) R;(g,w) the intercept of a linear fit to the data.
For the nonexclusive transitions the situation is even

worse, here we have an additional folding from the integra- 0.00 el T R R

tion in Eqg. (14). But, presumed that a measurement of the 0

the slope and

double differential cross sectiot’o/dQde; can be done,
theoretical nuclear models can be applied to map the mea-

sured sets e(fn ,0,) onto the corresponding average excita-

tion energyw, and average momentum transfg( or the
triplet (q,,®,,0,). Then a binning of the setg{,»,) into
suitable ranges of excitation energy and momentum transfdr various final energies of the electron.

would again allow one to draw for each bin a Rosenbluth

plot. This would, of course, be a model dependent extraction We do not present the differential cross sections plotted in
of weak response functions from the data.

It has to be investigated how sensitively the mappingtioned above, it is very unlikely that the angle for outgoing
(€6n,0,)— (0, @,.0,) depends on details of the nuclear Muons can be measured. We just state that, similar to the

model.

0.6 prr—rrrrrr ,
E ZC(v,e7)*N"
12¢( v,e) 125 e

()

05F

04f

02F

do/de, [10™**cm?/MeV]

0.0&

20

20

15F

do/de, [107*%cm?/MeV]

#C(v e7)*N" ]
“C(ve7) lzN“(XZO):

0 50 100 150

electron energy e,

200 250

[MeV]

FIG. 5. Dependence afio/de; for the 2C(v.,e”)*?N* and

12C(ve,e7) "N 5 reaction on different neutrino sources. In the up-
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0.16 ————r———1——— 11—
- DAR, ¢=14.7 MeV ]
~~~~~~~~ DAR, ¢=23.1 MeV - _
. [~ t y

0.14 — — - DIF, ¢= 70 MeV

— - — DIF, =107 MeV
0.12F ----- DIF, =152 MeV -

©

-

(@]
T
L

o
(@]
[e¢]
T
;
'
s
;
'
[

o
(@]
[ex]
¥
!

d®s/de dQ [normalized]
)
o
=~
T
|

150 180

30 60 90 120
scattering angle @ [deg]
FIG. 6. Double differential cross sections for the

12C(ve,e7)°N* reaction. The angular distribution is shown for
decay-at-restDAR) and decay-in-flightDIF) neutrino sources and

Fig. 4 for the matching#,, ,u ) reactions because, as men-

2C(v,,e7)¥N* reaction, the relative Coulomb-plus-
longitudinal contribution is small. Quantitatively, a reduction
of oc, by 50% only lowers the total“C(v,, ,u ") *?N* cross
section by~8%. Therefore, to pin down the discrepancy
between theory and experiment concerning the
12C(v,, ,u ™)X reaction, the important piece to check on the
theoretical side is the transverse response of the nuclear
model.

Note that, besides reducing the longitudinal response, also
the effect of a modification of other parameters was investi-
gated. Thesgparameter variationswere motivated by the
hope that a possible quenching of the axial vector form fac-
tor G, could cause a characteristic change in the shape of the
differential cross sections. Unfortunately this turned out not
to be the case, i.e., the shape of the differential cross sections
was relatively insensitive to a reduction @fy. From this it
can be concluded that the weight of the axial current in lon-
gitudinal and transverse response functions is approximately
equal. Also variations of the pseudoscalar form fadtgr,
the charge and magnetic form factors of the nucleons did not
leave behind significant fingerprints on the shape of the
curves.

IV. NEUTRINO OSCILLATIONS AND DIFFERENTIAL
CROSS SECTIONS

Thus far we have considered angle differential cross sec-
tions for neutrino scattering and now turn to cross sections
differential for the energy; of the produced lepton. As the
(v, ,u") distribution has already been published in R8f,
the discussion is confined tar{,e™) reactions.

In Fig. 5a) the energy spectra of the outgoing electrons

per diagram(a) the electron neutrinos have the energy distributionare separately shown for the transition to the ground state
from muon decay, in the lower diagrafb) they are assumed to (dotted line and the excited statgsolid line) of 1°N. Here

stem fromv,— v, oscillations.

the incoming electron neutrinos have the well-known energy
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distributions from pion decay at reDAR) and the subse- produced electron is emitted with an energy of 107 MeV,
guent muon deca}26]. For the exclusive reaction, since the 70 MeV, and 152 MeV, respectively. We see that for high

excitation energy of the nucleus is fixed, the dotted curve is; the differential cross sections are much less backward
just the product of the cross section times thée;) factor peaked and clearly different from the standard events in-
describing the neutrino spectrum. For higher electron enerduced by DAR neutrinos. So this would put another con-
giesn;(¢;) is steeply falling and the dotted curve just reflectsstraint on oscillation candidate events.

the decreasing, spectrum. Therefore, as has been pointed

out by Fetschef27], a precise measurement of this part of

the spectrum can be used to trace nonstandard couplings in V. SUMMARY

muon decay. For_small electron energies, on t_he other hand, In conclusion, we think that it is very promising to mea-

the dotted_curve IS g(_)verned by the quadratic increase of thgure differential neutrino scattering cross sections, for the
cross section according to E@®).

Y . . following reasons.
A.S the solid line in '.:'g' _(:‘a) has been obta|_ned by Inte- (1) For sufficiently accurate data it should be possible to
grating over the contributions from the excited states in

i i o : extract the weak Coulomb longitudinal and the weak trans-
2N, it is characteristic for the excitation energies and g

¢ ths of th tates. H t of its sh verse response from the angular distributions. We have sug-
strengths ot those states. Hence a measurement ot 1S Shapkeia g various methods to do this. They are analogous to the
would allow, at least to some extent, to check the continuu

RPA model osenbluth separation in electron scattering and should be of
moael. similar benefits. It would be the first step into an up to now

Let us now make the stumphon that OSC'"at'O.nS of thqmreached area: the measurement of weak nuclear response
type v,,— v occur, which is quite reasonable, provided thatfunctions in neutrino scattering

thev,— v, candidate events seen recently by LSNB| are (2) For the 2C(v,,e")N* cross section we predict a
n'strong backward peaking of the angular distribution caused
rTP)y the conserved vector current hypothesis and the calcu-
lated weights for excitation of natural and unnatural parity
states in'?N. A measurement would test these results.

neutrinos would have the energy spectrum stemming fro
pion-in-flight decay(DIF) and Fig. %b) shows the corre-
sponding *’C(v,e7) "N (dotted and *°C(v,,e”)*N*
(solid) cross sections differential for the energy of the pro- (3) For a given neutrino spectrum the differential cross

ducgd electron. By comparison with Fig(ah where the sectiondag/d() determines the momentum transfer distribu-
maximum electron energy is smaller than 36 MeV, we see.

that these distributions are significantly different from theion do’/dg. It is important to know thigq| dependence as
standard no-oscillation signal. Therefore, provided we havd/€ll for judging the applicability of various nuclear models

good statistics, these distributions put a clear constraint off the corresponding reactions as f(_further) testing of
I . nuclear modelge.g., by comparing with data for electron

v,— Ve Oscillation candidate events. However, as the

1

% “yizy ton | hs indicated i scattering in that range of momentum transfer
Fi (Vet;e.t) g.s.letQSIS sdekc) lon ]'(S vteryzsonlé s”m Icated in (4) Given good statisticsidouble differential cross sec-
9. X .) It was muitipied by a factor 1? ‘i OW COMPAM- isns would put constraints on neutrino oscillation candidate
son of its shape with that of thEC(v,,e”)?N* curve], the

ber of ool . b S i events.
nhumber of exclusive-reaction events will be too tiny for this ¢ tunately a quenching of the axial vector form factor
constraint to work.

Now let us assume that enough data will be collected tq?A or modifications of the pseudoscalar form fackas do
t hi ignificant fi i he sh f th
plot the double differential cross sectiod?p/dQde;) for ot leave behind significant fingerprints on the shape of the

i > 7. differential (v.,e”) cross sections.
the 2C(v.,e7)2N* reaction. This is not unreasonable for ve.e )

. . - Finally we found that the"’C(», , . ") X cross section is
the.e\./ems induced by the n_eut_rlnos from DAR, but itesy dominated by the transverse nuclear response and that the
optimisticfor the v ,— v, oscillation candidate events. How-

. . . momentum transfer distribution for this reaction is broad and
ever, we calculated the double differential cross sections for R
tered arounty|~200 MeVEk.

both neutrino sources and compare them in Fig. 6. Here thgeEN
dotted and solid lines show the result for two energies of the
outgoing electrone;=23.1 MeV ande;=14.7 MeV, corre-
sponding to the position of the maximum of the solid curve

in Fig. 5a and to a somewhat smaller value. The dash- | thank F.-K. Thielemann and I. Sick for helpful discus-
dotted, long-dashed, and short-dashed lines represent the aiens. This work was supported by the Swiss National Sci-
gular distributions for oscillation candidate events, where theence Foundation.

ACKNOWLEDGMENTS

[1] R. C. Allen, H. H. Chen, P. J. Doe, R. Hausamann, and W. P. [4] W. C. Louis, LAMFP Research Report No. LA-UR-89-3764,

Lee, Phys. Rev. Let64, 1871(1990. 19809.
[2] B. Bodmannet al, KARMEN Collaboration, Phys. Lett. B [5] E. Kolbe, K. Langanke, F.-K. Thielemann, and P. Vogel, Phys.
267, 321(1997). Rev. C52, 3437(1995, and references therein.

[3] B. Bodmannet al, KARMEN Collaboration, Phys. Lett. B [6] T. S. Kosmas and E. Oset, Phys. Rev5& 1409(1996.
280, 198(1992. [7] M. Albert et al, Phys. Rev. (51, 1065(1995.



1748 E. KOLBE 54

[8] M. Buballa, S. Drodz, S. Krewald, and J. Speth, Ann. Phys. [19] T. W. Donnelly, Phys. Lett43B, 93 (1973.

208, 346 (1991). [20] G. Drexlin, KARMEN Collaboration, data presented on the
[9] E. Kolbe, K. Langanke, S. Krewald, and F.-K. Thielemann, Nuclear Physics Spring Meeting of the DPG, Cologne, 1995.

Nucl. Phys.A540, 599 (1992. [21] This number is the difference between th@clusive
[10] J. D. Walecka, irMuon Physicsedited by V. W. Hughes and 12C(v,,e7) X cross section given in M. Pourkaviani and S. L.

C. S. Wu(Academic Press, New York, 197 5. 113. Mintz, Nucl. Phys A573, 501(1994), and the(exclusive con-
[11] K. Nakayama, S. Draz, S. Krewald, and J. Speth, Nucl. tribution to thelzNgsAgiven in Ref.[23].

Phys.A470, 573 (1987. [22] M. Fukugita, Y. Kohyama, and K. Kubodera, Phys. Lett. B
[12] R. Machleidt, K. Holinde, and Ch. Elster, Phys. Rag9 1 212 139(1988.

(1987. [23] S. L. Mintz and M. Pourkaviani, Phys. Rev. @0, 2458
[13] S. Krewald, K. Nakayama, and J. Speth, Phys. Ré&d, 103 (1989. Note that, due to different flux normalization, the cross

(1988. section given in this paper must be renormalized for compari-
[14] E. Kolbe, K. Langanke, and P. Vogel, Phys. Revs@ 2576 son with the experiments.

(1994. [24] S. L. Adler, Phys. Rev135 B963(1964.
[15] S. Boffi, C. Giusti, and F. D. Pacati, Phys. R@g6, 1 (1993. [25] J. Jourdan, Nucl. PhysA603, 117 (1996, and references
[16] E. Kolbe, K. Langanke, and S. Krewald, Phys. Rev4g therein.

1122(19949. [26] H. Uberall, Nuovo Ciment@®3, 219 (1962.

[17] S. L. Mintz and M. Pourkaviani, Nucl. PhysA594, 346  [27] W. Fetscher, Phys. Rev. Let9, 2758 (1992; 71, 2522E)
(1995; the authors estimate their error in the 25—30 % range. (1993; C. Greub, D. Wyler, and W. Fetscher, Phys. Lett. B
[18] H. J. Kim, preliminary results from the LSND Collaboration 324, 109 (1994); 329 526E) (1994.
presented at the 1996 PANIC conference. [28] C. Athanassopoulost al., Phys. Rev. Lett75, 2650(1995.



