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Quasielastic neutrino-nucleus scattering
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We study the sensitivity of neutral-current neutrino-nucleus scattering to the strange-quark content of the
axial-vector form factor of the nucleon. A model-independent formalism for this reaction is developed in terms
of eight nuclear-structure functions. Taking advantage of the insensitivity of the ratio of gegmrto neutron
(v,n) yields to distortion effects, we compute all structure functions in a relativistic plane-wave impulse
approximation approach. Further, by employing the notion of a bound-state nucleon propagator, closed-form,
analytic expressions for all nuclear-structure functions are developed in terms of an accurately calibrated
relativistic mean-field model. Using a strange-quark contribution to the axial-vector form factgg=of
-0.19, a significant enhancement in the proton-to-neutron yields is observed relative to og&=dth
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I. INTRODUCTION +Ac-As+At—Abin the proton. The heavier quark flavdts
) . ) . b, andc) may be eliminated using a well-defined procedure
Neutrino phy.S|CS haS estabhshed |tse|f at the for.efront Obased on renorma”zation group techr"qmg] The advan_
current theoretical and experimental research in astraages of neutral-current neutrino-proton scattering over
nuclear, and particle physics. While neutrino-oscillation ex-parity-violating electron scattering and deep-inelastic scatter-
periments, which are presently evolving from the discoverying are well documented in the literatyi2 10. Two notable
to the precision phase, will remain at the center of mosexamples argi) the insensitivity of the extraction of the
investigations, a variety of other interestifigonoscillation strange-quark contribution to the use @ifroken SU(3)-
physics topics may be studied in parallel. A prime exampleflavor symmetry{8] and(ii) the absence of radiative correc-
of such a paradigm is the recently commissioned Mini-tions in neutral-current neutrino scatterif@,6]. The quark
BooNE experiment at Fermilab. While MiniBooNE’s pri- structure of the nucleon may be investigated in a particularly
mary goal is to confirm the neutrino-oscillation experimentclean fashion by evaluating matrix elements of suitable
at the Liquid Scintillator Neutrino Detectqt. SND) at the ~ duark-current operators between single-nucleon states
Los Alamos National Laboratorfd] this unique facility is  [6,11-13. This is because quark-current operators may be
ideal for the study of supernova neutrinos, neutrino-nucleu¥/Nten n terms of the fundamental couplings of the quarks
scattering, and hadronic structure. In this contribution wel® the Z” boson, which are fully prescribed in the standard
focus on hadronic structure, in part as a response to the F nodel. Further, the weak neutral current of the nucleon may

milab Intense Neutrino Scattering Experim¢htNeSB ini- e paramefrized on completely general ground in terms of

- . T wo vector and one axial form factofan additional induced
tiative _that aims to measure the strange-quark cpntrlbutlor_1 t seudoscalar form factor is present but its contribution van-
the spin of the proton via neutral-current elastic scatterin

> shes in the limit of a zero neutrino mas#n particular, the
[2]- axial-vector form factor may be split into a nonstrange con-

A measurement of the spin asymmetry in deep-inelastiyy yion which may be determined from nucle@rdecay,

scattering of polarized muons on polarized protons by the,,g 5 srange contribution proportional to the fraction of the
European Muon Collaboratiof8] revealed a disagreement nucleon spin carried by the strange quafkd]. Thus, the

with the Ellis-Jaffe sum rulgd] in an approach that assumed axial-vector form factor is crucial to understanding the role

that only up a.”d dOV.V” quarkand anthua}rk)sc.:on'trlblljte to layed by strange quarks in determining the properties of the
the proton spin. This was one of the first indications th_a[groton and represents the main focus of this contribution.
hidden flavor in the nucleon may play an important role in A measurement of neutrino-proton and antineutrino-
the determination of the spin structure of the proton. Experis, i elastic scattering at the Brookhaven National Labora-
mentally, the spin structure of the proton is also accessibl ry (BNL) reported a nonzero value for the strange form
via parity-violating electron scattering. Unfortunately, Iargefactors of the nucleofil5]. However, these results must be
radiative correction§s,6] as well as nuclear-structure effects treated with caution as the value of ihe axial messandgs

[7] hinder the extraction of strange-quark information. A re strongly correlatefiL4]. Another point of concern in ?he
complementary experimental technique that may be used e NL experiment was that 80% of the events involved the

fectivgly o study the spin strupture Of the proton is el"’lsticscattering of a neutrino off carbon atoms and only 20% were
neutrino-proton scattering. This reaction measukes-Ad 0 free protons. Before any firm conclusion may be
reached, it is therefore necessary to understand nuclear-
structure effects. Unfortunately, scattering off a nucleus in-
*Electronic address: bventel@sun.ac.za troduces its own complications. These inclu@equestions
"Electronic address: jorgep@csit.fsu.edu concerning finite-density effects, such as possible modifica-
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tions to the nucleon properties in the nuclear medium(@nd v'(k" N@p'\s) WP
conventional nuclear-structure effects, such as binding-

energy corrections and Fermi motion. The first relativistic

description of neutrino-nucleus scattering addressing these

complications was presented in REE6], where the authors Z(q)

employed a relativistic Fermi-gas model for the target

nucleus. Nuclear-structure effects were further investigated

in Ref. [17] by considering, in addition to a relativistic

Fermi-gas model, a description of the bound nucleon in

terms of harmonic oscillator wave functions. In general it

was found that nuclear-structure effects and final-state inter- v(k) VB
actions[18] can have a substantial effect on the individual
cross sections. However, as originally suggested in [Ré], FIG. 1. Lowest-order Feynman diagram for the knockout of a

the ratio of proton-to-neutron yields is largely insensiti@@  bound nucleon via neutral-current neutrino-nucleus scattering.
the 5% level or legsto these effect$16,20.

In this work we also present a relativistic description of 4 Y T i WP tt
neutrino-nucleus scattering, but employing bound-state wavedg = (2m)*s'(k+P—K ~p'~P") dk 3 d’p 3 d P3|M|2,
functions obtained from an accurately calibrated mean-field V1= Vol (2m)* (2m)° (2m)
model[21]. Further, the impulse approximation is assumed, (1)

that is, the neutrino-nucleon interaction is assumed un-

changed in the nuclear medium. Finally, as the ultimate aimyhere v,-v, denotes the initial relative velocity. The
of this project is to computeatios of cross sections, distor- ransition-matrix element contains all the dynamical infor-

tion effects on the ejectile nucleon will be neglected. As Wemgation about the reaction and is given, in the conventions of
will show later, this leads to a great simplification in the Ref 6], by

calculation of all relevant quantities. The paper has been or-
ganized as follows. The formalism is presented in Sec. Il, igM
Y4

followed by results and conclusions in Sec. Il and Sec. IV, —iM= (j(k'){_(yu_ y”f)}v(k))iDW(q)
respectively. 4Myy

M
Il. FORMALISM X((D’,S’;‘I’f(P’) L?TV?”(Q)‘%(PD)- (2

_In this section the formali_sm for the relativis.tic dgscrip— Note that in Eq(2) the initial and final nuclear states are
tion of (neutral-current neutrino-nucleus scattering will be denoted byW;(P) andW(P'), respectively. Furtheg is the
I ] .

presented. In particular, it will be shown in Sec. Il A that the . - ,
cross section can be written as a contraction between lepY€ak coupling constant arki(q) is the weak nuclear current

tonic and hadronic tensors. In turn, by relying exclusively onoPerator, which contains both vector and axial-vectorzcom-

fundamental principles, the hadronic tensor will be decompong”ts- Finally, as only low-momentum transféc?]

posed in terms of a set of invariant structure functisse ~<M3) scattering will be considered, the following replace-

Sec Il B. Thus, the formalism is model independent. Yet toment is valid:

determine the structure function, and ultimately the cross

section, one must rely on a model. This will be discussed in b =0t quV/Mg Ouv

Sec. Il C. wl="" 5" 2 3
q z z

A. Cross section in terms of leptonic and hadronic tensors . - . .
P This allows the transition-matrix element to be written as

Due to the short-range nature of the weak interaction, the

one-boson exchange approximation provides an excellent de- G
scription of neutrino-nucleus scattering. This results in a M:—,F_[ﬂk’)(y”—y”f)v(k)]
cross section that cleanly separates factorize$ into lep- 2\2

tonic and hadronic components. The kinematics of the pro-
cess is depicted in Fig. 1. Here the initial and final neutrino
four-momenta are denoted Byandk’, respectively. Further, ) ) o
the reaction proceeds via the exchange of a virBifahoson N_ote thatGg is the Fermi constant for muon decay which is
with four-momenturg. The target and residual nucleus have9iven by
four-momenta denoted By andP’, respectively. Finally, the
ejectile proton has four-momentupi and spin component G- o
s'. F= /_ 2
The differential cross section can now be defined in terms Av2Mw
of these kinematic variables and the transition matrix ele- In Eq. (2) and throughout this work plane-wave Dirac
ment M as follows: spinors are defined as follows:

X[(p',8' W ((P)] 3, (@)W (P))]. (4)

=1.166X 10°° GeV 2. (5)

035501-2



QUASIELASTIC NEUTRINO-NUCLEUS SCATTERING PHYSICAL REVIEW @9, 035501(2004)

of these quantities will be calculated in a model-independent
ok |xo (Ec= \s"k2+—l\/lz) way by introducing a suitable set of nuclear-structure func-
sk ' tions.
Ec+M Starting from Eq.(10) it follows that the leptonic tensor
(6)  may be written as

Ec+ M
2E,

Uk,s) =

Note that the above definition corresponds to the normaliza- pur - TH(y* = Yy (K oK)}y = ¥k Yotk )]
tion
2 v ! 14 14 ! 1 va, !
U'(K,9)UK,S) = Ssg. (7) = L KKK = gk K H e R kgl (14)
This (noncovariant normalization is motivated by the stan-
dard choice adopted for bound-state spin@se Sec. |1 C
and Ref[22]) which is given by

where we made use of E) to write

_ k|1
v(k)v(k)=—{—(1—hy5)] (k=1k]). (15
f UNHU(r)dr =1. (8) L2

Note that in the above expressioms—1 andh=+1 refer to
For (masslessneutrinos in the laboratory frame the initial left-handed neutrinos and right-handed antineutrinos, respec-
flux factor in Eq. (1) is equal to one. Substitution of the tively. For later convenience, the leptonic tensor can now be
above relations into Edq1) leads to the following expression separated into a symmetric and an antisymmetric part. That

for the differential cross section: IS,
G2 e
do= EF(ZW)45(k+ P-k'-p' -P) =T+ O (16)
where
d3kr dSp/ dSP/
(2m®(2m)3 (277)36“”WW' © 2
8= W(k“k’” +k'#k" - gk - k'), (17a
where the leptonic tensor is given by
€= [k (= YY) k) Ik ) (¥ = ¥ uK)T, 2 ,
(10) €KV= W'hfﬂvaﬁkakﬁ. (17b)

while the hadronic tensor by Note that all remnants of the neutrino helicity resides in the

. T term containing the antisymmetric Levi-Civita tensor. It is
W =[(p’, 8" W (P)[3*(a)|Wi(P))] only this antisymmetric component of the leptonic tensor
'’ ot INE * that is sensitive to the difference between an incident neu-
X S WP I |Wi(P)) ] . 11 . . .
P (PO @¥i(P)] (D trino or antineutrino beam. It then follows from Ed.7), as
The integral oveP’ may be performed using the spatial part the weak neutral currents are conserved for massless neutri-
of the Dirac é function. This fixes the three-momentum of nos, that
the residual nucleus to be
q.+"=€"q,=0, (18
P'=k-k'-p'+P—q-p’, (12
lab wheregt= (w,q)=(k“-k'#) is the four-momentum transfer
where q=k-k’ is the three-momentum transfer to the to the nucleus.

nucleus. The differential cross section can now be written as  The hadronic tensor is an extremely complicated object as
in principle exact many-body wave functions and operators

must be used. Yet it follows from Eg11) that for unpolar-
ized nucleon emission the hadronic tensor is only a function
of three independent four-moment, P#, andp’#, as the
(13 four-momentum of the recoiling nucleu’d’# is fixed by

whereMy, is the mass of the target nucleus. four-momentum conservation. The hadronic tensor can there-
fore be parametrized in terms of a basis constructed from the
following five tensors: {g“,P*,p'#,g*",e*"*F}. This is
analogous to the case of electron scattering but now we are
no longer allowed to invoke either parity invariance or cur-

In Sec. Il A it has been shown that the differential crossrent conservation, as the weak interaction violates parity and
for nucleon knockout in neutrino-nucleus scattering involveshe axial-vector current is not conserved. We start by sepa-
the contraction between the leptonic tengqy, [Eq. (10)] rating the hadronic tensor into symmetric and antisymmetric
and the hadronic tens/*” [Eq. (11)]. In this section both components. That is,

2

GF 31,7 43R v
do= wd k'd*p’ 8(Ex+ Ma— Ew — Ey — Epr) €, , W,

B. Differential cross section in terms of nuclear-structure
functions
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WEY = WEY + WA, (19 z
Using the above-mentioned basis the individual components
may be written as follows: P |
VU = WG + Wagq? + WoPHPY + Wyp'#p’” + We(q*P” B
+PHq") + We(q“p’" + p'#q") + Wo(PHp"" + p"#P"),

(20a

-p'*P") + Wlleuvaﬁqapﬁ + leeﬂmﬂqapé
+ Wzt P Papéi'

(20b)

Note that all structure functions are functions of the four
Lorentz-invariant quantitiesq“qME—QZ, q-P, g-p’, and
P-p’. The hadronic tensor for the, v’ p) [or (v, v'n)] reac-
tion contains 13 independent structure fun/cUons._ antrasfor neutrinos the polarization happens by default. Equations
this, for. example, to the hadrqnlc tensor fere p),Wh'Ch IS (13), (228, and(22b) comprise the principal results for this
fully written in terms of only five structure functiorj23]. section. It is the most general structure possible for nucleon

We now proceed to evaluate the contraction of the Iepynackout in neutral-current neutrino-nucleus scattering. It
tonic tensor with the hadronic tensor. First, we introduce thehos that the differential cross section is completely deter-
following definition: mined by a set of eight structure functions multiplied by
kinematical factors.

X

FIG. 2. Coordinate axes used to define the angle8, and ¢.

4 -1
FkkK;P,p)= <_kk'> €W = Fok K P,p’)
C. Model-dependent calculation of the cross section

+FAk KPP, 21 In the preceding section it was shown that the differential

where Fs and F, are defined in terms of the symmetric and cross section is completely determined by a set of eight
antisymmetric components of the leptonic and hadronic tenstructure functions. These structure functions parametrize
sors, respectively. That is, our ignorance about strong-interaction physics. In principle,
these structure functions could be measured through a “su-
per” Rosenbluth separation. In practice, however, this is be-
yond realistic expectations. Thus, it is not possible to pro-
ceed further without an explicit model of the hadronic
vertex.

4 -1
FdkK ;P,p') = (W) €5 W = (— W (k- k')

+W3{(k -P)(k" - P) + I\/|7A2(k : k’)]

M2
+w4{(k-p'><k’ p')+ f(k-k’)}
+Wi[(k-P)(k"-p") + (k- p")(K -P)

-(k-k’)(P-p’)]>, (223

4 -1
FakK'iP,p) = (—) €A WE = ih (Wi Bk K P D)y

kk’
+Wyg(K-K) (K- P+K - P)+Wy(k k')
X(k-p"+K -p') +Wid(k-p')(k" - P)
= (k-P)(k"-p")]. (22b)

First, we focus on some “kinematical” approximations
that are made in order to simplify the argument of the energy
conservings function in Eq.(13). In the laboratory frame the
total energy of the residual nucleus is given by

EP’ = VPZ + Mi—lz \“/(q _ p/)2 + Mi—l = MA—l! (23)

where the last approximation follows in the limit of no recaoil
corrections. Further, it is assumed that the energy transfer to
the nucleus satisfies

w=k-Kk =Ey - Eg, (24)

whereEg is the energy of the struck nucleon. This implies
that

Epr =Ma-Eg, (25)

and justifies the following replacement in EG.3):

Note that as a result of current conservation, only eight of the

original 13 structure functions survived the contractjeee NEx+Mp—Ey —Epy —Epr) — dk—K - Ep +Ep).

Eq. (18)]. Further, an interesting difference between neutrino (26)
and electron scattering can be seen from(&8b). While for

electron scattering one must prepare a polarized beam tdote that we have definel, =|k|=k andE, =|k’|=k’.
sample the antisymmetric part of the hadronic ter@3], Consider now the coordinate system shown in Fig. 2
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Npls)  p! Np's) the hadronic tensor analytic. Incorporating the above simpli-
fications yields a hadronic matrix element of the following
simple form:

Z’(q) Z°(q)

I =U(p’,s") IHDULPr), (30)

where o represents a collection of quantum numbers and
P pn=p’—q is the missing momentum. Note that the bound-

FIG. 3. Graphical representation of the approximation employedState wave function is given by

at the hadronic vertex to obtain a tractable form for the matrix 4o 9e(D)

element given in Eq(29). — — ( Ex ) 5).
Ue(P) = Ugm(P) 0 (=) fo (D)o ) Yim(P)

where the incoming neutrino defines thexis. The outgoing (31

nucleon is detected at a scattering angleelative to thez

axis, while the outgoing neutrino, assumed undetected, hadereE is the bound-state energy the (generalizeflangular

polar and azimuthal angle$ and ¢, respectively. The fol- momentum, andn the spin projection. Furthegg,(p) and

lowing relations are therefore valid: fe(p) are Fourier transforms of the upper and lower compo-
nents of the bound-state wave function, respectiy24j.
d*%’ =k'?sin odk'déd¢ and The impulse approximation is now invoked by assuming
that the weak neutral current for a nucleon in the nuclear
Pp’ = 2ap'E, dEyd(cos a). 27) medium retains its free-space form. That is,

4

As the outgoing neutrino will remain undetected, one mustj = JNC_ NC-F (Q2)y +iF,(Q) ¢ 9 ¢ (Q? .
integrate overk’, 6, and ¢. Using Egs.(26) and (27) the w=d s =RQ)y, HIFAQ oM A Q)7u7s
following expression for the differential cross sectidfqg. (32)
(13)] is obtained:

HereFIE1 andFIE2 are Dirac and Pauli vector form factors,

o G2 \[IK'llp"[Ep \ ™ . ; — . »
= 3 f sin 6 d@ respectively, andz, is the axial form factor. The additional
dEyd(cosa) \327 K| 0 induced pseudoscalar form fact(proportional tog,) does
2m not contribute to(masslessneutrino scattering and will be
xf dopF(k kK ;P,p’), (28 neglected henceforth. The two vector form factors may be
0 decomposed in terms of the usual electromagnetic Dirac and

. i . Pauli form factors, plus a yet undetermined strange-quark
where the energy conserving function constrains the en-  contribution. Similarly, the axial-vector form factor consists
ergy of the outgoing neutrino tk’|=[k|+Eg~Ep. of a purely isovector contribution, which may be determined

What remains now is to provide an explicit form for the fom Gamow-Teller 5-decay rates, and a purely isoscalar
eight independent structure functions introduced in the pregtrange-quark contribution. It is the aim of this contribution

ceding section. It follows from Eq4) that the dynamical g explore the sensitivity of neutral-current neutrino-nucleus
information on the hadronic vertex is contained in the fol-scattering to the strange-quark contribution to the axial form

lowing matrix elementand its complex conjugafe factor. A detailed discussion of the weak neutral curf&at
R (32)] is given in Appendix A.
J¢=(p’,s";T«(P")|I*Q)|¥;(P)). (29 It is now possible, using Eq30), to explicitly calculate

the hadronic tensor defined in E@L1). Assuming that the
To obtain a tractable form for this extremely complicatedspin of the outgoing nucleon is not detected, the hadronic
object we rely on the approximations depicted in Fig. 3,tensor may be written as
which we now address in detail.
First, it is assumed that th#’ boson couples to a single

bound nucleon. This neglects two- and many-body compo- W= Z % [U(p",$)I (AU ()]
nents of the current operator. Second, it is assumed that the s
detected nucleon is the one to which the virtual boson X[Up', ) IQDU, m(Pm) T

couples to. This neglects two- and many-body rescattering
processes. Finally, we neglect final-state interactialistor-
tions) of the ejected nucleon. While many similar treatments
incorporate distortion effects on the ejectilsee, for ex- ~ .
ample, Ref[23] in the case of electron scatteringoncen-  whereJ"=+%(J")"P. The normalization used in Eq7) im-
trating on ratios of cross sections makes the formalisnplies that the standardon-shel) Feynman propagator is
largely insensitive to distortion effecfd4]. This will render  given by

= TH3#(@)Su(PmI(@Sp")]. (33)
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p+M
2Ep7

Sp') = 2 Up' sHUp'.s) = (34)

S

Moreover, it has been shown in R¢24] that the following

simple identity is valid even in the case of a bound-state

spinor:

SuP) = 2 Up (DU r(P) = (2] + (P, + M,). (35)

Note that in the above equation for the “bound-state” propa-
gator mass-, energy-, and momentum-like quantities have

been introduced. These are given by

M, = (%)[gi(p) - 2(p)], (363
E,= (%)[gﬁm + ()], (36b)
' ~
Py = (;)[ZQQ(p)fa(p)p], (360
and satisfy the “on-shell relation”
p,=EZ-p;=M2. (37)

It now follows from Egs.(34) and (35) that the hadronic
tensor may be written in the following simple form:

2j+1
WY =
2E

)Tr[fw(q)(w M@’ +M)].
»
(38)
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d26/dE d(cos o) (fm?/MeV)

1.6x107°

0.0x10°

T, (Mev)

FIG. 4. Double differential cross sectiafo/dEd(cosa) as a
function of the outgoing proton laboratory kinetic enerGy and
laboratory scattering angle. The calculation shown is for proton
knockout from the p®? orbital of 1°C at an incident neutrino en-
ergy of 150 MeV.

Ill. RESULTS

In Ref. [16] the strange-quark content of the nucleon was
studied via neutrino-nucleus scattering by using a relativistic
Fermi-gas model of the target nucleus. This amounts to av-
eraging the free neutrino-nucleon cross section over a sharp
momentum distribution for the struck nucleon. In this work
we improve on the above description by employing bound-
nucleon wave functions obtained from a relativistic mean-
field approximation to the accurately calibrated NL3 model
of Ref. [21]. This choice is motivated by the enormous suc-
cess of the NL3 parametrization in reproducing ground-state
properties(such as binding energies, charge radii, energy
separations, etg.of a variety of nuclei all throughout the
periodic table. To quantify the impact of this improvement

The fact that the hadronic tensor may be expressed as a tragg, gisplay in Figs. 4—6 the double-differential cross section

over Dirac matrices, despite the presence of the bound-stafe

wave function, greatly simplifies the calculation. It is impor-
tant to note, however, that this enormous simplification
would have been lost if distortion effects would have bee
incorporated in the propagation of the emitted nucleon. Th

emphasis on computing ratios of cross sections is the mai

justification behind this simplification. We now obtain
2j+1
2E,

W ( )[Vvlg“” +Wa(p'#pl + pp’”) + Wa(qpL,

+pig”) + Wy(gp'” + p'g") + Weg“q”
+ VVGEMVO—}\pa,a'p),\ + \7\/76#1}0—)\ pa,oq}\ + WSG#VU)\p:Tq)\] .
(39

All components of the hadronic tensor are given in terms of
relatively simple expressions that have been collected in Ap-
pendix B. These model-dependent structure functions may

be related to the model-independent ofe=e Eqs(20a and

o/dEyd(cosa) as a function of the ejectile nucleon ki-
netic energyT, and its scattering angle in the laboratory
frame. The incident neutrino energy has been fixed in these
lots at 150, 500, and 1000 MeV, respectively. For illustra-
ri1on purposes the strange-quark contribution to the axial-

d26/dE d(cos o) (fmZMeV)

1.6x10"°

0.0x10°

0

(20b)] as has been shown in Appendix B. This concludes the F|G. 5. Double differential cross sectiaffo/dEd(cosa) as a

formalism for neutral-current neutrino-nucleus scattering
The explicit forms of the structure functions given in Appen-

function of the outgoing proton laboratory kinetic enerGy and
laboratory scattering angle. The calculation shown is for proton

dix B can now be used to evaluate the differential crossknockout from the p*2 orbital of 12C at an incident neutrino en-

section defined in E¢298).

03550

ergy of 500 MeV.
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oPIdE dicos o (fme/MeV) S orbital while the dashed line from the¥? orbital of 1°C; the
solid line displays their sum. As before, calculations are
shown for incident neutrino energies of 150, 500, and
1000 MeV, respectively. For these two figures=0. The
cross sections at 150 MeV correspond to those shown in
Figs. 4 and 5 of Ref.16]. It has been shown in RdfL6] that
binding-energy correctiongat 150 Me\j reduce the cross
sections relative to their free Fermi-gas values by about 40%.
Our cross section@lready summed over both occupied or-
bitals) are reduced even further. Note that while an average
binding energy of 27 MeV has been used in Réf], our
calculations include binding energies computed exactly
within a mean-field approach. At the higher energies of 500
FIG. 6. Double differential cross sectiaffo/dEdcose) as a and 1000 MeV the cross sections display the same general
function of the outgoing proton laboratory kinetic eneffyand  trend as the one for 150 MeV, namely, a peak at a low value
laboratory scattering angle. The calculation shown is for proton of T, and a “smooth” falloff with increasing,,.
knockout from the p®? orbital of 1°C at an incident neutrino en- In Figs. 9 and 10 we examine the impact of a strange-
ergy of 1000 MeV. quark contributiongy to the axial form factor on the cross
section. Following the discussions in Reff3,15,16 a value
vector form factorgy has been neglected and only proton of g8 =-0.19 is adopted henceforth. Further, in all cases pre-
knockout from the p*2 orbital of **C is considered. sented here strange-quark contributions to the weak vector
For the lowest energy neutrinos the cross section displaygrm factors are ignored. The solid and dashed lines corre-
a single well developed peak at loW, that monotonically  spond to a zero and a nonzero valuegif respectively. In
decreases with increasing scattering angte For E, both figures we have summed over th&/d and the p®2
=500 MeV, our Fig. 5 may be compared directly to Fig. 1 of grpjtals of12C. Because of the dominance of the axial-vector
Horowitz and coIIgborator{slG]. In pa_rtlcular, for a scatter- form factor (see discussion belgwa nonzero value of}
ing angle ofa=20°, our calculatiorithird curve along ther  jcreases the cross section for proton knockout, whereas for
direction also exhibits the characteristic double-humpedneytron knockout the cross section is decreased. These find-
structure. For larger values af the peaks merge into one ings are consistent with those of Ref6,19.
and the cross section develops a shape similar to thef,of ~ “Next we investigate the role of the various single-nucleon
=150 MeV. Yet, an important difference between the tWofoym factors in the calculation of the differential cross sec-
sets of calculations is that our cross section does not develagyn. For this case we restrict ourselves to proton knockout
the sharp features displayed at small angles in Rdi. This  fom the %2 orbital of 12C. As before, we consider incident
is due to the more realistic momentum distributions used itheytrino energies of 150, 500, and 1000 MeV. The results
our calculations. are shown in Fig. 11.

Next, we produce angle-integrated cross sections as a o . ~
function of T,.. Figures 7 and 8 display cross sections for the In~th|s figure the solid line corresponds to the~ca@g

knockout of protons and neutrons, respectively. The long# 0:F1#0, andF;#0), the dashed line t¢G,#0,F,=0,
dash-short-dashed line represents knockout from #i& 1 and F,=0), the long-dash-short-dashed line ®,+0,F;

2.0x10°"°

0.0x10°

N
Q

E, = 150 MeV
proton knockout
3/2 + 1S|/2

-
w
T

—=—1p

FIG. 7. Differential cross sectiodo/dE as a
function of the outgoing proton laboratory kinetic
energy T,. The dashed and long-dashed-short-

da/dE (107 fm>/MeV)
3 a

] 20 40 60 80 100 dashed lines are for proton knockout from the
T, (MeV) 1p®2 and 112 orbitals of 1°C, respectively; the

25 ' ' ' 30 ' ' : solid line represents their sum. The incident neu-
20 Ec = 500 Mev. 1 o B = 1000 MeV trino energy is taken to b&,=150, 500, and

proton knockout proton knockout

1000 MeV. The contribution of the strange-quark
to the axial-vector form factofgy) has been ne-
glected.

3/2 2 .
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do/dE (107" fm"/MeV)

=0, andE2¢0), and the dash-dotted line (ESA:O,Eﬁo,

andF, # 0). It is observed for all energies that the calculation
taking into account only the axial-vector form factoiashed

25 T T T T
N E, = 150 MeV
2 neutron knockout E
o
c ]
£
-
1
o b
w
W ]
~
o
]

100
T T T T T
E, = 500 MeV 4 E, = 1000 MeV

neutron knockout

200 300

neutron knockout
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FIG. 8. Differential cross sectiodo/dE as a
function of the outgoing neutron laboratory ki-
netic energyT,. The dashed and long-dashed—
short-dashed lines are for neutron knockout from
the 1p%2 and 152 orbitals of 12C, respectively;
the solid line represents their sum. The incident
neutrino energy is taken to g =150, 500, and
1000 MeV. The contribution of the strange-quark
to the axial-vector form factofgy) has been ne-
glected.

when it is set to zero, the cross section becomes vanishingly
small (dash-dotted ling This behavior is important as it in-
creases the sensitivity of the reaction to the strange quark

line) is larger than when all three form factors are includedcontribution to the axial form factor. Indeed, B =F,=0,

(solid line). The inclusion of onIyGA and F2 (long-dash—
short-dashed linegive results virtually identical to the full
calculation(solid Iine) This illustrates that the effect of the

Dirac form factorFl is very small. This statement was veri-

fied by comparmg(GAa&O F1 0,

and F2 0) where it was found that the re-
sults coincide almost entlrely The same is true when com-

paring (GA—O Fl 0, andFZ;é 0) to (GA—O F1¢0 andF2

#0.F,#0,

and F2 0) to( A

the differential cross section becomes proportional to the
square of the axial-vector form factor which, @=0, is
given by (see Appendix A

GA(Q@=0)=(ga- 02?2 =[02 + (g2)° - 20x05].  (40)

The sensitivity to the strange form factor comes about
through the interference term.

An important problem encountered in the previgasd
most of the earligranalysis is the dependence of the cross

#0). For all energies we observe the dominant role playedection on distortion effects, that is, on the final-state inter-
by the axial-vector form factoGA. The dominance of the actions between the ejectile nucleon and the residual nucleus
axial-vector form factor is further illustrated by the fact that[17,19. In an effort to circumvent this problem, the authors

do/dE (107° fm?/MeV)

S
o

(2]
[

N
~

—-
-3

o]

o

40 T T T T
3 3n2f E, = 150 Mev 1
-
E 24 | proton knockout
b
Q 16 3
5
~ 8 E
%)
o
0
100
Fr E, = 500 MeV 1 32 ;\ E, = 1000 MeV
] proton knockout \ proton knockout

160 240 320
T, (MeV)

O 1 1
400 0 160 320 480 640

T, (MeV)

035501-8

FIG. 9. Effect of a strange-quark contribution
(of ga=-0.19 to the axial-vector form factor on
the differential cross sectiotio/dE as a function
of the laboratory kinetic energy, of the outgo-
ing proton. The solid and dashed lines correspond
to a zero and a nonzero value gy, respectively.

In this figure we have summed over thg“4 and
1p32 orbitals of 12C.
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o]

E, = 150 MeV 1
neutron knockout

'S
T

w
T
1

N

FIG. 10. Effect of a strange-quark contribu-
tion (of g4=-0.19 to the axial-vector form factor
on the differential cross sectiat/dE as a func-
tion of the laboratory kinetic energ¥, of the
outgoing neutron. The solid and dashed lines cor-
respond to a zero and a nonzero valuegRfre-

B¢ = 1000 Mev 7 spectively. In this figure we have summed over
neutron knockout the 151/2 and Jp3’2 orbitals of12C.

do/dE (107° fm’/MeV)

4k E, = 500 MeV 1 4
neutron knockout

do/dE (107" fm*/MeV)

=

0 1 1 - L O 1 1
0 80 160 240 320 400 O 160 320 480 640 800

of Ref. [19] proposed to measure the ratio of quasielastidhan the cross sections themselves, should be less sensitive to
proton yield to quasielastic neutron yield, rather than thedistortion effects. Indeed, in the model of R§1L6] it was
absolute cross section. Focusing on the ratio of cross sectiosfiown that the ratio of cross sections was insensitive to dis-
proves to be advantageous for a number of reasons. For etortion effects. Hence, we conclude this section by displaying
ample, the calculation of the angle-integrated cross section im Fig. 12 the ratio of cross sections for protons over that for
Ref. [16] is particularly sensitive to binding-energy correc- neutrons. While for the lowest value of the neutrino energy
tions: both proton and neutron knockout cross sections ar€l50 MeV) the ratio remains fairly constant, a significant
quenched by almost 40% relative to the free Fermi-gas estdependence on the outgoing nucleon kinetic enefgyis
mate. Unfortunately, a strange-quark contribution to theobserved for the other two cases. How sensitive this depen-
axial-vector form factor of the neutron also reduces the crosdence is to the high-momentum components in the nuclear
section by nearly 40%. Hence, it might be difficult to sepa-wave function(induced, for example, by short-range corre-
rate nuclear-binding effects from a genuine strange-quarkations remains an important open question.
contribution. (We reiterate that, while it remains advanta-

geous to reduce the sensitivity of the reaction to nuclear- IV. SUMMARY AND CONCLUSIONS

structure effects, the merit of our calculation is that it incor-

porates realistic binding energies and momentum Neutral-current neutrino-nucleus cross sections have been
distributions) Further, while distortion effects modify the computed in a relativistic plane-wave impulse approxima-
cross section, they often do so without a significant redistrition. The aim of this contribution was to examine the sensi-
bution of strength. Thus the ratio of cross sections, rathetivity of the reaction to the strange-quark contribution to the

20 T T T T

% ok E, = 150 MeV ]
E 7N proton knockout
o roN
%
=) ]
5
> 7 FIG. 11. Effect of the single-nucleon form
© factors on the differential cross sectida/dE as
) S A ) > >
0 20 40 60 80 100 a function of the laboratory kinetic enerdy, of
T, (MeV) the outgoing proton. The calculation shown is for
20— ' ' ' 20 ' C M 000 Mlv proton knockout from only the @2 orbital of
E AR E, = 500 MeV N :ot_on knockz . 12C at incident neutrino energies of 150, 500, and
= proton knockout B P v ] 1000 MeV. Explanation for the various lines is
E given in the text.
" ]
2
5 ]
<
b
0 200 400 600 800
Ts (MeV)
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25 T T r r
E, = 150 MeV

20 F —

c —
o g = —019

= 15— 1
o]
it 1.0 '//_——/.—’—’_’_:
n? g = 0.0

05 | .

0.0 FIG. 12. Ratio of cross sections for protons

over that for neutrons as a function of the labora-

T, (MeV L .
4.0 y T T y » ( 10 ) . , , , tory kinetic energyT, of the outgoing nucleon.
E =500 My LT > E = 1000 Mev ™\ Cross sections include contributions from the
I < N1 8F T ¢ S 152 and %2 orbitals of 1C.
s
gl kb S =0 N 1 ot / \
o V. \ = /
\ g = 019 Y
o e \ /
= 16 F - p 4 F / 1
Dc/_, —/// // g ® = 0.0
08 [ g’ =00 2 F T A ]
O'O 1 1 1 1 0 1 1 1 1
0 80 160 240 320 400 O 160 320 480 640 800
T, (MeV) T, (MeV)

axial-vector form factor of the nucleon. This was done, in In summary, the sensitivity of neutral-current neutrino-
part, in response to the FINeSE initiative. In this work wenucleus scattering to the strange-quark content of the axial-
have followed closely the seminal contributions made to this,ector form factor of the nucleon was examined. A model-
subject by various groupgl6,19,2Q. In addition, nuclear- jndependent formalism based on a set of eight nuclear-
structure effects are incorporated through an accurately calisi cture functions was developed. On account of both, the

brated relativistic mean-field model. Thus, accurate binding, .01 of a bound-state nucleon propagator and the insensi-

Slr:)(;rgées and nucleon momentum distributions were emt_ivity of the ratio of proton-to-neutron yields to distortion

Our results indicate significant quantitative, although mi-&ffécts, we computed all nuclear-structure functions in closed
nor qualitative, changes with respect to the relativistic Fermiform. Adopting a value for strange-quark contribution to the
gas model of Horowitz and collaboratofs6]. First, double ~ axial-vector form factor of the nucleon gf=-0.19, led to a
differential cross sections displaying sharp features due to 8ignificant enhancement in the proton-to-neutron yields rela-
discontinuougFermi-gag momentum distribution get soften tive to one in which the strange-quark contribution was ne-
by our choice of mean-field wave functions. However, mostglected. As the axial masM, and g3 are known to be
of the sharp features of the Fermi-gas cross section disappesirongly correlated, constraining furthbt, may help vali-
as soon as one integrates over the scattering angle of tltate this result. Finally, an observable slightly less sensitive
ejected nucleon. At this point the shape of the cross sectioto gi than the one presented, yet more readily accessible
becomes largely insensitive to the choice of momentum disexperimentally, is the ratio of neutrdl,»’p) to charged
tribution. Not so its magnitude. Low energy cross sectiong v, up) neutrino-nucleus scattering. Work along these lines is
with binding-energy corrections included in an average wayhow in progress.
were shown to be reduced by 40% relative to the correspond-
ing free Fermi-gas estimatg46]. The cross sections re-
ported here, computed with binding energies obtained from a
relativistic mean-field model, yield even smaller cross sec- ACKNOWLEDGMENTS
tions.

In order to reduce the sensitivity of the strange-quark con- B | 5.v.d.v gratefully acknowledges the financial support
tent of the nucleon to nuclear-structure effects, while at theyf the University of Stellenbosch and the National Research
same time eliminating the need for an absolute normalizatiofrgyndation of South Africa. This material is based upon
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energy corrections, which were responsible for the large

(40%) reduction of the absolute cross section, become barely

visible in the cross-section ratid6]. In our case the insen-

sitivity to final-state interactions entailed an enormous sim- APPENDIX A: HADRONIC WEAK-NEUTRAL CURRENT
plification: by introducing the notion of a bound-nucleon  Neutral-current vector and axial-vector matrix elements
propagator we have exploited Feynman'’s trace techniques teetween on-shell nucleon states can be parametrized on gen-
develop closed-form, analytic expressions for the cross se@ral grounds in terms of four form factors in the following
tion. form:
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~ . ~ n 1 _

(N(p’,8)I(O)N(p,9)) = U(p’.S’){Fl(Qz) Vu FI(Q) = (%)GB(QZ),

+HF Q) T }U(p S), (ASb)
An(1+

(Ala) FO(QY) = (%)GE(QZ),

(N(p'8)|TEOIN(P.9) ﬂphs’)[@(@% Y G(Q)=0:G8(Q), GF(Q)=giGA(Q), (ASO)
where a dipole form factor of the following form is assumed:
! éP(QZ)%/IE} 7sUp.9). GYQ)=(L+QIMZ)?=(1+49%)2,  (A6a)
(Alb)

GH(@)=(1+Q¥MI2=(1+3.31)72, (A6b)
The vector current may be decomposed in terms of isoscalar

and isovector electromagnetic contributions plus an explicit 7=(1+5.607%, 7=Q%(4M?). (A6C)
strange-quark contribution, which is assumed isoscalar
Similarly, the axial-vector current may be related to the iso-
vector current measured in neutr@rdecay plus an isoscalar

I'—' inally, for reference we dlsplay the value of the various
nucleon form factors af?=0

strange-quark contribution. That is, F(l”)(O) =1, F(lm(o) =0, |:<ls)(o) =0, (A7a)
INC_ (5 _ pe EM T — 4\ _ e TEM T — A =

J°= (2 = 4sirtoy) I (T = 1) - 4sirt 6, J5"(T = 0) - sy,5, FP0) =)= +1.79, FP(0)=A,=-101, FP(0)=

(A2a) (A7b)

IE==-2A,(T=1) +Sy,yss. (A2b) GR(0)=ga= +1.26, GP(0)=gi.  (A70)

This decomposition enables one to express the two vector
and the one axial-vector form factors in the following form:
~ ) (B2 () ~2 O 2 APPENDIX B: HADRONIC TENSOR IN A RPWIA
Fi(Q%) = (1 - 4sirfa)FP(Q?) - F™(Q%) - F¥(Q?) The hadronic tensor computed in a relativistic plane-wave
for protons, (A3a)  impulse approximationRPWIA) has been written in Eg.
(39) in terms of eight structure functions. These are given by
the following simple forms:

F(Q) = (1 - 4sirtay ) F"(@) - FP(Q) - FO(@)
=2
forneuttons (ASD) W, = 4FH(MM,, = p, - p') + %[(MMQ +pg - P
and

_ - 2(p, - 9)(p' - )] - 4GA(MM,, +p, - p")
Ga(Q) = +G(Q) -G (Q? for protons, (Ada)

4F,F
5 + =L M, = (P, OM], (B1a)
Ga(Q) =-GR(Q) - G(Q?) for neutrons.
(A4b) . L .
_ o W2:4(F%+Gi)—F§<—2), (B1b)
Note that becausénasslessneutrino scattering is insensi- M
tive to the induced pseudoscalar form fac@y, it has been
|gnoreq th_roughout this work. In what fpllows, stan_dard pa- \7\/3: F2 p'-q + 2F1F2, (B10)
rametrizations of the electromagnetic and axial-vector M?2
nucleon form factors are employed. In particular, we follow
the conventions adopted in R¢6]. These are given by ~ (P, q -~ (M
4= F%( s ) - 2F1F2(_a>, (B1d)
02 < [ LN ) v o2 M M
Fl (Q): 1+ GD(Q)!
T ~
~ F
(A53) Ws == =5(MM,,+p, - p'), (Ble
F(p) 2 ( )GV 2 - .
@)= o(@), W, = 8iF G, (B1f)
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\7\/7 = 4iE26A,

=il Mo JFS
8~ M 2%A:-

(Blg)

(B1h)

Our final task consists in relating the structure functions

in the general model-independent expansiol\f given in
Egs. (209 and (20b), to the model-dependent ones given

above. This is done by noting that in the laboratory frame

one can write
P, =aP“+b(p'#-g"), (B2

where thea andb coefficients are defined as follows:

1
Cife bic) ol
Ma Pl

Substitution of Eq(B3) into Eq. (39) allows us to identify
the contribution of W, to each of the structure functions.
These are given by

(2,

a (B3)

[

2j+1
2E,

=

(B4a)

PHYSICAL REVIEW C69, 035501(2004)

W, = (22‘:;,1>(2b\7v2), (B4b)

W, = ( ZjE-:),1>(a\7V2)’ (B4o)

W= (ZZJE: -ty (B4

Wi, = (%)(— bW — bW, — W), (B4e)
Wis= (sz??)(— awg). (B4f)

Note that the model predici&/;=W,,=0. Moreover, as was
mentioned previously(massless neutrino scattering is in-
sensitive to the following five structure functionésb, Ws,
Ws, Wg, and W,
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