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Abstract

Semi-inclusive charge-changing neutrino reactions on targets of heavy water are investigated
with the goal of determining the relative contributions to the total cross section of deuterium and
oxygen in kinematics chosen to emphasize the former. The study is undertaken for conditions where
the typical neutrino beam energies are in the few GeV region, and hence relativistic modeling is
essential. For this, the previous relativistic approach for the deuteron is employed, together with
a spectral function approach for the case of oxygen. Upon optimizing the kinematics of the final-
state particles assumed to be detected (typically a muon and a proton) it is shown that the oxygen
contribution to the total cross section is suppressed by roughly an order of magnitude compared
with the deuterium cross section, thereby confirming that CCv studies of heavy water can effectively
yield the cross sections for deuterium, with acceptable backgrounds from oxygen. This opens the
possibility of using deuterium to determine the incident neutrino flux distribution, to have it serve
as a target for which the nuclear structure issues are minimal, and possibly to use deuterium
to provide improved knowledge of specific aspects of hadronic structure, such as to explore the

momentum transfer dependence of the isovector axial-vector form factor of the nucleon.

PACS numbers: 25.30.Pt, 12.15.Ji, 13.15.4g, 21.45.Bc¢



I. INTRODUCTION

In two recent studies the subject of semi-inclusive charge-changing neutrino (CCv) re-
actions with nuclei [I] and application to the special case of deuterium [2] were presented.
Analogous to the semi-inclusive reaction (e, €’x) where one assumes that the scattered elec-
tron and some particle z are detected in coincidence, in the weak interaction case one
considers reactions of the type (v, ¢~ z) and (7, £Tx). These involve incident neutrinos or
anti-neutrinos of specific flavor (¢ = e, p or 7) together with coincident detection of the
corresponding charged leptons and some particle x. In the present work we shall focus on
nucleons ejected from the nucleus, and hence x = N, where N = p or n. Note that in
the nuclear case the “natural” type of nucleon may not be the one of interest, whereas for
a single-nucleon target and when no other particle is produced other that the final-state
nucleon (i.e., no pion production, kaon production, etc.) charge conservation forces the
final-state nucleon to be only of one type. Namely, in this latter case one only has reactions
of the type vy +n — ¢~ +p and 7, + p — £T + n. In the present work we shall specialize
still further and consider only incident neutrinos, final-state negative leptons and emission
of protons (z = p). For completeness in defining the terminology commonly being used, we
note that reactions where only the final-state leptons are detected, such as (e, €’), (v, ¢7) or

(g, £7), are called inclusive reactions.

As has become quite clear in recent years, the typical high-energy neutrino beams used
in studies of neutrino oscillations, typically at neutrino energies of around a GeV to tens
of GeV, E,, have rather broad spreads in energy. These experiments use detectors which
measure CCv reactions from a variety of nuclei and extraction of the incident neutrino energy
then depends upon either measurement of three-particle final states [3] or on the use nuclear
models and formulas for reconstructing the neutrinos energy from inclusive scattering cross
sections [4]. The second approach, which is most commonly in use, requires models of the
inclusive reaction and use of event generators including only simple models of the inclusive
reaction. This introduces model dependence into the extraction of the incident neutrino
energy F, and therefore also into the distance over energy ratio L/F, that enters in the
standard oscillation expressions. However, as discussed in [2], deuterium provides, at least
in principle, an exception to the typical case of heavier nuclei. Namely, once so-called “no-

ion” events are isolated, all that can occur for the case of incident neutrinos is the reaction
)



vy +2H— ¢~ + p+ p. Upon detecting two of the three particles in the final state and
knowing the direction of the incident neutrino the neutrino’s energy can be reconstructed
using nothing beyond the kinematics of the reaction. This indeed was used in the original
bubble chamber experiments to extract the axial form factor (see [5] and references therein.)
In [2] a specific relativistic model for the deuterium ground state and final NN scattering
state was employed to model this reaction; in the present study we use the same model for
the A = 2 states and the required electroweak current matrix elements.

This said, there are still practical issues of which to be aware. Namely, making very
large target/detectors of hydrogen or deuterium is problematical because of the safety is-
sues involved and the difficulty of providing very large amounts of these nuclei. Using
target/detectors of something involving large fractions of deuterium together with other
light nuclei, such as heavy water (D,O) or deuterated methane (CD,), might alleviate the
safety issue and could provide practical amounts of deuterium, although having other nuclei
such as oxygen or carbon present will introduce greater complexity to the analysis of the
data. In this study we have focused on a specific case to explore how such mixed nuclear
cases behave; specifically, here we consider the case of 2H,'%0. The goal is to take what
we have already done for deuterium, add model results for CCr semi-inclusive reactions on
160 and determine whether this approach can potentially be used as an alternative to the
methods currently in use. One expects the deuteron events to be very peaked and to occur
in a different part of the kinematic space involved from the oxygen events, and, as well, the
oxygen events to be much more spread in the appropriate kinematic variables so that the
ratio of deuterium to oxygen becomes quite favorable. Indeed, we shall show that this is the
case.

We will be drawing on our previous study of semi-inclusive CCv reactions in [I] to high-
light and quantify the differences of deuterium and a more typical nucleus such as oxygen
(here the nucleus could be chosen to be carbon or any other relatively light nucleus). As a
specific model for the oxygen case we employ the spectral function approach of [6, [7]. The
goal will be to optimize the selection of semi-inclusive events for the case of deuterium and
then see what emerges for the “background” from the oxygen events.

The paper is organized as follows. In Sect. [lI| we summarize the necessary formalism for
the semi-inclusive CCr reaction, taking as a basis the previous study reported in [1], and

include some of the relevant formalism needed to inter-relate the experimental “lab frame”
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FIG. 1. (color online) Feynman diagram for semi-inclusive charge-changing neutrino reactions
involving a target nucleus with nucleon number A with emission and detection of a nucleon with
four-momentum P4 together with detection of a final-state charged lepton with four-momentum

K'H

to the so-called “g-frame”. In Sect. [[T]] we specialize the results of the previous section to
the case of deuterium to make very clear the advantage provided by this particular nucleus.
We do not repeat the discussion of the formalism for the dynamics and currents involved
in the deuterium case, since these have been reported in [2]. For the case of oxygen we
present the required formalism in the context of the spectral function in Sect. [[V] following
which we employ the two models discussed above to obtain typical results for heavy water
and present these in Sect. [V] In Sect. we offer our conclusions, while in the Appendix
we collect expressions for the off-shell single-nucleon response functions employed for the

oxygen spectral function case.

II. SEMI-INCLUSIVE CROSS SECTION

Semi-inclusive CCr scattering is represented by the Feynman diagram shown in Fig. [1]

where Q" is the four-momentum of the W-boson,
K" = (e, k) (1)
is the incident lepton four-momentum and

K" = (', k') (2)
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is the four-momentum of the lepton in the final state, where ¢ = Vk2+m? and ¢/ =
V k'* +m'? are the energies of the incident and final leptons with respective masses m and

m/. Then the four-momentum transfer is
Q' =K'—-K"=(e—-¢ k—K)=(w,q). (3)

The four-momentum of the target nucleus with nucleon number A can be written in its rest
frame as

P! = (My,0). (4)

The four-momentum of the detected nucleon is

PJF\LI = (EN,pN) ) (5)

where my is the nucleon mass, Ey = \/p3 + m% and the four-momentum of the residual

P,/Z_1 = (\/P%erfx_ppm) (6)

with the invariant mass W_;.

A — 1 system is

The energy of an incoming neutrino can be determined by measuring the three-momenta
of the outgoing charged lepton, which we take to be a muon in what follows (although clearly
the e or 7 cases can also be considered), and nucleon, corresponding to kinematics B of [I].

In this case the four-fold differential cross section in the laboratory frame is then

do G? cos? O.muy k> pi Wa_y

d°pu,
dk‘lko/dedQ% N 2(277)5]55/EN / /p?n + W,E\—l

X (54(K+PA—K/—PN—PA_1)

G? cos? O.muy k> pi Wa_y / A pr
2(27’(’)5]65/EN /p%n + Wifl
X(5(€+MA—€,_EN_\/pgn+W£_1>5<k_k/_pN_pm)a (7)

where G is the weak interaction coupling constant and 6. is the Cabibbo mixing angle.

M WH

N WH

Defining
EB:8/—|—EN—MA (8)

and

ps =K +py, (9)
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the cross section becomes

do ~ G?cos? Oemn k> p2 Wa_y / W
A A dpydQ — 2(2n)5ke By 2 1”“”
X 0(e — Eg — /p2, + W2_)6(k — pp + pm)
~ G?cos? Ok piWa_s 1 D W
2(27T)5]{?€/EN \/(pB _ k)Q + Wifl "
X 8(e = Ep = \/(p5 — k)2 + W3_,). (10)

Using the remaining d-function, the incident neutrino momentum and energy are given by

1
ko = — (XBpBCOS(gB—FEB\/X%—'—m%LB) (11)
ap

and
g0 = é <EBXB —|—p3c0863\/X123+m2aB> , (12)
where
Xp =5 (0h — By + Wiy —m?) (13)
and
ap = pycos’ g — E%. (14)

The energy-conserving d-function can be rewritten as

50\/(173 —k)2+ W3,

_ _ AV 2 _ -
5(8 EB \/(pB k) + WA—I) = % n m2aB (5(1{: k?o) . (15)
The cross section then becomes
2 2 12_ 2
do _ G* cos® 0.myk gpNWA_lvo}"ié(k k), (16)

dk'dQdp3dQ% — 2(2m)5ke Ex/X5 + m2ag

where F = 1, W* /vy with vy = (¢ +€')* — ¢*. The resulting response may be written

F2 Voo(wbb® + witD) 4 200 (why @ + witD) 4 Vo (why @ 4 wit®)
+ VT(w;/V(I) + w?A(I))
+ Ve [(wpy  + wff D) cos 26y + (wiy 7+ wff) sin 20, |
AA(I) VV(II) AA(IT)

+ Vi [(U’;(‘J/U) +wpe ') cos oy + (wpe T+ wpe ) sin ¢N)}

+ Vg, [(wry ) + wi ) cos o+ (wiy I+ wi0) sin o |



+ X VT/UJ¥,A(I) + VTC” (w¥g,(1) sin QbN + wj‘fg/(ll) COS ¢N)

+Vrp (wgf/m sin gy + wgﬁ(m Cos N )] (17)

with
—1 for neutrinos
X = : (18)

1 for antineutrinos

The kinematic functions V,, and response functions w;'- are as defined in [I] with the explicit
dependence on azimuthal angle ¢ defined in the ¢-fixed frame. Response functions labeled
by the superscript (/1) vanish in the plane-wave limit.

If the neutrino momentum distribution normalized to unity is designated as P(k), the

cross section weighted by this distribution is then given by
< do > _ /°° " G? cos? O.muk'*e p2Wa_y
dk'duy dpndQ; o 2(21)%ke’En~/X3 4+ m2ap

G? cos? Ok e pi Wa

08 ZINT 0PN AL 22 p(ky). (19)

- 2(277')5]{305/EN\/ X% + mQaB

Next it is useful to inter-relate the variables in the laboratory frame shown in Fig. [2] to

v F25(k — ko) P(k)

those in the so-called ¢-system shown in Fig. [3, We have the following identities relating

the angles in the two systems:

cos Oy = cos 0% cos f, — cos ¢k sin 0% sin 0, (20)

sinfy =+/1 — cos? fy (21)

cos X sin 0% cos 0, + cos 6% sin 6,

= 22
cos g sin O (22)
. L . eL
sin gy = RO SOy (23)
sin O
and the inverse relations are given by
cos 0% = cos O cos 6, + cos ¢ sin Oy sin 0, (24)

sin 0y =1/1 — cos2 0% (25)

cos ¢ sin Oy cos 8, + cos O sin b, (26)

L
cos O = ;
N sin 6%

R
sin ¢ —SILov SOy (27)

sin 6%
Note that as the neutrino energy changes, even for fixed directions for the outgoing muon

and nucleon, the direction of the momentum transfer also changes, and, therefore, through
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FIG. 2. (color online) Semi-inclusive (v, p) CCr reaction in the laboratory frame. Here the
incident neutrino with three-momentum k is along the 3’ direction, the neutrino and the final-state
muon with three-momentum k' lie in the 1’-3’ plane and the normal to the plane defines the 2’
direction. The outgoing nucleon (here a proton) has three-momentum py and is traveling in the

direction characterized by polar angle 9]LV and azimuthal angle qb]LV in the lab system, as shown.

these relationships, the polar and azimuthal angles in the g-system also change. The lab
system is relevant when experimental issues are being considered; however, the g-system
with the 3-direction along the momentum of the exchanged boson has special symmetries
that are masked in the lab system.

Here, we want to express the cross section in lab frame. This can be done by using
Egs. and to replace the azimuthal angular dependence in Eq. and by defining

the three-momenta

k= ki | (28)
k' =K (sin iy + cos Otz ) (29)

and
pN = pw (oS Py sin Oy @y + sin ¢ sin Oy + cos Oy Gy ) | (30)

where 6, is the lepton scattering angle. The unit vectors in the lab frame are @/, wy and

Uy, as shown in Fig. 2l The three-momentum transfer is

qg=k—FK (31)
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FIG. 3. (color online) Semi-inclusive (v, p) CCr reaction in the g-system. Here the three-

momentum transfer g defines the 3 direction, the neutrino and the final-state muon lie in the 1-3

plane and the normal to the plane defines the 2 direction. The outgoing nucleon (here a proton)

has three-momentum py and is traveling in the direction characterized by polar angle 6y and

azimuthal angle ¢y in the ¢g-system, as shown.

and its square is

¢ = k> + K* — 2kK cos 6.
The angle between k and g can be obtained from
k-q=kqcost, =k -k—k -k =k*—kk'cost,,
which can be solved to yield

k — k' cos 9,

cos b, =
q

Similarly we can use
k-pp=kppcosOp =k - (K +px) = (kk'cos + kpy cos 0%)

to obtain

ppcosfp = k' cos O + py cos 0% .
The remaining expressions needed to obtain the cross section in the lab frame are
ph =K%+ pd + 2K - py = K? + p + 2K'px (cos ¢k sin 0% sin 6, + cos 0% cos 6;)

10
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and

P2, =k +ph —2k-pp =k*>+p% — 2kpp cos O . (38)

As noted in [2], Eq. applies also to the case of exclusive scattering from the deuteron

by making the substitutions M, — My and Ws_1 — my.

ITII. DEUTERIUM

For the purpose of determining whether the deuterium cross section can be separated
from that of oxygen, we wish to choose kinematics which are optimal for the deuteron and
then use the values k' and py determined from the deuteron in calculating the semi-inclusive
scattering from oxygen.

To obtain the optimal kinematics for scattering from the deuteron we start with Man-

delstam s for the virtual W and the deuteron. This is given by

s=(P;+Q)?=(My+w)?—¢. (39)
The scaling variables [§]
(Mg +w)/s(s —4m%) ¢q
_ _ 4 4
Y 2s 2 (40)
and
Y=y+gq (41)

can be used to obtain limiting values for the magnitude of the missing momentum p,, as
Yyl < pm <Y (42)

Since the deuteron cross section behaves roughly as the deuteron momentum distribution
n(pm), which peaks at p,, = 0, the cross section can be optimized by choosing kinematics

such that y = 0. Solving this for the incident neutrino energy yields

1
2 [(6’ — My +my)? —k? cos2(91)]

—4e' (Mg — my) (—m2 + M3 — 2Mgmy + m’2) + 2K m? cos(20,) + m* — 2m>M?

g0 = {Ck’ cos(6;) [—25'2 (m* —2(My — my)?)

NI

+MﬁNMnN—Mﬁm%+Aﬁ—4M§mrkﬂﬁm%+2Mﬁﬂ%ﬂM@mNmﬂ+m{

26 My + 2% mpy + em? + 3’ M3 — 66’ Mymy + 2&'m3, + e'm'® — mEMy + m>*my

11



— M3+ 3M2my — 2Mym3, — Mym/* + mNm’z} : (43)

where
—1 for 9, <

1 for 91 >

Il
ISIERNTE]
—~
S
N
N——

Four-momentum conservation for the deuteron requires that

0 =My +w— \/pk +mi — \/p2, + m% (45)

0=q — pn + P - (46)

Using Eq. the square of the detected nucleon momentum is

2
Py = (Md+w —\/Ph +m?v) —my . (47)

Using Eq. ,

Pm =4 — PN, (48)
yields
P = ¢ + Dy — 2pNg cos Oy . (49)
Solving this for cosfy gives
cosfy = w : (50)
2pNg

By specifying £/, 6;, ¢ and using Eqs. and , the lab frame angles are then given by
Eqgs. , , and . This provides a complete set of input variables to evaluate
the deuteron and oxygen cross sections. Note that Eq. results in a correlation of the
values of py and cos 0%.
All of the conditions required by these constrained kinematics can only be satisfied by
limiting
LM ) for — k' < & = My my < W

cos™! ( 4
0<6, <
T for e/ — My +my < —F

(51)

The deuterium matrix elements needed to construct the cross section are described in [2].

IV. SPECTRAL FUNCTION

For this work we estimate the oxygen semi-inclusive cross sections using a factorized

spectral function model. The current matrix element for this model can be written as

(PNsSN; Pa1,54-1|J*(q)| Pa,sa) = w(Pn, SN)ad"(Q)av Y (Pa—1,54-1; Pa,54)be,  (52)

12
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FIG. 4. (color online) Feynman diagram for a factorized approximation to the semi-inclusive

charge-changing neutrino reaction illustrated for the general case in Fig. 1.

where sy, s4 and sy_1 are the spins of the ejected proton, target nucleus and residual
system, respectively, and W(Ps_1,Sa_1; Pa, Sa) represents a three-point function with the A
line truncated. The Dirac indices are explicitly indicated. The nuclear response tensor is

then given by

W = Z Z Z w(pN, SN)ad" (@) ap ¥V (Pa—1,5a-1; Pa, S4)be

SN SA SA-1

X W(Py_1,84-1; Pa,54)cad" (—q)act(Pn, SN )e

1
= Z u(pn, SN)aJV(q)ab§A+(pm)bds(pma Ep) J*(=q)acu(Pn, SN )e

1
:8_7rTr [J*(—q)A* (pn) T (@) AT (D)) S (P, Ein)

1
:ngV(PA - PA—17 Q)S(pma Em) ) (53>
where w"” (P4 — Pa_1, Q) is an off-shell single-nucleon response tensor and S(p,,, F,,) is the

spectral function. The missing energy is approximated by
En~E,+€&, (54)
where F is the separation energy,
E = /P + fo—l — /P2, + W,Aol—12 ) (55)

and W9_, is the invariant mass of the lowest state of the residual system. Energy conserva-

tion requires that

0=Ma+w— /Py +m% — /P2, + W3_,
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=Ma+w — /% +mi — \/ P T Wi+ \/p?n + W - \/p?n + Wy

—Mp+w—\/p% +m2 — & —\/p2, + WO_2.

So &€ can also be written as

EzMA—i-w—\/p%V—i-m?\,—\/pZn%—Wg_f.

From momentum conservation py = q — p,,, and therefore

S:MA+w—\/(q—pm)2+m?v—\/p3n+W2_12-

The range of £ is then limited by
E,<ELSE

where

5,:MA+w—\/(pm—q)2+m?\,—\/p%1+W2712

and

Er =max(My+w — \/(pm+Q)2+m?\[_ \/p%l+W2—1270)‘

The normalization of the spectral function S(p,, E,) is defined here such that

/Ooo dEmS(pma Em) = n(pm)

is the momentum distribution and

1 [o¢]
W/o dpmpiln(]?m) =A-7.

Expressing the four-momentum of the struck nucleon as

PIIZ_PI‘ZJ—l - (MA— \/p%n+W,?X—17—pm)7

defining
D= —"DPm

and using energy conservation

Ma— [P+ Wi, = o +md —w,

one has

Py —Pi_, =(\/pk + m} —w,p)

14
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(65)
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=(\/r +mY —w— \Jp* +m - \Jp +mdp)
=(\/p¥ +mi —w —\/p> +m3%,0) + (1/p? + m%, p)
=(6,0) + (1/p* + m%,p) = A* + P* | (67)

P“_(\/p +mN7p) (68)

A¥ = (5,0) (69)

where

is an on-shell four-vector and

is off-shell with

(5:\/p?\,+m?\,—\/p2+mfv—w. (70)

The quantity .7-"5 in Eq. is then given by
F2o2 —F2S(pp, En), (71)
7

where

+ Vi ( oV @?A(I)) + Vpr (wTT( )4 NAA(I)) cos 2¢ N

+ Vre <ch(z) 4 @Aau )) cos by + Vi (wTL (1) 4 grada )) cos by

+ X [VT’wa + V /wTC,( ) sin QbN + ?TL/@IY;,(I) sin ¢Ni| . (72)
The off-shell single-nucleon response functions @; are listed in the Appendix.

Since the invariant mass of the residual A —1 system is not measured, it is necessary that

the semi-inclusive cross section be integrated over all possible values of W,4_1 to give

do o G? cos? 0 me/Qéop?VWA_lvo ~
= AW 4 . F28(pm, Ew)P(ko), (73
<dkid9g,dedQJLV> /ng A S 2k Ex /X3 + mPap X (P Em) P (ko) (73)

where W9 _| is the lowest possible mass for the residual system which in some cases may not
be a bound state. For the specific case considered in the present study this corresponds to
the ground-state mass of 150.

Note that the integral over the invariant mass requires that ky and ¢y in Egs. and

(12) must take on a range of values rather than being fixed as in the case of the deuteron.
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FIG. 5. (color online) DUNE flux converted to a probability density as a function of k in GeV.

V. RESULTS

For the purposes of this paper, we have chosen to weight the cross sections using the flux
momentum distribution for the DUNE experiment [9] normalized to unit area, represented
P(k) as shown in Fig. The spectral function for oxygen is from [6] [7] renormalized

according to the units and conventions used here.

Figures|[6] [7] and [§] show cross sections for 2H and 90 for &’ = 1,2 and 3 GeV respectively,
as a function of the polar angle of the detected proton 6%, for a variety of lepton scattering
angles subject to the y = 0 constraint (see Sect. and the restriction required by Eq. .
For each scattering angle, the values of the incident neutrino energy k£ and the momentum
transfer ¢ are given for the deuteron. For oxygen these quantities cover a range of values
due to their dependence on the invariant mass W,_; which is integrated over to the semi-
inclusive cross section. For completeness, each figure contains the momentum of the detected
proton py as a function of 8% with values given by the right-hand scale. Since for 2H,'¢O
there are two deuterium nuclei for each oxygen nucleus, the cross sections for deuterium are
multiplied by a factor of 2. In all cases the maximum value of the oxygen cross section
is at most one tenth of the deuterium cross section at its maximum value with the relative
size decreasing for increased muon energy and scattering angle. It should be remembered,

however, that these cross sections are evaluated and kinematics chosen to maximize the
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FIG. 6. (color online) Probability weighted cross sections for k¥’ = 1 GeV for various scattering
angles #;. The solid lines represent twice the deuteron cross section and the dashed lines are for

the oxygen cross section versus 9]"(,. The value of py is represented by the dotted lines.
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FIG. 7. (color online) As for Fig. [6| but now for k' = 2 GeV.

contribution of deuterium.

The size of the deuterium cross sections relative to those of oxygen may still seem rather
startling. The explanation for this is straightforward. The semi-inclusive cross sections are
roughly proportional to the neutron momentum distributions for the two nuclei as shown in
Fig 0l Note that the maximum value of the deuterium momentum distribution is roughly
five times as large as that for oxygen. Given that there are two deuterium nuclei for each
oxygen nucleus, this difference in the peak values of the deuterium and oxygen momentum

distributions explains the difference in the size of the cross section shown above. Figure
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FIG. 8. (color online) As for Fig. [f] but now for & = 3 GeV.

shows the inclusive cross sections for deuterium and oxygen as a function of the incident
neutrino momentum. This shows that integrating over all possible values of proton three-
momentum results in a much larger and broader quasielastic peak for oxygen than for
deuterium, as should be expected. This indicates that the unconstrained semi-inclusive cross

section is distributed over a much larger region of phase space than that for deuterium.

VI. CONCLUSIONS

The study presented in this paper of the semi-inclusive charge-changing neutrino reaction
(v, p~p) on a target of heavy water (D,O) indicates that by careful choice of muon and
proton three-momenta it is theoretically possible to separate deuterium events from those
for oxygen. Naive considerations such as simply counting the number of neutrons provided
by the two nuclei, namely, two for the two deuterium nuclei versus eight for the oxygen
might lead one to expect that the latter will constitute a large background when the goal is

to focus on events from the former. Such is basically the case for inclusive scattering where
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FIG. 9. (color online) Neutron momentum distributions for 2H (solid line) and 60O (dashed line).

FIG. 10. (color online) Inclusive CCv cross sections for 2H (solid line) and 60O (dashed line).

only the muon is assumed to be detected and integrations over the complete missing-energy-
momentum region allowed by the lepton kinematics are involved. However, as discussed in
the previous section where results are given, this expectation is not necessarily the case for
semi-inclusive studies: the spectral function for deuterium is sharply peaked at small values
of the missing momentum, whereas that for oxygen peaks at larger missing momenta where

contributions from the 1p-shell are dominant and at low missing momenta but at higher
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missing energies where the 1s-shell contributions occur. Furthermore, these contributions to
the oxygen spectral function are spread much more widely in missing momentum than the
corresponding sharply peaked ones for deuterium, roughly by the factor of four obtained by
forming the ratio of the Fermi momenta for the two nuclei, namely 55 MeV /c for deuterium
and 230 MeV/c for oxygen. These simple considerations alone indicate why detection of
both the muon and proton for appropriate choices of kinematics hold promise for isolating
the deuterium events from those involving the oxygen. The basic idea is to choose the
kinematics to favor the former while avoiding the dominant 1p-shell contributions of the

latter.

In passing we note that the high missing energy/missing momentum region, while con-
tributing perhaps 20% to the inclusive cross section, is essentially irrelevant for the semi-
inclusive cross section as the strength there is very broadly distributed and little is picked
up when the line integrals over the oxygen spectral function are performed. Typically this
region accounts for only a few percent compared with the dominant “shell-model” regions.
In contrast, for inclusive scattering a wide region in the missing-energy-momentum plane
must be integrated, and thus, even though spread over a wide region, a very different con-
clusion is reached, namely, that this region contributes much more significantly to the total

cross section.

In summary, from this theoretical study it appears that targets such as heavy water or
deuterated methane containing significant amounts of deuterium together with light nu-
clei such as oxygen or carbon have the potential to provide unique information for studies
of charge-changing neutrino reactions. Upon isolating the deuterium events using semi-
inclusive reactions the kinematics alone will yield the incident neutrino energy on an event-
by-event basis. Moreover, the cross section for such reactions on deuterium are arguably
the best known throughout the periodic table even at quite high energies where relativistic
modeling of the type used in the present work is undertaken. This being the case, such
measurements hold the promise of determining the incident neutrino flux, thereby provid-
ing a very high-quality calibration of other existing or planned near detectors for neutrino
oscillation experiments. Additionally, the fact that the nuclear structure issues are so well
under control for the case of deuterium means that measurements of this type could serve in
determining other aspects of the reaction, for instance, yielding new insights into the nature

of the isovector axial-vector form factor of the nucleon.
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The next step is to determine whether or not this method is practicable. This requires
that the deuterium and oxygen cross sections be studied as functions of the five required
input variables at kinematics other than the constrained kinematics used here. This is
necessary to determine the accuracy with which one must measure the magnitudes of the
muon and proton momenta and angles. This is complicated due to the coupling of these
variables that arises from the requirement that the missing mass and energy fall within the
region where appreciable support is provided by the spectral functions of the nuclei, and
by the rotation from the natural coordinate system located along the direction of the three
momentum transfered by the leptons to the nucleus, which is not measurable, to the known
direction of the neutrino beam. In effect, with finite resolutions the line integrals over the
oxygen spectral function presented in the present work become integrations over specific
areas in the missing-energy-momentum plane. Preliminary explorations of the kinematics
suggest that, while still much more selective that a full integration over the kinematically
allowed region as would be the case for inclusive scattering where one has no knowledge
about the final-state ejected proton, this is nevertheless a nontrivial issue. The issue when
the goal is to isolate the deuterium contribution from the oxygen contribution is to have
sufficient resolution to be able to select events that cover the former, but avoid the main
strength of the latter, namely, contributions arising from the p-shell parts of the oxygen
spectral function. Clearly this is not possible for fully inclusive measurements; however, the
preliminary explorations of the semi-inclusive cross section look promising. Nevertheless, to
be meaningful such explorations of the semi-inclusive cross section require the involvement
of experimentalists with the experience and resources to perform simulations in which the
capabilities of real-world detectors are taken into account, and clearly such simulations lie
outside the scope of the present theoretical study, although some work has begun in this

direction.

Once the kinematical requirements are sufficiently understood, the issue now is an ex-
perimental one: can a practical target/detector of heavy water be realized? How are the
protons in the final state to be detected? Can layers of (normal, un-deuterated) scintillator
be used, as some have suggested, or are there other techniques to employ? Also: what is
the optimal oscillation experiment using heavy water? While a near detector of heavy water
appears worth contemplating, a far detector would be more challenging. Perhaps this last

issue should be viewed in reverse, starting with the largest practical heavy water detector,
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then using the cross section to find how far from the neutrino source it could be placed, and
then, finally, determining from the “sweet spot” for oscillation studies what beam energy is

appropriate.

Appendix A: Off-shell single-nucleon response functions
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where

b-q

P p (A18)
X

pL = |p ; Q| (A19)

E, =\/p*+m% (A20)

Q? = ¢° —w’. (A21)

The isovector electromagnetic form factors F; and Fy are from [10, 11] and the weak form

factors G4 and Gp are simple dipole forms as used in [2].
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