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The nucleon-energy correlation o (K ,K,), where K| and K, are the kinetic energies of the outgoing nucleons, is
studied in the weak neutral disintegration of the deuteron, v + d—v + n + p. The studies are made in all five (S, P,
T, A, and V) variants of the neutral-current weak-interaction Lagrangian. The study in the region of low kinetic
energies of the nucleons provides means to distinguish between the axial-vector and tensor couplings.

I. INTRODUCTION

The existence of neutral currents in AS= 0 pro-
cesses has been established in high-energy neu-
trino reactions but its space-time and isospin
structure is still a subject of considerable theo-
retical study. While most of the theoretical an-
alysis of the experimental results has been done
in V- A theory,' there have been some attempts
to analyze various experiments in S, P, T inter-
actions.? These theories are not ruled out from
the data in particle-physics processes. It has
been stressed® that nuclear-physics processes
can play a decisive role in elucidating the space-
time and isospin structure of these fundamental
interactions. It is in this connection that much
emphasis has been recently placed on the process
v(v) + d~v() + n+ p, both theoretically and ex-
perimentally.* The experiments of Pasierb et
al. at reactor energies® provide a clear signature
for the presence of either axial-vector or tensor
interactions. However, the Los Alamos Meson
Physics Facility (LAMPF) and ANL experiments
planned at intermediate energies® would provide
information about the isospin structure of neutral
currents. This is because at these energies the
final dinucleons can be produced in various iso-
scalar and isovector states as emphasized by Ali
and Dominguez.* In a recent experiment Pasierb
et al.® have found

Oprpt = (3.8£0.9) X 107*° ecm¥ V.

This result is in fair agreement with the Wein-

berg-Salam theory. It can also be explained in the

helicity-flipping theories with tensor interactions.
The strength of the tensor coupling constant de-
rived from this process” is however smaller than
the coupling constant derived by Adler et al.® but
seems consistent with the strength implied by a
study of earlier data in astrophysics and particle-
physics processes.®

Since this reaction has been observed, further
analysis of this experiment can be made. With
this motivation we have presented a discussion of
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another observable ¢(X,,K,), i.e., the energy cor-
relation of the outgoing nucleons which can be
useful in determining the structure of neutral cur-
rents. This correlation at low energies has been
earlier discussed by Frahm!® in V- A theories of
weak interactions. We have extended his work by
giving a complete theoretical formulation of this
problem in all the variants of the weak-interac-
tion theory, i.e., V, A, S, P, and T. The ex-
pressions for o(K,, K,) are derived in this paper,
which can be used to study this process at higher
energies and momentum transfer relevant to the
experiments planned at ANL and LAMPF. The
general expressions for o(K,, K,) which include
the effect of final-state interactions have been
derived in all cases. The numerical calculations
have, however, been made only at low energies
corresponding to the experiments of Pasierb et
al.,® where only S waves are produced in the final
state. The numerical results in the helicity-con-
serving theories with V- A currents are evaluated
in the Weinberg-Salam model. In Sec. II, we de-
scribe our formulation. In Sec. III we discuss

the numerical results and compare them with the
work of Frahm.®

II. FORMULATION

In the following we calculate the matrix elements
for the process vd -~ vnp in the helicity-conserving
V,A theories as well as in the helicity-flipping
S, P, T theories.

A. Helicity-conserving (¥, A) theories
The matrix element for the process is
M=u(k" )y, (1 - vhuRYnp |T5|d) , @.1)
where %k and &’ are the initial and final lepton (neu-
trino) momenta measured in the deuteron rest
frame and (zp |J3|d) is the hadronic matrix ele-
ment derived in the impulse approximation®*
G - . n -
wp 73y = 5 [ o7 (DAge™F2 + Mo &F/2)0 (Piadr
(2.2)
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with g = kK -%’ as the three-momentum transfer

9, (T) is the initial deuteron wave function and

¢,( T) is the final dinucleon wave function where
we are considering only the singlet proton-neutron
state. AY (W=p,n) is the nonrelativistic reduction

of the single-nucleon operator TV, given by
TV = [F’IV @+ 2 537 OmtF 2 @°)
&l -l 2.3)

where

4= @) /% Fi2 @)+ begys Fi2 @)

+36) %2 F{9 (),
(2.4)
25 = 3@, () + 2€2,,2 (¢

+ 302 gD ().

€=+ 1 describes the process v+ p-=v+p and €
= -1 describes the process v+ n-v+n.

The nonrelativistic reduction of the matrix
element described by Eq. (2.3) is derived as'?

AY {F”(qz) Py 4 iFN (qz)euk 2M

—gA<qz>[<1+8—qm)v+f’J—f—f25;,z 20}

where

FN(qz) FN(qz) + (4M2 )F”(qz)
Fig®)=FY(@®+ F}q?), (2.6)

FY(g®) = F¥(g®) + 2F¥(q?),

and p’=p+ E/Z, where D is the relative momen-
tum of two nucleons inside a deuteron.

B. Helicity-flipping (S,P,T) theories
The matrix element for the process in S, P, T

theories of the neutral current can be written in
the impulse approximation as®

M= Jg—[i(l - v )vnp | A|d) + Vo, vinp | Ay, |d)

- o vinp | Ay, | D], @.7

where

(np [Ald)=f¢}"(5)[1\’e‘a‘i/2 + Ane”#%¥/2]¢ (T)d% ,

(anA“[d):fqb;(?)[A{,e‘i-*/z + Arjgﬁ.?/z](p{(‘f)dsr’

(2.5)
-—, nb |A = *(TF) AL em-rlz + An @7 /2 Td3
A{,"= [FN(qZ)(1+2M2 ) gﬂﬁ(qz) < Pl 0f |d> f¢'f( )[ ]d’ ( /!
(2.8)
+ i€, Fiq) LLe ,] and
J
§_B-GxB), pnyid
W= pie) (10 - TR ) myn G,
"o g?
AN =THgDe,,0, (1+8M )
Tl (q ) il p, - a.p) + G- Dl2i(p,0, - 0p,) —€,5,0,) + T Q[2i(p,0, - 0.p,) + €5, D]}
TN
i 221\(/?) G-qloa,-0,4,), (2.9)
- ‘a.'.
AN T"(qz) 2M o+ iT"(qz)( Gijpléz —’E‘M%Uiqo J
where the total nucleon form factors Fk(g?), Fz(¢%), and T%fq®) are defined as®
F3@®)=2G)"gsoF{ (@D + 3€85, F {(g?) 4 Ldy/3 s FE (q2)
FY(@*)= 3%, FP @) + 3eg , . F P (g?) + 3G %g  F®(g?), 2.10)

T11'vz(q2 = —(g')l/ T,

nF?) @)+ 2eg FF) (@) +36) %, FT) @).
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Again € = + 1 describes the process v+ p—=v+p
and € = — 1 describes the process v+ n—v+n.

In order to calculate the matrix element from
Egs. (2.2) and (2.8) we use the Hulthen wave func-
tion for the deuteron, i.e.,

A ) Ce)

with (2.11)
a= 46 MeV, B=237 MeV.

Using a plane wave for the final-state wave func-
tion, |M|? is calculated in V,A and S, P, T theories
and the expressions thus obtained for It |*are given in
Appendix A (1). The effect of final-state interac-
tions is studied by calculating the matrix elements
with the final-state wave function which takes into
account the rescattering effects of outgoing nucle-
ons. To do this ¢,(T) in Egs. (2.2) and (2.8) has
been expanded in terms of the angular momentum
wave functions and the final-state interaction has
been incorporated through the phase shifts fol-
lowing standard methods.!

|1 |2 is then calculated in V,A and S, P, T the-
ories and the expressions thus obtained for | |2
are given in Appendix A (2).

C. Nucleon-energy correlation function o(K;,K,)

The differential cross section for this process
is given as

_@m* ,
do= B, 64 (pl+ po+ k' —k—d)|M|?
d*p! d*p? ask’

X @n2E] @n72E] Gn2E, (2.12)
where (E,, k) is the four-momentum of incident
neutrino, M, is the deuteron mass, and (E;,E;),
(E5, D), and (E., k’) are the four-momentum of
outgoing proton, neutron, and neutrino, respect-
ively.

The correlation function o(K,, K,) is obtained by
integrating Eq. (2.12) over the final neutrino mo-
mentum

by

o(K,, K,) = (4 )5E M

deﬂldﬂ 5(E;+ E} +5/’ E,-M,) o |2,
’ (2.13)
where E} is calculated using conservation of mo-
mentum. After performing the angular integra-
tions with the help of the & function in Eq. (2.13),
the correlation function o(X,, K,) is derived to be

o(K,, K,)= @ )4E 7, f d(coselz)f “d (cosb, )l%-n—l—

(2.14)
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where

¢=1-cos?®, - cos?@, - cos?,,

+ 2 cosb, cosb,cosb,, (2.15)
and
/2 — H!2 _ 12
cosf,,= 21)11)' —[E! pi2-ph
+ 2E,,(p; cosf, + pjcosh,)],
(2.16)

and the values w,, w,, and v,, v, are given in Ap-
pendix B.

III. NUMERICAL RESULTS AND DISCUSSION

General expressions for the nucleon-energy cor-
relation function o(K,, K,) are given in Eq. (2.14)
for V-A and S, P, T theories. Numerical evalua-
tion of Eq. (2.14) has, however, been made at
low energies where only S states in the final state
are produced. This corresponds to the low-energy
experiments of Pasierb et al.,® where some events
have been observed. We defer the numerical eval-
uation of these equations at higher energies until
results from the ANL experiments, etc., become
available. In the following we give numerical re-
sults for the nucleon-energy correlation for the
cases discussed in Secs. IIA and IIB.

16“'

without FSI

———-— with FSI
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FIG. 1. d2¢/dKidK,~ K,, for 3S—18 transitions in
the Weinberg-Salam model in helicity-conserving theo-
ries without final-state interactions (FSI) and with FSI
at proton kinetic energies (a) K;=1.5 keV, (b) K,
=15 keV, (c) K4=150 keV, and (d) K3 =900 keV, for
fixed incident neutrino energy E,=5.5 MeV.
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A. Without final-state interactions

In the Weinberg-Salam model the dominant con-
tribution comes from the isovector axial-vector
currents and corresponds to the transition from
the 3S deuteron state (neglecting D states) to the
singlet S neutron-proton state. The 35— 3S tran-
sition is not allowed due to the absence of iso-
scalar axial-vector current in this model. The
contribution from the isoscalar vector current
to this transition is highly suppressed at low en-
ergies due to CVC (conserved vector currents).
The correlation function is therefore calculated
in the Weinberg-Salam model taking the axial-
vector coupling constant g/, = 1.24. The results
are shown in Fig. 1 for various values of the nuc-
leon kinetic energies.

To evaluate the correlation function in helicity-
flipping (S, P, T) theories, only the form factor for
the tensor coupling is required since the process
under consideration takes place predominantly
through tensor coupling. It is found that the tran-
sition from triplet S state to singlet S state is
achieved through the isovector tensor coupling
(G’,.l). In these theories the triplet-S-to-triplet-
S transition is also possible through the isoscalar
coupling (GTI)‘ The numerical estimates are
made for these transitions using G, and G4 given
by Adler et al.® The results are prelsented iln Fig.
2 for the 35— !S transition. For the 35— 3S tran-

without FSI
W e with FSI

169
1 10" 10°
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FIG. 2. d’¢/dKydK,~K,, for 35—1S transitions in
the quark model in helicity-flipping theories, without
FSI and with FSI at proton kinetic energies (a) Ky =1.5
keV, (b) K1=15 keV, (c) K;=150 keV, and (d) Ky =900
keV, for fixed incident neutrino energy E,=5.5 MeV.

sition the results are identical to these curves
but are multiplied by a constant factor (GTl/G’Tl)2
(Ref. 14).

B. Final-state interactions

The effect of final-state interactions is evaluated
from Eq. (2.14) only for S states. The following
two forms of the wave function have been used'’:

(@) Fs, p(per)=[sin(p +5g, 1)
—e'xg'T'sinas,T] , (3.1)
(b) Fg p(pr)= (L =81 N)sin(pyr +65,4),  (3.2)

where 6g 5 are the singlet and triplet n-p scatter-
ing lengths. The parameters A , and AQ,T are
given by*®

. __ 3 16rs,r 1/2]
>\S'T-z"’s,r' [1+ <1 - 9as,r ) ’

(3.3)
A5=1.215 fm™, )\}=1.244fm™.
Using
ag=-23.678 fm, »3=2.51 fm,
ap=5.396fm, »,=1.724fm,
we find
A§=1.249 fm™ and 1%.=1.447 fm™, (3.4)

Using the above values for a5, , and v r, the phase
shifts of these low energies are calculated from
the equation

+37s,rbe - (3.5)

cotdg 5= _as .
o c

Using these forms for the wave functions, the
radial matrix elements K¢, K, defined in Eqgs.
(A10) and (A11) are easily evaluated. For the
39~ !S transition the results are shown in Figs. 1
and 2. The two wave functions given in Eqgs. (3.1)
and (3.2) give essentially the same result. For
the 35~ %S transition which is possible in helicity-
flipping theories, the results are found to be small
as compared to the 35— S transition in both cases
discussed in Sec. IIIB.** The dominant transition
is therefore the °S~ 'S transition even in these
theories.

10

C. Discussion and comparison with Frahm’s"” work

The results presented in this paper can be ef-
fective in determining the tensor current couplings
as the energy correlation function offers a distinc-
tion between the axial-vector and tensor case.
While the present experimental result on v, +d - v,
+n+p can be explained by a reduced tensor cou-
pling,” the determination of the energy correlation
function would clearly confirm its presence or ab-
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sence. For a fixed proton kinetic energy the

o(K,, K,) falls off rapidly with the neutron kinetic
energy. The fall is more rapid in the case of ten-
sor coupling than in the case of axial-vector cou-
pling. The overall difference in the numerical
values of o(K,, K,) in these two cases is, however,
more pronounced at small nucleon kinetic ener-
gies. It is at these kinetic energies that the re-
sults are most affected by inclusion of final-state
interactions. Theoretically, this is the region of
low kinetic energies, which offers a clear distinc-
tion between two theories. Experimentally it would
be presumably very difficult to perform experi-
ments at such small kinetic energies. It would be
interesting to find out the range of nucleon kinetic
energies which are observed in the experiments
of Pasierb et ¢l.° In order to get information on
the isospin structure of the neutral currents, one
needs to go to higher energies where higher states
are produced in the final state due to the transition
induced by isoscalar currents. The formulation
developed in Sec. II would be useful in analyzing
the experiments at higher energies.

In an earlier work Frahm'® has calculated the
correlation function ¢(K,, K,) for this transition.
He has considered V ~ A theory and has used the
following wave functions for the initial and final
states:

0u(F) = Gy /a2~
¢;(F) = sin(pr +65)/pr.

If we take the limits of @ -y, B+, q- 0, and
A%~ e in our final expressions, the results of
Frahm are reproduced. Our results are therefore
more general and further extend the work of
Frahm. We have used more appropriate wave
functions for the initial and final states. The ef-
fect of using a Hulthen wave function instead of
an exponential wave function is to soften the peak
in o(K,,K,). The g dependence of the matrix ele-
ments occurring in Egs. (Al), (A6), (A9), and
(A13) which has been neglected by Frahm does
not contribute at low energies but would show up
at higher energies.

We have presented a complete discussion of the
energy correlation function o(K,,K,) in all the
five variants of the weak-interaction theory. At
low energies relevant to the reactor antineutrino
energies only the axial-vector and tensor couplings
contribute., The correlation function is sensitive
enough to distinguish between the helicity-conserv-
ing and helicity-flipping neutral-current couplings
due to different energy dependence in the two
cases and should be experimentally pursued. The
results presented here can be easily extended to
the higher energies and ¢ applicable to the ANL
and LAMPF experiments, where higher waves
can be produced. We have, at present, deferred
such a study until further experimental results
become available.

APPENDIX A: RESULTS FOR MATRIX ELEMENT SQUARED

1. Without final-state interactions

|an |2 is calculated using the ¢,(T) given in Eq. (2.11) and plane waves for the final state. The following

results are obtained for V,A and S, P, T cases.
(i) V,A case:

|9 |2= 2°7G2M E{E4E" E?

apl(a+p) 1 @
B-aF 2574 [“‘(

where

B 2
Ap)-m(p o w

B-p4q

".’, "2 ".’, '.'"",'-. ".-b I-b.’ " -D.+
g, gﬁz(qz)[(l_ﬂ_)_&_i(1+ k. K _l_Ek 4k-qg 2 (EBK.p,+ELK pn)_'__%i p.k ]
3E,E,) " 3M EE, ) 2M? 3E,E, M 3E,E, M2 T3F,E]
1 (E,E,-%-3& -9 [z (FE-§-ER-Q 1 GPE-§-K-G& 5)]
12( 2y vy ’ 2\ 2\ & v v —_ c
+ Pt @) 50 3E,E) + Fiya*g4@”)| i 3E,E, * e 3E,E,

1 k-pk'-q-k-
2 2y _— c

-
qk p‘)} for the 'S state, (A2)
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K-k’ kE-k\ p2 K-k 1 kK.-qk’- q
=F22( ) 22[(_ ._Bc_..( ___)__._—_—_q q
Sz { (@) Ve gy )t 2@ 3E,E;) " P \'*E.5, )~ 9 3E,E;

14

E(E,E'-EC+E;E-BC)+_2_I{’ Pk - pc]

M 3E,E} M? 3E,E]
1 (°E,E,-K-qk'-q) [2 Ek-d-Ek-q) 1 k-pk-d-kK-pk 6)]
2(,2 v v 2 2 _— C c
+2F ) 5 5E. B + 2F ,(q%)g 4(q”) 3£ E, + i 3E ]
&-pk -q-k-qk’-p,) .
2 2 c c - A3
+2F o (0%)g 4(q )2M2 35 B for the triplet-S state, (A3)
A=0a®+p2+q®/4, B=p*+p2+q%/4, (A4)
and
o [ rume \(BL _B; \]?
Pe [(ml+m2)(m1 mz)] ’ 45)
(ii) (s, P, T) case:
2aB(a+ B) A+pg B+ p_q\]?
M|*= 2°7G*M,E{E ( 1 ¢ ) In ¢ )] F A6
s R R Tl ey B-pa)) 5"’ (a6)
where
1 kE.-k 1 K-k’ (Etk-q-E k' -qQ)
= 12(,2 - - ’_ —C' (23! 2
Fs (2GT1(q ){<1+3 E,,E,:) 3M [3E" E"(2+E,,E,’,)]} G, )GTl(q) 3E,E;
2 1 k.-k
202y 4 2 (1_ 1
+ G2 g )4M2 3 (1 E.E] )) for the 'S state (A7)
1 K-k 1E-E'> 1 K.k
- 2(,2)= (1 — 2(,2 et - ’
Fr (GS @ )8( EVEL>+4GT1(q ){(1+ 358 3 [3E Ep<z+EvEL )]}
1 (Etk-q-E,k" Q) ( Rk
_ 2 2 2(,2 3
2G,@*)Gz (@®) ;7 3E,E) +26G, (")4M23 -5 g7 )) for the °S state. (A8)

2. With final-state interactions

| |2 is calculated using the ¢,(T) given in Eq. (2.11) and the final-state wave functions given in Eqgs.
(3.1) and (3.2). The following results are obtained for V,A and S, P, T cases.
(i) V,A case:

|91|*= 2°nG*M E{ELELE,K 128 1, (A9)

where §; » are given in Egs. (A2) and (A3) and K, , are given as

_ g@_@ﬂ)]”?_}_(. [ of 20q a4 [ _(264__ a_4d
SR = o (sindn [l (55°5) - ta 1'2'3'3,,]' ta“IZB—qZ)'ta“IZBg,T]

‘A 1 B
+ cosés,,.[é ln(A 2+ P4 iﬂ) z 1“(3’%:%)])’ (A10)
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2aB(a+B) 1 ( _(2aq) _(2 q )] [ ) LB“__) of 2B..q
(b) Kg p= “B-aF b4 smés,T{[tan‘—zA_q —tanl——s-i—z'T - | tan I(ZB—q - tan l(ﬁi&f—q—z\)

+cos§s’,.{[ ln<i+§ )

with
agp= o+ Mgy, Bsr=B+AEL, (A12)
Agr= ag 27+ b7+ q%/4, B = Bgr"+ P2+ 4°/4,
and A, B are given in Eq. (A4).
(ii) S,P,T case:
|9 |*= 2°1G*M E{ELE,E,K s 1*F s 1, (A13)

where K , are given in Egs. (A10) and (A11) and
Fs,r are given in Egs. (A7) and (A8).

APPENDIX B: LIMITS ON COS6,, AND COSé,

The limits of integration in Eq. (2.14), where
w;, W, are the minimum and maximum values of
cosé,, and v,, v, are the minimum and maximum
values of cosé,, are given as (see Frahm!® for a
detailed discussion)

(i) w, =min(cosb,,)
=-1, if |pi-pr|+k' >k, (B1)

(ii) w, =min(cosb,,)

k_klz r2 ) , , ,
iy )Zp’lpz 225 , if | py—phl +R' <k, (B2)

b)) [0 -Gz ))).
31 el TV L x| 1 — T Fed ) —_$T
n(A.’ST -b4 ZInB"pcq 2ln ST_pcq

(A11)

|
(i) w,=max(cos6,,)

=+1, ifk’+k>pi+p'2, (B3)

(i) w,=max(cosh,,)

b 4+B')2 = ’2_1,'2 . , ,
ERISECE wtwekepiep,, (B9
2

and

v, =min(cosd,) =xy —[(1 -x3(1 -y?3)]/2,  (B5)

v,=max(cosh,) =xy +[(1 =x2) (1 =922,  (B6)

where
x=(s?+p1% = p32) /2sp}, (B7)
y=(s®+k%-Fk'?)/2sk, (B8)
and
s =(pL2+ph2+ 2}, coshy,) . (B9)

The quantities &, k' b1, and p) are the magnitude
of momenta k k p;, and P p5, i.e.,

=[k|, pi=1Dil, ph=IB4l. (BL0O)
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