N,
z
4

ELSEVIER

Available online at www.sciencedirect.com

sc.ENcE@D.REW

Physics Letters B 555 (2003) 49-56

PHYSICS LETTERS B

www.elsevier.com/locate/npe

Solar-neutrino reactions on deuteron in effective field theory

S. Ando*?, Y.H. Song, T.-S. Park, H.W. Fearing, K. Kubodera

@ Department of Physics and Astronomy, University of South Carolina, Columbia, SC 29208, USA
b Department of Physics, Seoul National University, Seoul 151-742, South Korea
¢ Theory Group, TRIUMF, Vancouver, BC V6T 2A3, Canada

Received 4 June 2002; received in revised form 12 December 2002; accepted 9 January 2003
Editor: W. Haxton

Abstract

The cross sections for low-energy neutrino—deuteron reactions are calculated within heavy-baryon chiral perturbation theory
employing a cut-off regularization scheme. The transition operators are derived up to next-to-next-to-next-to-leading order in the
Weinberg counting rules, while the nuclear matrix elements are evaluated using the wave functions generated by a high-quality

phenomenologicaN N potential. With the adoption of the axial-current-four-nucleon coupling constant fixed from the tritium

beta decay data, our calculation is free from unknown low-energy constants. Our results exhibit a high degree of stability against
different choices of the cutoff parameter, a feature which indicates that, apart from radiative corrections, the uncertainties in the

calculated cross sections are less than 1%.
0 2003 Elsevier Science B.V. Open access under CC BY license.

PACS 25.30.Pt; 25.10.+s; 25.65.+t; 12.39.Fe

1. Introduction

This Letter is concerned with a theoretical esti-
mation of the cross sections, , for the neutrino—
deuteron reactions

Ve+d—e +p+p,

be+d—et+n+n (CC), 1)
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v+d—vi+p+n,

+d—i+p+n (NOC), (2

where CC and NC stand for the charged-current and
neutral-currentreaction, respectively, drinotes the
lepton flavor(l = e, u, t). Recent SNO experiments
[1,2] have provided strong evidence figroscillations.
In interpreting the existing and future SNO data,
accurate estimates ef; in the solar neutrino energy
region (£, < 20 MeV) are of great importance.
Recently, two theoretical approaches have been
used for evaluating,,. One is a traditional method in
which nuclear electroweak processes are described in
terms of one-body impulse approximation (IA) opera-
tors and two-body exchange-current (EXC) operators
acting on non-relativistic nuclear wave functions. The
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EXC contributions are derived from one-boson ex- the nuclear wave functions that have been obtained
change diagrams [3], while the nuclear wave functions by solving the Schrédinger equation involving high-
are obtained by solving the Schrddinger equation in- quality realistic nuclear interactions. For convenience,
volving high-quality realistic nuclear interactions. For we refer to this EFT-motivated approach as EFIT
convenience, we refer to this method as the standardis known [14] that, for the present purposes, it is suffi-
nuclear physics approach (SNPA). The successful ap- cient to consider up to next-to-next-to-next-to-leading
plications of SNPA are well documented in the litera- order (NLO) in HBx PT, and that to this order there
ture [4]. A detailed calculation af,; based on SNPA  is only one unknown LEC, denoted biﬁ in [15].
was carried out by Nakamura, Sato, Gudkov and Ku- Like L14 in [12], 4R controls the strength of the axial-
bodera (NSGK) [5], and this calculation has recently current-four-nucleon contact coupling and subsumes
been updated by Nakamura et al. (NETAL) f6]. short-distance physics that has been integrated out.
The second approach is based on effective field An important point noticed in [15] is that, since the
theory (EFT), which has been gaining ground as a tritium g-decay ratel’’ is also sensitive tai®, we
new tool for describing low-energy phenomena in can determine/® from the well-known experimental
few-nucleon syst_ems [9-11]. Butler, Chen, and Kong 51ue oth’S. Onced® is determined, we can make a
(BCK) [12] applied EFT to thevd reactions, us-  narameter-free calculation of,;, and the purpose of
ing the regularization scheme called the power diver- i communication is to describe such a calculafion.

gence subtraction (PDS) [13]. Their results agree with \ye shall show that, apart from radiative corrections
those of NSGK in the following context. The EFT La-  ¢5r \which we refer to the literature [17-19},4 given

grangian in PDS involves one unknown low-energy nere is reliable withe 1% precision.

constant (LEC), denoted bf14, which represents

the strength of axial-current-four-nucleon contact cou-

pling. BCK adjusted_1,4 to optimize fit to thes,,; of

NSGK and found that, after this adjustment, the re-

sults of the EFT and SNPA calculations agree with

each other within 1% over the entire solaenergy current—current interaction:

region for all of the four reactions in Egs. (1) and (2). ,

Furthermore, the best-fit value bf 4 was foundtobe g _ Gr f 43 [VudJ(CC)()?)l(CC)“()?)

of a reasonable magnitude consistent with thatti- ’

ralness’ argument [12]. + J;NC)(;C')Z(NC)IL(})} (3)
The fact that the results of an ab initio EFT calcu-

lation (with one free parameter fine-tuned) are consis- WhereG’, = 1.1803x 10~° (GeV~2) [20] is the weak

tent with those of SNPA is considered to give strong coupling constant, antl,; = 0.9746 is the K-M ma-

support for the basic soundness of SNPA. At the same trix element.G’; includes the inner radiative correc-

time, it highlights the desirability of an EFT calcula- tion: G2 = G2.(1 + A}), where Gy = 1.1166 x

tion of 0,4 free from an adjustable parameter. In this 10~° (GeV~2) is the Fermi constant and}, is the in-

Letter we describe an attempt toward such a goal. We ner radiative correction [20]The CC- and NC-lepton

employ here a formalism recently developed in the currents](€S® and/(NO=, are well known: the CC-

studies of the solahep process and the solap fu- and NC-hadronic currents,* and /N are writ-

sion reaction [14,15]. In this method, invoking heavy- ten as

baryon chiral perturbation theory (H8T), we con-

struct transition operators from irreducible diagrams /") = Vi () — A5 (%), (4)

according to Weinberg's counting scheme [9]; the

nuclear matrix elements are evaluated by sandwich-

ing the EFT-controlled transition operators between

2. Calculational method

For low-energy processes, we can work with the

Similar parameter-free calculations have been carried out for
the solarpp-fusion reaction and the solaep process [15], and for
u—d capture [16].

- 4 For more detailed discussion of the radiative correction, see
2 For earlier calculations, see, e.g., [7,8]. [6].



S Ando et al. / Physics Letters B 555 (2003) 49-56

JNO@E) = (1-2sifow) VIE) — %)

—2sinf oy V3 (%), ®)

where V,, and A, represent the vector and axial
current, respectively. The superscripts,and 0, are
the isospin indices of the isovector current atid
denotes the isoscalar currerty is the Weinberg
angle, sik 6y = 0.2312.

The vd reactions can lead to various values of the
relative orbital angular momentuni,, of the final

51

r2, = 0.80 andr2 = 0.42 fm?, for gv (¢), gm(g) and
gA(q), respectively [27]. We are adopting here the
usual normalizationgy (0) =1, g4(0) = g4 = 1.267,
andgy (0) = ky = 3.706. Althoughgp (¢) is not well
known empirically, it is strongly constrained by chiral
symmetry; an HB PT calculation up to NNLO [22]
leads to

1

2
- égAmp,mNrA»

ZmufngnN

q? —m3

gr(q)=— (8)

two nucleons. We concentrate here, however, on the Whereg,y = 135. In fact, the contribution of thgp

L = 0 state tSp), since it is this partial wave that
involves thed® term and since the contributions of
higher partial waves are well understood in terms of
the one-body operators. The contributions from 1

are significant in the upper part of the solar neutrino
energy regior, but their uncertainty is small enough
to be ignored in the present context.

The one-body (1B) currents can be obtained from
the phenomenological form factors of the weak-
nucleon current. The isovector vector and axial-
vector currents are given in momentum space as

a P
13“(61)=ﬁ(p/)%[gv(q)7/“+gM(q)l;m;1”}u(p),
(6)

ap - / ta y qM
Jy (q)=u(p)? g4 (qQ)y V5+gp(q)m—y5 u(p),

m
(7

where @’ is the isospin indexy (p) is the Dirac spinor
for the nucleon, and:,, (my) is the muon (nucleon)
massigv(q), gm(q), ga(q), andgp(g) are the vector,
magnetic, axial-vector, pseudoscalar form factors, re-
spectively. It is known empirically that the first three
form factors can be parametrized very well in the di-
pole form with the use of effective radiir,\z, =0.59,

5 The L > 1 contributions increase,; by ~ 3.8% atE, =
20 MeV [6,21].

6 The low-energy structure of the form factors has been studied
in detail within HBx PT [22]. At N2LO, however, we in principle
need to consider off-shell form factors [23], a feature that reflects
arbitrariness in choosing fields [24]. The influence of off-shell

terms, however, should be small at low energies; see, e.g., Ref. [25].

An EFT study of the one-body Gamow-Teller matrix element in the
two-nucleon system [26] explicitly shows that the off-shell effects
are sufficiently small for our present purposes.

7 since we consider the finalSy state only, there is no
contribution from the isoscalar current.

term is tiny in our case. We apply a non-relativistic
expansion of the above expressions and retain terms
up toO(1/m3) (corresponding to RLO of the chiral
order); the details will be described elsewhere [28].
The two-body (2B) current operators are derived
from the chiral Lagrangiarf, which is expanded as
L=Y;L;=Lo+ L1+ ---, whereLg and L1 are
LO and NLO Lagrangians, respectively. Their explicit
expressions are:

Lo=Nliv-D +2igsS - AIN

+fn2Tr(—A~A+XT+>, 9)
_ 1 — 2 _n2
L1=——N|(@-D)2—D?+2gs{v-A,S D)}
2my
— (8¢2—g3)(v- A)? — 8334 - A
—2i(1+ky)[S*, S”]flfv]N
gA A= —
+ —4idi1NS-ANNN
mef[ .
+ 2id2€“bcewalgv”
x ANS* P NNsPeeN],  (10)

where v* is the velocity vectorv* = (1, 6) and

S# is the spin operator & = (0,5). The explicit
expressions of the fieldd),,, A, f/jv, and x4, are
given in [16], andf; is the pion decay constant. The
LEC's, ¢;, have been determined by Bernard et al. at
the tree-level [29f

¢2 =1.674+0.09,
¢4=2.114+0.08.

¢3=—3.66+0.08,
(11)

8 The relation between our dimensionless LEGss, andc’s
used in the literature i& = mpyc; .
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(a) (b) (c)

Fig. 1. Diagrams for two-body current operators of ordet 1 (a), (b) andv = 2 (c)—(f). The wavy lines withV and A attached denote

the vector and axial-vector current, respectively, the dashed line denotes the pion, and vertices without (with) “X” arise from the LO (NLO)

Lagrangian.

The LEC's of the contact termilz will be discussed
later in the text.

We construct 2B transition operators from 2B irre-
ducible Feynman diagrams up t¢IND in Weinberg’s
counting rule [9]. Since the tree-level 2B operators are
higher in chiral counting than the tree-level 1B opera-
tors by two orders, we can limit ourselves to tree dia-
grams for the 2B operators. In addition, since ghe
term is highly suppressed, we do not consider it in the
2B operators.

The diagrams for the 2B operators are given in
Fig. 1. Since we only have nucleons and pion<in
the effects involving exchange of heavier mesons
such as thes and p mesons are embedded in the
contact term, diagram (f) in Fig. 1. We denote Ry
a momentum scale below which our nucleon—pion-
only description is expected to be valid. To prevent
the exchanged momentum from surpassifg we
introduce the cutoff functiors 4 (k) = e—**/24% in
calculating the Fourier transforms of the 2B transition
operators [15]. As noted in [15], the short-range part
of the 2B contributions can be lumped together into an
axial-current-four-nucleon contact coupling term with
the strengtld ¥, whered® = d1+2dz+ 3¢5+ ¢4+ .
Then, for a given value ofA, we can determing®
from the empirical value of“,ﬂ. The results are [15]:

d® =1.00+£0.07, 1.7840.08, 3.90+ 0.10, (12)

for A =500, 600, 800 MeV, respectively. The explicit

expressions of the current operators for the CC reac-

tion have been given in [16].

9 Insofar as the final two-nucleon partial wave is limitedsto

wave, one can use the same expression for the NC reaction (with an

appropriate change in the coefficient of the vector current).

3. Thetotal crosssection

The total cross sections are calculated using the
non-relativistic formula

ovd(Ey)

1
= [ [ ar

2p2k/2
X
K'/E'+ (k' — Evy)/(2my)

-t
x F(Z,ENZ ) ITP,

spin

(13)

with the energy conservation relation valid up to
1/my,

mg+E, —E —2my

1 1

mny

where E, (E’) is the energy of the initial neutrino
(final lepton),p is the magnitude of the relative three-
momentum between the final two nucleok’sjs that
of the outgoing leptortk’ = k'), andy is the cosine
of the angle between the incoming and outgoing
leptons(y = k, - k). F(Z, E') is the Fermi function
andm, is the deuteron mass. The transition maffix
is decomposed a¥ = Tyg + T2, Where T1g and
T»p are the contribution of the 1B and 2B operators,
respectively. These will be evaluated with the use of
the Argonne V18 potential [30].

Since the calculation of 1 is standard [28], we
give here only the explicit expression ffsg:
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1
——=128

ar
ZﬂXgozledde

y14(r)
r

« {ﬁeuommqr/a wa(r)

+ Fr[ugr) (a(r) — ~2wa(r))
—uo(r) (uly(r) — V2w ()]

x jo(qr/2 212"

y1a 2(r) wa(r)

r

+ Fauo(r) jo(qr/2)
+ Fouo(r) jo(qr/2)yoa (rua(r)
+ Frouo(r) jo(qr/2)y24(r)wa(r)
+ ﬁlluo(r)SA(r)ud(r)

12
+ Fiz f dy uo(r) jo(yqr)
Ry

x [yéA(rm(r)

wq(r)

%)l 0

where 8 = (G',V,q)?/2 for CC andg = G'2/4 for
NC. X = 51 — o2, with &; being theith nucleon spin
operatory1,, andyo,o are the spin wave functions for
the deuteron and the final two nucleons, respectively.
The radial functiorug corresponds to the final two-
nucleon s-wave, whileu; and w; are thes-wave
andd-wave radial functions of the deuterofi;(gr/2)

is the spherical Bessel functiog! is a momentum
transfer between the currentg! = k'* — k* andg =

|g|. Furthermore,

2 L
- éylA(r)<ud(V) +

= 8A . 8Adl+«xky) .. . =
Fo=—"5v-Jq—~—F——=igx(@xJ)
2 2my f2
8A S =24
4meﬂ2
= -8z oz -84 2
Fr= J, Fg=——=J,
6my f2 V2my f2
P ZgAm%(53+264+%) -
9= Smez )
b3

53

B 2v/2gam3 (63— éq — %‘)j
10 = By [2 ,
- dR -
Fpy = 254 5,

NIk

2 \ fa

where 7# is the lepton current in momentum space,
and

%k ik7 a2 (7
3A(”)=fwe SA(k),

&k pr S50

et 5 , 17
20%  R24m2 an

yoa(r) =
and y1a = —r2y0a(r), y2a = éf—,[%j—,ym(ﬂ];
yélA(r) is obtained by exchanging the pion mass
my t0 L = /m2 + (1/4—y2)g? in Eq. (17). In the
above expression we have neglected the small terms
proportional tog?.

4., Numerical results and discussion

As mentioned, we consider in this Letter the con-
tribution from the final two-nucleog-wave only. The
corresponding total cross section is denotedrbyo.
Table 1 givesrvaO calculated in EFT for the four re-
actions in Eqgs. (1) and (2).

The results in Table 1 correspond to the case
with A = 600 MeV, and we now discuss the cutoff
dependence. In Figs. 2 and 3 we plot the raties
01B+2B/01B, Whereo1p28 representsffo obtained
with both the 1B and 2B currents included whitgg
represent:arULdZO obtained with the 1B current alone.
Fig. 2 givest for CC (vd — epp), while Fig. 3 shows
& for NC (vd — vnp). The three lines in each figure
correspond to different choices df. As can be seen
from the figures,ade:O exhibits extremely smallA
dependence, with only 0.02% changes over a wide
range of physically reasonable valuesbf A = 500-
800 MeV).

We now briefly discuss estimation of higher chiral-
order effects. The expansion parameter her@ js,
where Q is the pion mas®:, or the typical external
momentum scal@eyt, andA is the chiral scale cutoff,
A ~ 600 MeV. It is common to assum@ext ~ My,
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Table 1

The total cross sectionZ=0 (in units of 10742 cn?) for the vd
reaction leading to the final two-nucleerstate. For each of the four
reactions in Egs. (1) and (2@&;0 calculated in EFT is shown as
a function of the incident neutrino enerd@y, (MeV). For the cutoff
parameterA = 600 MeV has been used

E, vd — e~ pp vd — etnn vd — vnp vd — vnp
2 0.004 0 0 0
3 0.047 0 0.003 0003
4 0.158 0 0.031 0031
5 0.348 0029 0096 0094
6 0.625 0120 0204 0198
7 0.996 0284 0357 0346
8 1463 0525 0558 0538
9 2030 0846 0808 0774
10 2697 1247 1106 1054
11 3468 1727 1455 1378
12 4342 2286 1853 1746
13 5321 2922 2302 2157
14 6405 3633 2800 2610
15 7596 4418 3349 3104
16 8892 5274 3947 3638
17 1029 6200 4594 4212
18 1180 7194 5291 4824
19 1341 8252 6036 5474
20 1513 9374 6830 6161
1.034
1.032 |
1.03
1.028
s 1.026

1.024 |

1.022 A=500 MeV —— 1
600 MeV
1.02 ¢ 800 MeV —eer
E [E——
1.018 frors

10 12 14 16 18 20
E, [MeV]

2 4 6 8

Fig. 2. The ratio¢ for CC defined in the text. The results for
three different choices oft are plotted. The vertical bars represent
changes it asd~ is varied within a range allowed by the existing
experimental errors ir? ; the representative results obtained for
A =600 MeV are shown for three values Bf,.

but Qext in our case is the incident neutrino energy
E,, whose maximum value i€]'® ~ 20 MeV; thus
EM3X/A ~ 0.03« 0.232>~ m;/A. The actual numer-
ical behavior of the chiral expansion in the present
case may be typified by the results for the CC reac-
tion (vd — e~ pp) at E, = 20 MeV. As far as the

S Ando et al. / Physics Letters B 555 (2003) 49-56

1.034
1.032 |
1.03 |
1.028 |
wr 1.026 |
1.024 |
1022 ¢ A= 500 MeV —— 1
600 MgV -~
102y 800 MeV
1.018 : . . . ) Errors ——
4 6 8 10 12 14 16 18 20
E, [MeV]

Fig. 3. The ratiog for NC defined in the text. See also the caption
for Fig. 2.

1B operators are concerned, the contribution ta=

of the LO terms amounts to 88.5%, while the cor-
rections due to the NLO, ALO and NLO terms are
8.8%,—0.5% and~ 0.001%, respectively. As for the
2B operators, the RLO terms give a~ 0.3% cor-
rection, whereas the O terms give a~ 2.9% cor-
rection. Thus, the overall behavior is consistent with
convergence with respect to the expansion parameter,
my /A; the rather conspicuous 2.9% correction of the
N3LO 2B terms is comparable ton, /A)3 ~ 1.2%,
while the other terms are decreasing faster (almost in
powers of E['®/A.). Therefore a possible measure
of corrections due to ALO or higher-order terms is
2.9% x (my /A) ~ 0.6%.

The convergence property, however, can in fact be
better than this. Since in our approach the overall
strengthdR, of the 2B operator is adjusted to repro-
duceF,ﬁ, the bulk of higher order corrections have al-
ready been effectively taken into account. In particu-
lar, the chiral-symmetry breaking terms (proportional
to m;) give energy-independent contributions, which
are essentially incorporated into the effecti/e The
derivative terms acting on the wavefunctions or the
two-body operators may pick up the pion mass scale,
but their effects at the tritiund-decay energy are again
essentially subsumed R, The remaining pieces of
higher-order contributions arg,-dependent effects,
and hence they are likely to be controlled by the para-
meterk, /A rather thann, /A. From this viewpoint it
seems reasonable to adof@% x (EM3*/A) ~ 0.1%
as a measure of the higher-order corrections. Another
measure of convergence is obtained as follows. A tenet
of a cutoff EFT (such as used here) demands that, pro-
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vided a large enough number of terms are included in that ade=0 in Table 1 agrees withrvL;O of NETAL
chiral expansion, the calculational results should be in- within 1% accuracy (see Table 4 in [6]). As discussed,

dependent of choices of the cutoff parametdmwithin to the chiral order we are concerned wit‘thd?l

a reasonable range). Thus, the sensitivity of the calcu- cgiculated in EFT should agree with that obtained in
lated " to A serves as an indicator of the impor-  SNPA. Therefore, (including all final partial waves)
tance of the contributions of the neglected higher or- ijn EFT* can be identified, within 1% accuracy, with
der terms. This sensitivity, however, has been found to ova given in NETAL [6].
be extremely small (0.02% variation) in our case. There have been attempts to directly apply EFT
Although the above discussion suggests that higher-to nuclear systems with mass numbeg= 3 [10,32].
order effects (MLO or higher) are reassuringly small, Here, “directly” means that the nuclear wave functions
we make a brief comment on three-body (3B) op- are obtained in the framework of EFT instead of using
erators, which represent a particular class of higher- phenomenological potentials. It will be interesting to
order contributions. It is known (see Table 1 of the employ this “direct” EFT approach for determinid§
last article in Ref. [15]) that, at NLO, there is a con-  (or L14) from I'? and use the resulting value &f for
tribution to the GT transition from the 3B-operator, recalculatings, .
which we denote here b¥gr(3B). Obviously, al- To summarize, we have carried out an EFRCBI-
though OcT(3B) contributes tor}’, it plays no role  culation (up to NLO) to estimateo .70, the cross
in the two-nucleon systems. At*NO, therefore, in sections of thed reactions leading to the final two-
renormalizingd® with the use ofr”, one would nucleons-wave state. Our results agree, within 1% ac-
need to subtract the contribution 61cT(3B). For- curacy, with those of the most recent SNPA calcula-
mally speaking, our present treatment is free from this tion reported in [6]. In addition, we have found that
complication, since both the determinationddt and the crsllculatecbfd:O exhibits very small cut-off de-
the calculation ofs,; are carried out within RLO. pendence (only~ 0.02% variation). The corrections
However, to the extent that®adjusted to reproduce  due to higher chiral order terms are estimated to be of
r} effectively includes higher order contributions, the  the order of~ 0.1%. The prime uncertainties in the
above-mentioned subtraction is still needed. Although calculated»%=0 stem from the experimental errors in
a full solution of this problem would require a system- Fﬂ; this uncertainty, however, is less thar0.5%. We
atic N*LO calculation, it is reasonable to expect that therefore conclude that, apart from the radiative cor-
the contributions of the 3B operators, and hence the rections for which we refer to the literature, the uncer-
uncertainties due to them also, lie within the above- tainties in the calculat Ld=0 are less than 1%.
discussed overall range of higher-order effects.
These considerations lead to the estimation that the
corrections due to the MO or higher-order terms
should be of the order of- 0.1%. We also note
that, within SNPA, the 3B contribution ta)“,’S was
calculated explicitly and found to be negligibly small
compared with the leading 2B terms [31].
Figs. 2 and 3 also show the uncertainty&rdue
to the finite precision with whichi® can be fixed
from Ftﬁ . In fact, the largest uncertainty in our present
calculation comes from this origin, and yet it only
amounts to~ 0.5% ambiguity in&. Based on these
observations, we consider it safe to conclude that
oL=%s calculated here are reliable at thel% level.
Comparison of our EFTresults with those of the
latest SNPA calculation by NETAL [6] has already  [1] sNO Collaboration, Q.R. Ahmad, et al., Phys. Rev. Lett. 87
been described in [6]. We therefore only mention here (2001) 071301.
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