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Abstract.

Effective field theory is expected to provide a powerful framework for de-
scribing low-energy nuclear phenomena in a model-independent manner. |
shall give here a brief account of some of the latest developments in this do-
main of nuclear physics. 1 wish to emphasize the importance of what may be
called asymbioticrelation between this new approach and the standard nu-
clear physics approach. This feature is particularly important in providing
reliable nuclear physics inputs to the latest Sudbury Neutrino Observatory
experiments that have given strong evidence for neutrino oscillations.

It is well known that the phenomenological potential picture has been ex-
tremely successful in describing a great variety of nuclear properties. In this pic-
ture, the responses of nuclei to external electroweak probes are given by one-
body impulse-approximation terms and exchange-current terms acting on nu-
clear wave functions obtained by solving the Shroedinger equation which is gov-
erned by a potential; furthermore, the exchange currents (usually taken to be two-
body operators) are derived from one-boson exchange diagrams. The vertices
appearing in the relevant diagrams are determined to satisfy the low-energy theo-
rems and current algebra [1]. We shall refer to formalisms based on this picture as
thestandard nuclear physics approat@BNPA). SNPA has been used extensively
to describe nuclear electroweak processes, and the well-documented agreement
between theory and experiment [2] gives a strong indication that SNPA captures
essential physics. At the more fundamental level, however, it is a great challenge
in contemporary nuclear physics to establish a link between SNPA and the fun-
damental quantum chromodynamics (QCD). Effective field theory (EFT) is ex-
pected to provide a natural and insightful framework for this purpose. In my talk
| shall first give a brief account of EFT as applied to nuclear physics. | then pro-
ceed to discuss interplay between EFT and SNPA; my main goal is to illustrate
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what may be called a “symbiotic” relation that exists between EFT and SNPA. As
an example, | consider the neutrino-deuteron reactions, which are of great cur-
rent importance in connection with the celebrated SNO experiments that have
provided clear evidence of neutrino oscillations.

The main idea of EFT is in fact very simple. In describing phenomena that
belong to a typical energy-momentum sc@lgt is natural to expect that we can
exclude from our Lagrangian those degrees of freedom that belong to energy-
momentum scales much higher th@nMotivated by this expectation we intro-
duce a cut-off scald that is sufficiently large compared with and classify our
fields (to be generically represented &y into two groups: high-energy fields
&, and low-energy field®, . After integrating out®,, we arrive at areffective
Lagrangian which involves onlg, as explicit dynamical variables. Thus the
effective LagrangiarCex is related to the original Lagrangiahas
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L.g defined this way is guaranteed to inherit all the symmetries (and the patterns
of symmetry breaking, if there are any) of the original Lagrangiamccord-

ing to this prescriptionL.¢ should be the sum of all possible monomialsbof

and their derivatives that are consistent with the symmetry requirements imposed
by L. Since a term that involves derivatives scales likéQ/A)", the terms in

L. can be organized into a perturbative series \@gth\ serving as an expan-
sion parameter. The coefficients of the monomials appearing in this expansion
scheme are called the low-energy constants (LEC). Provided all the LEC's up to
a specified ordet are known either from theory or from fitting to the experimen-

tal values of the relevant observables, we canfigeas a complete (and hence
model-independent) Lagrangian to a given order of expansion.

Having sketched the general idea of EFT, we move to a more specific dis-
cussion of EFT as applied to nuclear physics. The original Lagramgiarthis
case is the QCD Lagrangian but we note that, for the energy-momentum scale
Q < A, ~ 1 GeV, which is a typical regime of interest in nuclear physics, the
effective degrees of freedom that should featur€ ip are hadrons rather than
the quarks and gluons.

Moreover, if we are looking at low-energy phenomena whose typical energy-
momentum scale i§ < m, it should be a good approximation to retain only the
pions and nucleons as explicit degrees of freedom that app£ag irit is impor-
tant to ensure that chiral symmetry of QCD (and the pattern of its small violation
due to the finite quark masses) be inherited byur. An EFT obtained in this
picture is called chiral perturbation theoryRT) [4, 6]. It has been used in the
meson sector with great success.

A hurdle we encounter in incorporating the nucleongRT is that, since the
nucleon mass, is comparable to the cut-off scalg,, a straightforward appli-
cation of expansion iy /A does not work. A solution to this problem is provided
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by heavy-baryon chiral perturbation theory (KIBT), which essentially consists
in moving the reference point of the nucleon energy from@tand in integrat-
ing out the small component of the nucleon field along with the anti-nucleonic
degrees of freedom. HBPT therefore involves as effective degrees of freedom
the pions and the large components of the redefined nucleon field (denoted by
B).

The effective Lagrangia£i® in HBYPT has as its expansion parameters
Q/Ay, my /A, and@Q/my. Sincemy =~ A,, itis customary to combine chi-
ral and heavy-baryon expansions and introduce the chiral indéefined by
v =d+ (n/2) — 2. Heren is the number of fermion lines belonging to a given
vertex, whiled is the number of derivatives (witt, counted as one derivative).
The leading-orderi{ = 0) term in this expansion looks like [5]

2
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HereU(z) = exp(2i Y 74ma/ f=) IS @2x2 matrix field which involves the pion
fieldsw, (¢ = 1, 2, 3), and which gives a non-linear representation of chiral sym-
metry; ¢ = VU; u, = i(¢10,6 — €0,£1), S, = ivs0,v" /2, andD,, is the
covariant derivative acting on the nucleon.

We can introduce a similar power counting scheme for Feynman diagrams as
well. Here is a brief explanation of Weinberg's counting scheme [6], which we
follow here. A Feynman diagram that contaiNig nucleonsNg external fields,

L loops andV. disjoint parts can be shown to be proportionatx@" ), where
the chiral ordev is defined by

v=2L+2(Ne—1)+2~ (Na+Ng)+ > i, 3)

7

with the summation running over all the vertices in the Feynman diagram. In
fact, although this counting scheme works well for one-nucleon cases, it cannot
be immediately applied to systems with more than one nucleon for the follow-
ing reason. As is well known, nuclei involve very low-lying excited states, and
the existence of this small energy scale spoils the original counting rule [6]. The
situation can be compared to a well-known problem in ordinary quantum me-
chanics that perturbation expansion breaks down in the presence of an interme-
diate state that gives a very small energy denominators. A method proposed by
Weinberg to avoid this difficulty is as follows. Classify Feynman diagrams into
two categories. Diagrams in which every intermediate state has at least one me-
son in flight are classified as irreducible diagrams, and all others are called re-
ducible diagrams. Apply the above-mentioned chiral counting rules only to irre-
ducible diagrams. Treat the total contribution of all the irreducible diagrams (up
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to a specified chiral order) as an effective operator acting on nuclear wave func-
tions. By summing up an infinite series of irreducible diagrams (solving either
the Schédinger equation or the Lippman-Schwinger equation), we can include
the contributions of reducible diagrams [6]. For convenience we refer to this two-
step procedure asuclearyPT.

| have briefly summarized abovenaiclearxPT in the Weinberg scheme. It
should be mentioned that an alternative version of nuclear EFT, called the power
divergence subtraction (PDS) scheme, has been developed with much success.
The PDS scheme, first studied in seminal papers by Kaplan, Savage and Wise [7],
employs a counting scheme different from the above-mentioned Weinberg count-
ing scheme. An advantage of the PDS scheme is that it allows us to maintain
formal chiral invariance, whereas the Weinberg scheme loses manifest chiral in-
variance. We note, however, that in many practical applications this formal prob-
lem is not worrisome up to the chiral order of our interést, the chiral order
up to which we evaluate our irreducible diagrams. For a recent discussion of the
relation between PDS and the Weinberg scheme, | refer you to Ref. [8].

NuclearyPTis one of the most active research frontiers in contemporary nu-
clear physics. Many important results have been reported in both the Weinberg
scheme and PDS; for recent reviews, sgeRef. [8-10]. | choose here to con-
centrate on our own work based on the Weinberg scheme, but this of course does
not mean | am minimizing the exciting achievements made in PDS; for a com-
prehensive survey of PDS, see Beanal.[10].

In applying nuclearPT to a process that involves (an) external current(s),
we derive a nuclear transition operafoby evaluating the complete set of all the
irreducible diagrams (up to a given chiral ord@mwith the relevant external cur-
rent(s) duly attached. In order to preserve consistency in chiral counting, the nu-
clear matrix element of must be calculated with the use of nuclear wave func-
tions which are governed by the nuclear interactions that subsume all irreducible
A-nucleon diagrams up te-th order. If this program is faithfully carried out, we
would have arab initio calculation. At present, however, it is not always easy to
generate needed nuclear wave functions strictly within the EFT framework and
therefore we often reply on wave functions obtained with the use of phenomeno-
logical nuclear interactions. For convenience, we refer to this hybrid approach as
EFT*. This eclectic method has been applied to many cases with great success.
One of the best known examples is an EFT* calculation by Baak [11] of the
isovector M1 transition amplitude that governs thighermal) + p — d + v
reaction.

Although EFT* is known to have been successful for many observables, it
is desirable to provide its formal justification. Fortunately, at least for the two-
nucleon systems, its partial justification has been given by Park, Min, Rho and
myself (PKMR) [12]. PKMR carried out aab initio calculation up to next-to-
leading-order (NLO) of various observables in the A=2 systems. Here is a brief
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summary of Ref. [12]. Since no loop diagrams appear up to NLO, we can work
with a potential, and its generic form can be parameterized as

2
V(q) =T Jda %1 492 4 + mi [CO + (025” + DQJZJ)qlq]] 4)

T 71-99% 49
P42 P+ m2 ~

whereo® = 3//8[(0ia) + oloh) /2 — (6 /3)a; - 03], with g the momentum
transfer between the two nucleons. The first term arises from Goldstone-boson
(pion) exchange, and hence its structure is uniquely dictatgd®byThe contact
terms in the square brackets, whose structure is also dictated P HEncode

the effects of the high-energy degrees of freedom that have been “integrated out”
in our EFT. We remark that, if we push the idea of EFT to an extreme, we could
even work with a very low energy-momentum regime in which the pion is treated
as aheavypatrticle to be “integrated away”. Needless to say, if the pion is elimi-
nated as a massive particle, we cannot any longer talk about chiral symmetry but
itis legitimate and informative to consider a “pionless” (or “nucleon-only”) EFT
for describing very low-energy nuclear phenomena. In [12] both “pionful” and
“pionless” cases were studied.

When we solve the Lippman-Schwinger equation corresponding to the po-
tential in Eq.(4) to obtain &ully distortedtwo-nucleon wave functions, there will
appear an infinite series of divergences because @F-thection-type potential.

To regularize this singular behavior, we may introduce a momentum-cutoff pa-
rameterA. For a specified value of, we can determine the LEC'€’(s and

D) in Eq.(4) by relating them (after renormalization) to the low-energy observ-
ables in the two-nucleon systems: the scattering length and the effective range
for each of the scattering channels, and a selected set of the deuteron observables.
Once the LEC’s are fixed, we can make predictions for the N-N scattering phase
shifts and the deuteron properties (other than those treated as input). It is also
possible to make thparameter-freecalculation for electroweak observables in

the two-nucleon systems. Aab initio calculation in [12] has shown that (a) all

the calculated quantities show good agreement with the corresponding experi-
mental values; (b) the numerical results of the calculation are very stable against
changes in the cut-off parametrso long as\ stays within a physically reason-

able range. This range has been found to\be100 - 300 MeV for the “pion-

less” case (“hucleon-only EFT"), and=200 - 500 MeV for the “pion-ful” case;
these results are in conformity with what we generally expect in the EFT picture.
(c) Since theab initio calculation essentially reproduces the results of EFT*, the
use of the latter is justified.

Yet, a legitimate question you could raise here is: “Did the use of EFT in the
above example really give us anything new beyond SNPA ?” In particular, can
we see any real difference between EFT (as used here) and the familiar effective-
range expansion formula ? As a matter of fact, in the “pionless’ treatment, the
two LEC’s (Cy andCs) in Eq.(4) play much the same role as the scattering length
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a and the effective range.. Such a trivial correspondence, however. disappears
when the pion is included iBgrr, and thexPT calculation in [12] contains more
physics than the well-known effective-range expansion method. We should also
mention thatyPT offers a unified and systematic expansion scheme for both N-N
scattering and electroweak transition processes.

We have discussed above a case in which observables of our interest are
governed by the lowest chiral-order contributions. The usefulnegBtfhow-
ever, is not confined to such cases. To give an example for which higher order
terms play a crucial role, let us consider the spin-dependent observables in the

n+P—d+ ~ reaction for the thermal neutron. The photon circular polariza-
tion P, and the photon anisotropy in this case are known to be sensitive to the
small isoscalar M1 and E2 transition matrix elements, and these matrix elements
arise from higher chiral order terms. ¥PT calculation for these spin observ-
ables has been done in [13] and in [14]. Patlal.[13] adopted the Weinberg
scheme, while Cheet al.[14] used PDS, and these two calculations give values
of P, that are compatible with each other and that agree with the existing exper-
imental value. One might in general expect that higher chiral-order calculations
would involve too many LEC'’s and can quickly get out of control. The above
example, however, shows that in some favorable cases the physical amplitudes
depend on a sufficiently limited number of combinations of LEC’s, allowiRg

to maintain its predictive power.

My next topic is what | call a symbiotic relation between EFT and SNPA;
| discuss as an example the weak-interaction processes in the two-nucleon sys-
tems. As far as SNPA is concerned, the latest calculations can be found in Ref.
[15] for u-d capture, in Refs. [15-17] for-d reactions, and in Refs. [12,18,19]
for pp-fusion. For the:-d capture and-d reactions, experimental data are avail-
able although with somewhat large 10 %) experimental errors, and the SNPA
calculations reproduce these data very well. How about EFT calculations for the
weak-interaction processes in the two-nucleon systems ? | compare here the re-
sults of the SNPA and EFT calculations for thel reactions. These particular
processes are chosen because they are of great current importance in connection
with the highly consequential solar neutrino experiments at the Sudbury Neutrino
Observatory (SNO) [20, 21].

At SNO a 1-kiloton heavy water Cerenkov counter is used to detect, among
other things, the solar neutrinos. SNO can monitor the following reactions:
Ve+d — e +p+pvy+d = vy +p+n,v.+d — e +n+n,
Up+d — v, +p+n,andv, + e~ — v, + e~. Herezx stands for a neu-
trino of any flavor ¢, . or 7). An important aspect of SNO is that it can detect
the charged-current (CC) and neutral-current (NC) reactions simultaneously but
separately. With this unique feature, SNO is an ideal facility for studying solar
neutrino oscillations. The recent SNO experiments [20,21] have established that
the total solar neutrino flux (summed over all flavors) agrees with the prediction
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of the standard solar model [22], whereas the electron neutrino flux from the sun
is significantly smaller than the total solar neutrino flux. The amount of deficit in
the electron neutrino flux is consistent with what used to be known as the solar
neutrino problem. These results of the SNO experiments have given “smoking-
gun” evidence for the transmutation of electron neutrinos into neutrinos of other
flavors.

It is obvious that a precise knowledge of th& reaction cross sections is of
primary importance in interpreting the existing and future SNO data. A detailed
calculation of thes-d cross sections based on SNPA was carried out by Naka-
mura, Sato, Gudkov and myself (NSGK) [16], and this calculation has recently
been updated by Nakamugetal. (NETAL) [17]. As pointed out in Ref. [18], the
exchange currents in SNPA are known to be dominated byAt{particle exci-
tation diagram [18], and the reliability of estimation of this diagram hinges on
the precision with which the coupling constagnty A is known. NSGK studied
two representative values fgr y A, One consistent with thep — ~d data and
the second value arrived at by fitting the experimental vaIuEgofthe tritium
(p-decay rate. The calculatedd cross sections were found to differ by3 %
between these two cases, and this 3 % difference was taken as a measure of the-
oretical uncertainty. Meanwhile, Butler, Cheng and Kong (BCK) [23] were the
first to carry out an EFT calculation of thed cross sections. The results ob-
tained in the PDS scheme agree with those of SNPA in the following sense. We
first note that, in EFT calculations, there may occur some LEC's that cannot be
fixed from the symmetry requirements alone and hence need to be determined
from the experimental data. In the case of BCK’s calculation [23], the coeffi-
cient (denoted by.; o) of a four-nucleon axial-current coupling term appears as
such an unknown parameter, even thougharalnesargument (based on a di-
mensional analysis) gives an order-of-magnitude estimatg,| < 6 fm®. BCK
therefore determined,, by imposing the requirement that the cross sections
of NSGK be reproduced by their EFT calculation. With the use of the value of
L1 4 fine-tuned this way, a perfect agreement was seen between the cross sections
obtained in Ref. [23] and those of NSGK for all the four reactions (CC and NC
channels for and?) for the entire energy range of the solar neutrings,< 20
MeV. Moreover, the best fit valud,; , = 5.6 fm®, obtained by BCK [23] is con-
sistent with the value expected from the naturalness argument. The fact that an
EFT calculation (with one parameter fine-tuned) reproduces the results of SNPA
very well strongly suggests that SNPA captures the basic physics involved.

Since EFT is a general framework, it is capable of giving model-independent
results,providedall the LEC's needed to specifg. ;s up to a given order are
knowna priori. The PDS scheme used by BCK, however, does contain an un-
known LEC, L15. Meanwhile, although SNPA involves a certain degree of
model dependence, its basic assumptions and the parameters contained in it have
been tested extensively for many observables. Insofar as these tests are accepted
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as valid, SNPA has predictive power. We thus recognize that EFT and SNPA are
playing complementary roles hete.

Although it is highly significant that the SNPA and EFT calculations of the
v-d Cross sections agree with each other (in the sense explained above), itis desir-
able to perform an EFT calculation that contains no adjustable LEC. Is this type
of calculation possible ? The answer is fortunately yes, if we invoke the EFT*
approach mentioned earlier. Let me describe here the latest developments in this
regard.

An important conceptual difference between the nucjgara la Weinberg
and the PDS used by Butlet al.[23] is that the former uses the notion of wave
functions whereas the latter does not. This point may require a little more expla-
nation. If we, following Weinberg, sum all the A-body ladder diagrams, each
composed of Weinberg-irreducible vertices connected by A-nucleon propaga-
tors, we arrive at (in the language of scattering theory) the wave opeeator
which changes the free A-nucleon wave functipkf), >, into thefully distorted
wave functions|¥ 4>. This feature is analogous to what is done in SNPA. The
only difference is that the kernel of the Lippman-Schwinger equation, which gen-
erateq?, is constructed here in accordance withr whereas in SNPA the kernel
corresponds to a phenomenological nuclear potential.

We now note that, as far as one-body operators [or impulse approximation
(IA) terms] are concerned, the nuclear matrix elements calculated with the use
of EFT-generated wave functions are expected to be very close to those calcu-
lated with the SNPA wave functions. Thus EFT and EFT* should give practi-
cally the same IA matrix elements. Next, we note that the ratio of the exchange
current contributions to those of the one-body operators should be much less sen-
sitive to the details of the nuclear wave functions than the absolute values of the
nuclear matrix elements. Through these considerations EFT* acquires a higher
status than an expedient, for we now know that it is indeed a natural thing to do to
rely onxPT for deriving transition operators and evaluate their matrix elements
using the realistic wave functions obtained in SNPA. EFT*, justified this way,
provides the possibility of applyingPT beyond the two-nucleon systems. We
note in this connection that, in A-nucleon systems>@), the contributions of
transition operators involving three or more nucleons are intrinsically suppressed
by chiral counting. This means that, up to a certain chiral order, the transition ma-
trix element for an A-nucleon system can be evaluated using the gemeased
1-body and 2-body operators as used for the two-nucleon systems. Therefore, in-
sofar as high-quality wave functions are obtainable from SNPA, one can calculate

*SNPA is the only theoretical framework available at present for calculating theross sections
beyond the solar energy region. An EFT calculation in Ref. [23] adopts a so-called “nucleon-only”
EFT, excluding all the degrees of freedom other than that of the nucleon, and therefore the validity of
this approach is limited to very low incident neutrino energies (typically the solar neutrino energies).
On the other hand, we encounter no immediate conceptual problems in applying SNPA to an energy
region beyond the solar neutrino energy.
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a transition matrix element for the A-nucleon system with precision comparable
to that for the corresponding two-nucleon case. We will discuss below an impor-
tant consequence of this observation

As for PDS, we emphasize that PDS, based on an expansion scheme for tran-
sition amplitudes themselves, does not employ the notion of wave functions.
This feature may or may not be an advantage. A disadvantage in the present con-
textis that we cannot readily relate the transition matrix elements in an A-nucleon
and (A+1)-nucleon systems. Each nuclear system requires a separate parameter-
ization in PDS. A consequence of this feature is that remained undetermined
in the work of BCK [23], for no experimental data is available toffix, within
the two-nucleon systems.

Recently, Parlet al. [24, 25] proposed to use EFT* to get a constraint on
an LEC inL.s; from the experimental information on an A=3 system. Here is
a brief description of that investigation and subsequent related studies. To the
lowest meaningful order in Weinberg’s counting, the two-body currents for the
Gamow-Teller transition involve one unknown LEC, which was denoted]Fby
in [12]. Like L 4 featuring in the PDS scheme [23]; controls a strength of
four-nucleon contact-term coupling to the axial current. Unfortunately, the exist-
ing experimental data involving the A=2 systems do not have sufficient precision
to control the value of gr. Itturns out, however, that the same parameien‘ea—
tures also in the tritiung-decay ratd“g. The facts that the experimental value of
F,t@ is known with high precision, and that the accurate wave functiofll @nd
3He are available from a well-developed variational calculation [26], enable us
to determinel with sufficient accuracy for our purposes. After fixing the value
of d, this way, Parlet al.[24] carried out the first parameter-free calculation of
the solar pp fusion rate. Their formalism based on a momentum cutoff scheme
contains a momentum cutoff parameter As a measure of the consistency of
their method, Parkt al. demonstrated that the results are stable against changes
in A. The estimated uncertainty in the calculated pp fusion rat&i§%, which
improves by a factor 0f-10 the precision of the previous calculations.

Let us now return to our discussion of thel reactions. The EFT* approach
of Refs. [24,25] can be readily applied to these reactions, and thus we are in a po-
sition to carry out an EFT-motivated parameter-free calculation of ttieross
sections. Such a calculation has recently been carried out by éinallo[27].
Thev-d cross sections obtained in this calculation are found to agree within 1%
with what Nakamuraet al. [17] obtained in SNPA adopting the value @fy A
adjusted to reprodudétﬁ. These latest developments show thatthicross sec-
tions used in interpreting the SNO experiments [20,20] are reliable at the 1% pre-
cision level®* and hence the evidence for neutrino oscillations reported in those

*We remark en passant that the same EFT* method was successfully applied also to the calculation
of the cross section for thieep reaction:3He 4+ p — *He + v, + et [25].
**For radiative corrections to be applied here, see Ref. [28].
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experiments is robust against nuclear physics ambiguities.

Even though the determination @f; from I}, is good enough for all practi-
cal purposes, it seems worthwhile to examine a possibility (including a futuristic
one) to fixdr without using information from three-nucleon systems. A rather
obvious candidate i8~ +d — v, +n+n. Itis true that the rather large energy-
momentum transfer involved in the disappearance pf sseems to make the
applicability of EFT a delicate issue, but we can show that, as far as the hadron
sector is concerneg;d capture is in fact a “gentle” process; this is because(1)
carries away most of the energy, and (2) there is a large enhancement of the tran-
sition amplitude in a kinematic region where the relative motion of the final two
nucleons is low enough to justify the use of EFT. Ared@l.’s recent study [29]
has shown that - d capture can be useful for controllidg, provided the quality
of experimental data improves sufficiently.

| have given above a very limited survey of the current status of nugkar
I need to repeat my disclaimer that | have left out many important topics. Among
others, | did not discuss a very important attempt by Epelbaurd¢ckB and
Meif3ner [30] to construct a formally consistent framework for applyfRg to
complex nuclei (A=3,4 ...). It should be highly informative to apply this type of
formalism to electroweak processes and compare the results with those of EFT*.
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