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The theoretical and experimental issues relevant to neutrinoless double beta decay are reviewed. The
impact that a direct observation of this exotic process would have on elementary particle physics,
nuclear physics, astrophysics, and cosmology is profound. Now that neutrinos are known to have mass
and experiments are becoming more sensitive, even the nonobservation of neutrinoless double beta
decay will be useful. If the process is actually observed, we will immediately learn much about the
neutrino. The status and discovery potential of proposed experiments are reviewed in this context,
with significant emphasis on proposals favored by recent panel reviews. The importance of and
challenges in the calculation of nuclear matrix elements that govern the decay are considered in detail.
The increasing sensitivity of experiments and improvements in nuclear theory make the future

exciting for this field at the interface of nuclear and particle physics.
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sults in the emission of two electron antineutrinos in
addition to the electrons, and occurs whether or not
neutrinos are their own antiparticles. 88(2v) has in fact
been observed in a number of experiments. With the
exception of one unconfirmed observation, on the other
hand, BB(0v) has never been seen, and searches for it
are ongoing in a number of laboratories around the
world. Other even slower and more exotic processes,
including double-positron decay, double-electron cap-
ture, and neutrinoless decay with the emission of a hy-
pothetical particle called the Majoron [BB(0v, x)], have
likewise never been observed.

The development of effective-field theory and grand-
unification schemes in the late 1970s and early 1980s led
to the expectation that neutrinos are identical with their
antiparticles and have nonzero mass, and engendered
renewed interest in BB(0v) experiments. More recently,
neutrino-oscillation experiments have yielded compel-
ling evidence that the three observed flavors of neutri-
nos are not mass eigenstates but rather linear combina-
tions of those eigenstates (at least two of which have
nonzero mass eigenvalues). These experiments also al-
low the electron neutrino to mix significantly with the
heaviest of the mass eigenstates. If it does, the effective
neutrino mass will be large enough that 88(0v) may well
be observed in experiments currently under construction
or development. An observation would establish that
neutrinos are “Majorana” particles (v=v, roughly
speaking), and a measurement of the decay rate, when
combined with neutrino-oscillation data, would yield in-
sight into all three neutrino-mass eigenstates. This paper
is motivated by the recent developments in neutrino
physics and by the interest among physicists throughout
the world in a coherent experimental 88(0v) program.

A. The early history

Double beta decay was first considered in a 1935 pa-
per by Maria Goeppert-Mayer (1935). The author, who
acknowledged Eugene Wigner for suggesting the prob-
lem, derived an expression for the decay rate and esti-
mated a half-life of ~10'7 yr for a decay with the emis-
sion of two electrons and two antineutrinos (), carrying
about 10 MeV of energy. Two years later Ettore Majo-
rana formulated a theory of neutrinos in which there
was no distinction between v and v (Majorana, 1937),
and suggested an experimental test of his hypothesis
with a reaction similar to 7,+3'Cl—3’Ar+e~, which was
later searched for (and not found) by Raymond Davis
(Davis, 1955). It was Giulio Racah, however, who first
suggested testing Majorana’s theory with 88(0v) (Racah,
1937). In 1939 Furry calculated approximate rates for
BB(0v) (Furry, 1939), and in 1952 Primakoff (Primakoff,
1952) calculated the electron-electron angular correla-
tions and electron energy spectra for both B8(2v) and
BB(0v), producing a useful tool for distinguishing be-
tween the two processes. These early contributions set
the stage for many years of experimental and theoretical
activity.
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The review by Haxton and Stephenson (1984) con-
tains a chronology of experiments from 1948 through
1983. There were some early claims of observation. Fire-
man (1949) reported observing the BB of 1>*Sn in a labo-
ratory experiment, but retracted the claim later (Fire-
man, 1952). The first geochemical observation of BS,
with an estimated half-life of T95('**Te)=1.4 X 10%! yr,
was reported in 1950 (Ingram and Reynolds, 1950). The
first actual laboratory observation of BB(2v) was not
made until 1987 (Elliott et al., 1987). Here we concen-
trate on experiments developed since the late 1980s, ref-
erencing earlier work where appropriate. The early de-
velopments have been covered well in other reviews, for
example, Primakoff and Rosen (1981); Haxton and
Stephenson (1984); Doi et al. (1985); Avignone and
Brodzinski (1988); Tomoda (1991); Moe and Vogel
(1994); Faessler and Simkovic (1998); Suhonen and Civi-
tarese (1998); Elliott and Vogel (2002); Tretyak and Zde-
senko (2002); Zdesenko (2002); Elliott and Engel (2004);
Avignone et al. (2005); Ejiri (2005).

B. Overview of theory and recent experimental developments

A typical BB candidate is an even-even nucleus (Z,A)
which pairing forces make more bound than its (Z
+1,A) neighbor, but less so than the (Z+2,A) nuclide,
as shown in Fig. 1. In Fig. 2 we depict BB8(2v) and
neutrino-exchange-driven B8(0v). The rate of BB(2v),
which has been measured in ten isotopes (see Table II),
can be written as

(T3 = Go(Qpp 2) | My, (1)

where G,,(Qgg,Z) is the four-particle phase-space fac-
tor, and M,, is a nuclear matrix element for this second-
order process. This decay conserves lepton number, does
not discriminate between Majorana and Dirac neutrinos,
and does not depend significantly on the masses of the
neutrinos. The rate of BB(0v), if driven by the exchange
of light Majorana neutrinos, is approximately

(T9h) " = GOV(QBB>Z)|M0V|2<mBB>25 )

where G,(Qpg,Z) is the phase-space factor for the
emission of the two electrons, M, is another nuclear
matrix element, and (mgg) is the effective Majorana
mass of the electron neutrino:

2
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FIG. 2. Feynman diagrams for SB(2v) (top) and BB(0v) (bot-
tom).

(mgg) = ‘ 3 . 3)

Here the m;’s are the masses of the three light neutrinos
and U is the matrix that transforms states with well-
defined mass into states with well-defined flavor (e.g.,
electron, mu, tau). Equation (2) gives the BB(0v) rate if
the exchange of light Majorana neutrinos with left-
handed interactions is responsible. Other mechanisms
are possible (see Secs. I1I and IV.D), but they require the
existence of new particles and/or interactions in addition

to requiring that neutrinos be Majorana particles. Light-
neutrino exchange is therefore, in some sense, the
“minima” mechanism and the most commonly consid-
ered.

That neutrinos mix and have mass is now accepted
wisdom. Oscillation experiments constrain U fairly
well—Table I summarizes our current knowledge—but
they determine only the differences between the squares
of the masses m, (e.g., m3—m7}) rather than the masses
themselves. It will turn out that B8(0v) is among the best
ways of getting at the masses (along with cosmology and
B-decay measurements), and the only practical way to
establish that neutrinos are Majorana particles.

To extract the effective mass from a measurement, it
is customary to define a nuclear structure factor Fy
= G,(Qpp. Z)|My,|m?, where m, is the electron mass.
(The quantity Fy is sometimes written as C,,,,.) The ef-
fective mass (m BB> can be written in terms of the calcu-
lated F and the measured half-life as

(mgg)=m,[Fy 1A I (4)

The range of mixing matrix values given in Table I, com-
bined with calculated values for Fy;, allow us to estimate
the half-life a given experiment must be able to measure
in order to be sensitive to a particular value of (mggs).
Published values of Fy are typically between 1013 and
107 yr~!. To reach a sensitivity of (1,5 ~0.1 eV there-
fore an experiment must be able to observe a half-life of
10%°-10%" yr. As we discuss later, at this level of sensitiv-
ity an experiment can draw important conclusions
whether or not the decay is observed.

The most sensitive limits thus far are from the
Heidelberg-Moscow experiment: 79/("*Ge)=1.9x 10%
yr (Baudis et al, 1999), the IGEX experiment:

0 (°Ge)=1.6 X 10% yr (Aalseth et al., 2002a, 2004),
and the CUORICINO experiment: T95(*'Te)=3.0
X 10%* yr (Arnaboldi et al., 2005, 2007). These experi-
ments contained 5-10 kg of the parent isotope and ran
for several years. Hence increasing the half-life sensitiv-

TABLE 1. Neutrino mixing parameters as summarized by the Particle Data Book [Yao et al. (2006)]
based on the individual experimental reference reporting. The limit on (mg) and ¥ are based on the
references given. The (mgg) limit comes from the Ge experiments. The parameter values would be
slightly different if determined by a global fit to all oscillation data (Fogli et al., 2006).

Parameter Value Confidence level Reference

sin?(26;,) 0.86 001 68% Aharmin ef al. (2005)

sin?(26,3) >0.92 90% Ashie et al. (2005)

sin?(26;3) <0.19 90% Apollonio et al. (1999)

Am3, 8.0703x107° eV? 68% Aharmin et al. (2005)

|Am3,| 2.4708%107 eV? 90% Ashie et al. (2004)

(mg) <2eV 95% Lobashev et al. (1999); Kraus et al. (2005)

(mgg) <0.7 eV* 90% Klapdor-Kleingrothaus et al. (2001a); Aalseth
et al. (2002a)

p3 <2eV 95% Elgaroy and Lahov (2003)

#Using the matrix element of Rodin et al. (2006).
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ity by a factor of about 100, the goal of the next genera-
tion of experiments, will require hundreds of kg of par-
ent isotope and a significant decrease in background
beyond the present state of the art [roughly 0.1
count/(keV kg yr)].

It is straightforward to derive an approximate analyti-
cal expression for the half-life to which an experiment
with a given level of background is sensitive (Avignone
et al., 2005):

7-\(1)/1/2 (f’l (r) =

416 X 10% yr( ea Mt
010 o) s

w bA(E)

Here n, is the number of standard deviations corre-
sponding to a given confidence level (CL)—a CL of
99.73% corresponds to n,=3—the quantity & is the
event-detection and identification efficiency, a is the iso-
topic abundance, W is the molecular weight of the
source material, and M is the total mass of the source.
The instrumental spectral width A(E), defining the signal
region, is related to the energy resolution at the energy
of the expected BB(0v) peak, and b is the specific back-
ground rate in counts/(keV kg yr), where the mass is that
of the source, as opposed to the isotope. Equation (5) is
valid only if the background level is large enough so that
the uncertainty is proportional to VvbA(E). For a 200-kg
®Ge experiment with a background rate of
0.01 count/(keV kgyr) and an energy resolution of
3.5 keV, running for 5 yr, the values for these param-
eters are Mt=10° kgyr, £=0.95, a=0.86, W=76, and
A(E)=3.5 keV. This results in a 4¢ half-life sensitivity of
T)(40,°Ge)=1.9x 10 yr. The background rate
quoted above is conservative for a Ge experiment, only
a factor of 6 below that of the Heidelberg-Moscow and
IGEX experiments. A background rate of 0.001
count/(keV kgyr) would allow a 40 discovery with

1%=6x10% yr. But an experiment with even mod-
estly lower efficiency or poorer resolution must attain
much lower background rates to have comparable
sensitivity.

These numbers characterize the level future experi-
ments will have to reach to make a significant contribu-
tion to the field. Later we discuss a number of proposed
experiments and attempt to estimate their sensitivity.

o

C. The claimed observation

In 2001, a subset of the Heidelberg-Moscow Collabo-
ration (Klapdor-Kleingrothaus et al., 2001a, 2001b, 2003;
Kleingrothaus and Krivosheina, 2006) claimed to ob-
serve evidence for a BB(0v) peak in the spectrum of
their Ge experiment at 2039 keV. This claim and later
papers by the same group elicited a number of critical
replies, for example, Harney (2001); Aalseth et al
(2002b); Feruglio et al. (2002); Zdesenko et al. (2002).
But whether or not the result is valid, the experiment
was the most sensitive to date. The parameter values
were Mt=71.7 kg yr, b=0.11 count/(keV kg yr), £=0.95,
a=0.86, W=76, and A(E)=3.27 keV. The number of
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counts under the peak at 2039 keV was 28.75+6.86
(Klapdor-Kleingrothaus et al.,, 2004a). Substitution into
Eq. (5) yields 79(47,7°Ge)=1.6x 10 yr, a lifetime
comparable to the claimed most probable value, 2.23
% 10% yr. At least nominally, the experiment had a 4o
discovery potential, and cannot be dismissed out of
hand. Since this analysis does not account for statistical
fluctuations, background structure, or systematic uncer-
tainties, the actual confidence level could be significantly
different. But the only certain way to confirm or refute
the claim is with additional experimentation, preferably
in %Ge.

To this end, the GERDA experiment is under
construction in the LNGS (Abt ef al., 2004) and the
MAJORANA project (Gaitskell ez al., 2003) is being devel-
oped in the U.S. The CUORICINO experiment in the
LNGS (Arnaboldi et al., 2005) uses “°Te, and is the
most sensitive experiment currently operating, with a
lower bound of 79%("**Te)=3x10?* yr. This limit is at
or near the sensitivity needed to test the 2001 claim, but
uncertainty in the calculated value of the nuclear matrix
element M, (or, equivalently, Fy) will preclude a defini-
tive statement.

Foiled by the nuclear matrix elements, one can see
even in this brief overview how nice it would be to have
accurate matrix elements. We address the issue of how
well they can be calculated later.

II. MAJORANA NEUTRINOS

As we see, BB(0v) cannot occur unless neutrinos are
Majorana particles, i.e., their own antiparticles. We
therefore briefly review the nature of neutral fermions.
Much of what we say here is covered in a similar fashion
but much greater depth in Bilenky and Petcov (1987).

We can project an arbitrary four-spinor ¥ onto states
of definite chirality, which are singlets under one of the
two SU(2) algebras that make up the Lorentz algebra
SO(3,1). We define the left- and right-handed projec-
tions as W; x=[(1= ys)/2]¥. Because of the minus sign
in the Minkowski metric and the resulting need to work

with =W’y rather than W' alone, a Lorentz scalar
cannot be constructed by contracting two left-handed
spinors in the usual way. Instead one must contract a
left-handed spinor with a right-handed one. The (scalar)
term in the Lagranginan obtained in this way is called
the Dirac mass term:

£D=—mD\I_’\I’:—mD(‘I’_L‘I’R+\I’_R\PL). (6)

The terms above contract \If*L with W (and vice versa),
with vy, flipping the chirality so that the contraction can
be made.

If charge conservation is not required, one can form a
scalar by combining W with itself rather than with W".
Such a term cannot exist in the Lagrangian for electrons
or quarks because it destroys or creates two particles of
the same charge (or destroys a particle while creating an
antiparticle of opposite charge), but nothing forbids it in
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the Lagrangian of neutral fermions such as neutrinos. It
violates lepton number, a global U(1) symmetry that
tracks the difference between particle number and anti-
particle number, but there is nothing sacred about global
symmetries. Indeed, 83(0v) can not occur unless lepton-
number symmetry is violated.

To construct a Lorentz scalar from two W’s, we note
that the charge conjugate of W, defined up to an arbi-
trary phase as W¢=*V¥, transforms in the correct way;
its chirality is opposite that of W itself because * and s
anticommute. Thus (V)¢ is right handed, and we can
construct left- and right-handed Majorana mass terms of
the form

my —-— MR7o ¢
Ly== W)W+ He] - —F[(Wp) We+ Hel.

™)

Although we have used all four Dirac components in
this equation, it is possible that only the two in ¥, ac-
tually exist if there is no Dirac mass term.

Equations (6) and (7) can be generalized to include N
flavors. If, following Bilenky and Petcov (1987) and let-
ting ¥ be the neutrino field v, we define

v
= 8
e |:(VR)C:|, ®)
where
Vel (VeR)C
=] ", (= (”“R)C : )
VoL (VTR)

then we find for the mass part of the Lagrangian

1—
Lpiy=-— z(nL)CMnL +Hec., M= (

(10)

The (generically complex symmetric) N X N matrices
M, and My are the Majorana mass terms and the N
X N matrix Mp is the Dirac term. Except in special
cases, the eigenstates of Ly, ), will correspond to Majo-
rana particles. The Lagrangian is invariant under CPT, a
transformation that takes a particle into an antiparticle
with spin direction reversed. Since the eigenstates will in
general consist of 2N nondegenerate spinors, the com-
ponents in each spinor must transform into each under
CPT, rather than into an orthogonal spinor, so that the
neutrinos will be their own antiparticles. To see this
more precisely, we note that M, if nondegenerate, can
be rewritten in the form M=U"Tmlf’, where r is a
diagonal matrix with 2N positive entries m, and U is
unitary. The mass Lagrangian then takes the form
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2N 2N

1 —_—, 1 —
Lpi=-72 mpn ) np, +He.=- =2 mpdpdy,
20 20

(11)
where n; =Un; and

bre=npp + (ng)C = by, (12)

with only the cross terms surviving when the ¢;’s are
written out as in Eq. (12). Clearly, then, the physical
eigenstates ¢, are Majorana particles. The interacting
left-handed flavor eigenstates are linear combinations of
the left-handed parts of these Majorana eigenstates
(which do not have well-defined chirality).

Dirac neutrinos are a special case, produced if, e.g.,
M, and My, are zero. We can see this most easily in the
case of the one-flavor mass matrix where M is simply
m,

0 m
we(2 7). .

m 0

The eigenvalues m and —m are obtained by diagonaliz-
ing this real matrix with a real orthogonal matrix. To get
the two states with positive mass m we cannot use this
real matrix as U but instead must incorporate a phase
that changes the sign of the second eigenvalue:

_(1 i) ”
u_l_i. (14)

The phase in this matrix that mixes the degenerate Ma-
jorana states ¢; and ¢, will cause the two to cancel in
the neutrino-exchange diagram via which Majorana neu-
trinos directly mediate 8B(0v) decay. And since they are
degenerate, orthogonal linear combinations
=1/\2(y+icpy) and x,=1/\2(¢h; —igh), that go into one
another under charge conjugation, are also eigenstates
yielding Lp=(-m/2)(¢1¢+ prr)=—m(x1 X1+ X2x2). The
x’s make up the lepton-number conserving Dirac neu-
trino and antineutrino.

We can also use the one-flavor case to illustrate the
“see-saw” mechanism, a natural explanation for the ex-
istence of light Majorana neutrinos (Gell-Mann et al.,
1979; Yanagida, 1979; Mohapatra and Senjanovic 1980).
Majorana mass terms for left-handed neutrinos cannot
be accommodated in the standard model because those
terms have different quantum numbers under SU(2);
X SU(2)g than do the Dirac mass terms. But by intro-
ducing new physics (e.g., new Higgs bosons with differ-
ent quantum numbers) at a very large mass scale my,
extended models can avoid this problem. The result is
often a mass matrix M (in the one-flavor example, for
which Mg, M;, and M become numbers mpg, m;, and
mp) with mgp>mp>m;, where mp, which comes from
our familiar Higgs vacuum expectation value, is on the
order of a typical quark or lepton mass. Diagonalization
yields eigenvalues mlz—m%/ mpg and m,~mpg. The ma-
trix that converts from eigenstates with positive mass to
flavor eigenstates is
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/
uz< ' l mp mR>
—imp/mpg 1

In this scheme, neutrinos that we know about are much
lighter than other leptons because of the existence of
other very heavy neutrinos. Even without heavy neutri-
nos, the fact that the only dimension-5 neutrino-mass
operator in standard model fields is of Majorana form
(Weinberg, 1979) leads one to expect that massive neu-
trinos will be Majorana particles.
In the general N-flavor case

(15)

N N
v = 2 UpPL oy, V1R=Eu;kPR¢k (I"=1+N),
k=1 k=1

(16)

where P; and Py are projection operators onto states of
well-defined chirality. We assume here that something

like the see-saw with very large mp is operating so that
half the eigenstates are very heavy. In that case the light
eigenstates mix nearly entirely among themselves, and
the N X N matrix U responsible, defined to be the upper-
left quarter of U, is nearly unitary:

N
v = 2 UpPL¢y. (17)
k=1

Although we have used the see-saw to arrive at Eq. (17),
a mixing matrix U can be defined even if the right-
handed sector is light or absent.

The matrix U, which we introduced in Eq. (3), nomi-
nally has N? parameters, N(N-1)/2 angles, and N(N
+1)/2 phases. N of the phases are unphysical, so that
there are N(N-1)/2 independent physical phases. For
three active neutrino flavors, the three-phase mixing ma-
trix can be written in the form

id

€12€13 S12€13 S13€”
_ is is . a2 a2
Us=| 512623 — C12523513€""  C1oCo3 = S1523513€'"  $p3¢13 |diag{e’®”,e' 2, 1}, (18)
is is
§12823 = €12€23513€ — C12523 — §12€23513€¢ ~ (23C13

where s;; and ¢;; stand for the sine and cosine of the
angles 6, 6 is a Dirac phase analogous to the unremov-
able phase in the CKM matrix, and the other two phases
o and o, affect only Majorana particles. If neutrinos
were Dirac particles, these two phases could be ab-
sorbed into redefinitions of the fields. The Majorana
mass terms in the Lagrangian, however, are not invariant
under such redefinitions. Kobzarev et al. (1980) have
given a detailed discussion of the number of free param-
eters in the mixing matrix.

II1. RATE OF DOUBLE BETA DECAY

The neutrino masses and mixing matrix figure promi-
nently in neutrino-mediated BB(0v) decay. The rate for
that process is

T = &’py &p,
[T75] S%S |Zo PO Ep + Eoy — Ogp Py
(19)

where Z, is the amplitude and Qg is the O value of the
decay. The amplitude is second order in the weak inter-
action and depends on the currents in the effective low-
energy semileptonic Hamiltonian (), which we as-
sume for the time being is purely left handed: H4(x)
=(Gp/\2){e(x) y,(1-y5) v (x)J#(x)} + Hc., with J# the
charge-changing hadronic current. We assume as well
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that only the particles we know about exist, or that any
others are too heavy to measurably affect B8(0v) decay.
Then the decay is mediated solely by the exchange of
three light neutrinos and the amplitude contains a lep-
ton part (a function of x and y to be contracted with a
similar hadron part and integrated over x and y) of the
form

% e(x)y,(1 - YS)Uekd’k(lx)e_(Y)%(l -5 Uekqsﬁ(y)

= - 26071 - ) U0 600,
k

X1+ y5)Uee(y), (20)

where the underbrackets indicate contraction. With our
convention ¢y = ¢y, the contraction of ¢, with ¢} turns
out to be the usual fermion propagator, so that the lep-
ton part above becomes

i dq q°y,+my
-1 | 2o ey (1 - ) TS5y,
4) < @emt P eml
X(1+ ys5)e(y) U2, (21)

where ¢ is the four-momentum transfer. The term with
g? vanishes and the m;, in the denominator can be ne-
glected for light neutrinos, so that the amplitude is pro-
portional to
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(mgg) = ‘ 2 mUs | = my| U P + mo| Ui
k

+ 3| U,s[2e 1729 (22)

The absolute value has been inserted for convenience,
since the quantity inside it is squared in Eq. (19) and is
complex if CP is violated. Applying the first expression
in Eq. (22) to our one-flavor example, one can see ex-
plicitly that a Dirac neutrino, which is equivalent to a
degenerate Majorana pair ¢; and ¢,, cannot contribute
to BB(0v) decay because the two states would have U,
=1 and U,=i, as in Eq. (14).

To complete the calculation, one must multiply the
lepton part of the amplitude by the nuclear matrix ele-
ment of two time-ordered hadronic currents and inte-
grate over x and y. We can write the matrix element of a
product of currents between initial and final nuclear
states i and f as

LI W = 2 I InXnlTL ()i

Xe—i(Ef—En)er—i(En—Ei)yo, (23)

where the |n)’s are a complete set of intermediate
nuclear states, the E,’s are the corresponding energies,
and E; and Ej are the energies of the initial and final
nuclei. When the two time coordinates x; and y, are
ordered and integrated over, and when the exponential
in Eq. (23) is combined with a similar factor from the
lepton currents and the g dependence of the neutrino
propagator, the following factor in the amplitude results:

VL) nXnlTL ()]0
27T5(Ef+ Ed " Eﬁz - E)g [qo(En + qO + EeZ - Ez)

(7 ©) )4y ]
qO(En + qo + Eel - Ei) )

(24)

We have ignored the neutrino masses, which are small
compared to their momenta. The quantity gy=¢q is the
energy of the virtual neutrino, to be integrated over
along with the virtual momenta, and E,;, E,, are the
energies of the outgoing electrons. The energy ¢ is typi-
cally about an average inverse spacing between nucle-
ons, 100 MeV or so. This value is much larger than the
excitation energy of states contributing to the decay am-
plitude, so the intermediate-state energies are usually

replaced by an estimate E of their average value. Studies
show that the resulting amplitude is not very sensitive to
the choice of the average (Pantis and Vergados, 1990),
and that the error it causes in the decay rate is perhaps
15%. In this “closure approximation” one replaces the
(now unweighted) sum over intermediate states by 1, so
that Eq. (24) above becomes

(AIE T (V)]i)
q"E+q°+E,-E)
AL @)Ly )

QO(E + qo +E,-E) .

27T5(Ef+ Eel + Ee2 - El)(

(25)
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To go any further, we need an expression for the had-
ronic current J; (x). In the impulse approximation, the-
hadronic current is obtained from that of free nucleons,
and the resulting one-body operator J L(x):EaOa(x)T;
[where the operator O,(x) acts on space and spin vari-
ables of the ath nucleon] is used to evaluate the matrix
element between states in the initial and final nuclei. In
this approximation J#(x)J} (y)=J7 (y)J%(x) because (7})?
=0. The charge-changing hadronic current for a nucleon
(i.e., the proton-bra neutron-ket matrix element of the
current) is

Pt = eiqxﬁ(p)(gv(qz)v" —galg®) ys¥*

foald

- igM(qz)EqV +gp(q?) 75q“> alp'),
P

(26)

where g=p’'-p, gy=gv(0)=1, g,=g4(0)=1.26, conser-
vation of the vector current tells us that gy(g?)
=gugv(q®)  with  gy=gy(0)=3.70gy, and the
Goldberger-Triemann relation, accurate enough for our
purposes, states that gp(q?)=2m,g4(q*)/(q*+m?2), with
m, and m the proton and pion masses. The behavior
with g? of the other coefficients can be parametrized in a
simple way from experimental data:

gv
(1+q%A3)%

84

—=——, (27
(1+q*IA%)?

gv(qz) = gA(q2) =

with A2=0.71 (GeV)? and A%=1.09 (GeV)> After re-

ducing to nonrelativistic kinematics to obtain O(x),
keeping all terms of O(1/m,,) except “recoil” terms that
depend on p+p’ rather than g, and omitting second-
order terms in E; ,/q,, which takes the electron energies
out of the denominators of Eq. (25), one can integrate
the rate over electron phase space making the long-
wavelength approximation. Only 0*— 0" decay is con-
sidered so that the electrons are predominantly in s
states and the effect on them of the charged nucleus as
they exit may be approximated via a Fermi function.
The rate then takes the form given in Eq. (2):

[T95]7 = Gou(Q g 2) | Mo, [Xm gg)?, (28)

where Qps=E;~Ey, G(,(Qpp,Z) comes from the phase-
space integral, which includes the Z-dependent Fermi
function, and according to Simkiovic er al. (1999) and
Rodin et al. (2006),
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2
A

M(]v: <f -

Here the nucleon coordinates are all operators that, like
spin and isospin operators, act on nuclear wave func-
tions. The nuclear radius R is inserted to make the ma-
trix element dimensionless, with a compensating factor
in G,. [As pointed out in Cowell (2006), errors have
resulted from using different values of R in M, and
Gy,-] The internucleon position vectors are defined by
rab:|7a—7b| and fab:(fa—Fb)/rab, while jo and j2 are
spherical Bessel functions, and

0 a,b

hilq) = - g1(q?), (30)
(Per @ gra)q*
m, 12mp
20 0\ 2
. gulq 2)61 ’ 31)
6mp

PP (Ui 7l Y Uil M UL

3my, 12m12, 12m]27

(32)

The terms above containing g,, are negligible, but
those with gp typically reduce the matrix element by
about 30%. In most calculations, however, even these
terms are neglected, so that the matrix element takes the
approximate form

2
My, = MG - 550, (3)
8a
with
MgV:<f EH(ramE)TZTZ l>’ (34)
a,b
= (13 . 36,7 ). 39
a,b
Here the neutrino potential H is defined as
_ 2R (™ sin
HrE) =~~~ | dg - (36)

o g+ E-(E+EDR

For later reference, we also give an approximate ex-
pression for the rate of BB(2v) decay, which does not
depend on neutrino mass or charge-conjugation proper-
ties, and involves no neutrino propagator:

2

g2
M?vT__2VM§V 5 (37)
A

[T%/Vz]71 =G,,(Qpp.Z)

where=G,,(Qgg,Z) is another phase-space factor, pre-
sented earlier in Eq. (1), and

Rev. Mod. Phys., Vol. 80, No. 2, April-June 2008

2_Rjoc gdaS, Jolqrap)lhp(q) + har(q) o, - 0] + o qra)hl(q)[36; - FopOy  Fap — 04 0],
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a b

E,— (M;+ M)/

(s
Mz,=2,

(38)

)
. (39)

Nearly all the Fermi strength goes to the isobar analog
state in the daughter, so that M’ can be neglected.

We know that there are three light neutrinos with
largely left-handed interactions, so it makes sense to cal-
culate the BB(0v) rate that those neutrinos and interac-
tions induce. But most theorists believe that unobserved
particles and interactions exist as well. The most popular
explanation of small neutrino masses is the see-saw
mechanism, which implies the existence of heavy neutri-
nos that couple to left-handed gauge bosons. One simple
extension of the standard model that gives rise to a see-
saw is the “left-right” symmetric model, in which a
heavy right-handed weak boson Wy coexists alongside
the familiar, and lighter, W;. Hirsch et al. (1996a) and
Prézeau et al. (2003) have given a general analysis of
double beta decay in such models. We will not repeat
that here, but instead examine the general question of
whether we can expect physics beyond left-handed weak
interactions and light Majorana neutrinos to generate
double beta decay at a level that competes with Eq. (28).

Right-handed currents can cause B8(0v) through the
exchange of both light and heavy neutrinos. The cou-
pling of Wy to neutrino mass eigenstates contains a fac-
tor Uy; (where [’ labels the right-handed states with defi-
nite flavor), while the coupling of the usual W; contains
U;; (where [ labels the left-handed states), so that the
exchange of light neutrinos with a right-handed W in-
volved is proportional to

<f
M5 =2

n

2 mkUlT,kLllk. (40)
k=light

As we see in our one-flavor example, Eq. (15), this quan-
tity is ~mmp/mpg and the amplitude is very suppressed.
The largest contribution, not including the one propor-
tional to (mgg) derived above, generally comes from the
exchange of heavy neutrinos, through two Wg’s. Then
there is no suppression from the mixing matrix, the neu-
trino propagator is roughly proportional to 1/my and,
crudely speaking,
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Vi 4
Zé‘iavyocﬁ”<—“) <i> (41)

2 MWR mpg

For light neutrino exchange, there are no Wg’s in the
dominant term, and the propagator is roughly propor-
tional to (mgg)/ (q)*, where (g)~100 MeV is a typical
virtual-neutrino momentum. Then, instead of Eq. (41),
we have

2
Zigh o G1s5) “2)
2q)

so that the two amplitudes will be approximately equal
when (assuming that M WR%mR) (Mohapatra 1999; Cir-
igliano et al., 2004),

My (o) \'"°
=) w

which is on the order of 1 TeV for (mgg) = VAm?Z, . Thus
if the heavy mass scale in left-right symmetric models is
about a TeV or less, it will not be so easy to determine
the mass scale of the light neutrinos from double beta
decay. The same statement is true of many other hypo-
thetical lepton-number-violating models (supersymme-
try, leptoquarks, etc.) because they usually generate
double beta decay in a similar way, through graphs in
which heavy particles of some kind play the role of the
Wg’s and heavy neutrinos.

Neutrinoless double beta decay in extra-standard
models gives rise to new nuclear matrix elements. The
presence of a single right-handed lepton current causes
the g”y, term in the propagator of Eq. (21) to contribute
to the amplitude, giving rise to derivatives of the neu-
trino potential presented here or forcing one of the elec-
trons into a p state. The outgoing p wave leads to a
different dependence on the angle between the two
emitted electrons that could in principle be exploited to
distinguish between the action of right-handed currents
and the neutrino mass in light neutrino exchange. But
the short-range exchange of a heavy particle will not
always manifest something like the ¢”y, term, and often
the only way to distinguish such a process from
neutrino-mass-induced decay is to exploit the different
nuclear matrix elements that enter. Provided the matrix
elements can be accurately calculated, analysis of mea-
sured lifetimes in several isotopes or to several states in
the same istotope can tell you whether long or short
range is responsible. Of course, as already mentioned,
the accuracy with which nuclear matrix elements can be
calculated is a big issue, and we discuss it later. A more
detailed treatment of the matrix elements governing the
various kinds of double beta decay can be found in Hax-
ton and Stephenson (1984); Doi et al. (1985); Tomoda
(1991); Sinkovic and Faessler (2002).

The implications of some popular extra-standard
models for BB(0v) are discussed below. We close this
section with two general points. First, when the lepton
number is spontaneously broken, as it is in most models
that result in a see-saw mass matrix, there must exist one
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Wk

BB(OV)

FIG. 3. Majorana propagator resulting from BB(0v) amplitude
(Schechter and Valle, 1982).

or more zero-mass bosons, called Majorons, that could
be emitted along with the two electrons in double beta
decay [BB(0v,x)] (Chikashige et al., 1981; Gelmini and
Roncadelli, 1981; Georgi et al., 1981). Apparently, how-
ever, it is difficult for such a process to have a very large
amplitude. Second, even if some exotic lepton-number-
violating physics exists and light neutrino exchange is
not responsible for the decay, the occurrence of BB(0v)
still implies that neutrinos are Majorana particles with
nonzero mass (Schechter and Valle, 1982). The reason is
that any diagram contributing to the decay can be in-
serted into a neutrino propagator, with outgoing elec-
tron lines closed appropriately as in Fig. 3. If BB(0v)
decay is observed, we will know for certain that neutri-
nos are their own antiparticles, even if the possibility of
exotic physics or uncertainty in the nuclear matrix ele-
ments prevents an accurate extraction of the neutrino
mass scale from observation.

IV. DOUBLE BETA DECAY AND NEW PHYSICS

Over the past few decades much has been learned
about the neutrino mixing angles and mass eigenvalues.
Table I summarizes our knowledge of these neutrino pa-
rameters. These results have increased the importance
of BB(0v) experiments; in the first subsection below, we
explain why. The other subsections discuss other physics
that might be revealed by BB(0v).

A. Neutrino mass

If neutrinos are Majorana particles, they will mediate
BB(0v) at a rate proportional to the square of (mgg), Eq.
(22). The known values of the mixing-matrix elements in
Eq. (18) allow us to predict the rate of BB(0v) under
several scenarios for the neutrino’s mass spectrum. If we
ignore the LSND result (see Sec. IV.C) the oscillation
data are consistent with only three such masses, but
their spectrum can still take four possible forms:

(1) Normal hierarchy Dirac: The two masses with the
smaller splitting indicated by &mZ, are smaller
than the third mass. The neutrinos are Dirac.

(i)  Inverted hierarchy Dirac: The two masses with

the smaller splitting indicated by 5m§01 are larger
than the third mass. The neutrinos are Dirac.

(iii) Normal hierarchy Majorana: The two masses with
the smaller splitting indicated by &mZ, are smaller
than the third mass. The neutrinos are Majorana.

(iv) Inverted hierarchy Majorana: The two masses
with the smaller splitting indicated by &m?, are
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FIG. 4. (Color online) The effective Majorana mass (1 44) as a
function of the mass of the lightest neutrino 77g,05- In making
the plot, we have used the best fit values for the parameters in
Table I. The filled areas represent the range possible because
of the Majorana phases and are irreducible. If one incorpo-
rates the uncertainties in the mixing parameters, the regions
widen. See Bilenky et al. (2004) for an example of how the
mixing parameter uncertainty affects the regions.

larger than the third mass. The neutrinos are
Majorana.

In addition, since the absolute mass scale is unknown, it
is possible that the differences between the three mass
eigenvalues are small compared to the masses them-
selves. In this arrangement the neutrinos are referred to
as quasidegenerate or sometimes simply as degenerate.
In the normal hierarchy, the state corresponding to the
largest mass contributes with a small mixing angle.
Hence if the mass of the lightest state my;gp ey 18 small,
(mgpg) is also small. By contrast, in the inverted hierar-
chy, the heavier neutrinos are large contributors to
(mgp).

Modern B research is exciting in part because if na-
ture has selected possibility iv, we should be able to see
BB(0v) with the next generation of experiments. By the
same token, null experiments would rule it out, and
could restrict the parameter space available for possibil-
ity iii. And if some very sensitive experiment ever saw a
very small (1), it would demonstrate that possibility iii
is nature’s choice. Actually certifying that possibility iv is
the choice is a trickier matter, though. To see this, we
show in Fig. 4 the dependence of (mgg) on Myjghieq- TO
make this plot we used the best fit values of the mixing
angles (6y,;=33.9°, 0,,;,=45°, and 6;5=0°) and the Am?’s
(Table I). The figure shows, as expected, that (mgg) is
larger in the inverted hierarchy than in the normal one.
(The plot shows regions rather than lines due to the un-
known Majorana phases.) But because there is no way
of measuring mjignies, BB(0v) Will not be able to distin-
guish the inverted hierarchy from the quasidegenerate
arrangements. (Although in principle it is possible to di-
rectly measure myiges; in @ beta decay experiment with
ideal energy resolution, in practice it is not feasible.) A
large (m gg) will still not tell us for sure which eigenstate
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is the lightest. And we also will not know for sure that
other TeV-scale physics is not responsible for the decay.
Other measurements can help, however. Unlike
BB(0v), the rate of which reflects the coherent exchange
of virtual neutrinos, beta decay involves the emission of
real neutrinos, whose mass can alter the beta particle
spectrum. The corresponding effective beta decay mass
(mg) reflects the incoherent sum of the mass terms:

<mﬁ>2 = 2 m]2| Uej|2 = m%|Uel|2 + m%|U62|2 + m%|U€3|2'
J
(44)

In a beta decay experiment this quantity would approxi-
mate the difference between the end point of the elec-
tron spectrum and the Q value. The approximation is
valid as long as the energy resolution is too poor to sepa-
rate individual end points due to each of the m;. For all
presently planned beta decay experiments, that is the
case.

Equations (22) and (44) depend differently on the
mixing angles, phases, and mass eigenvalues. If beta de-
cay experiments find (mg), BB(0v) measures (mgg), and
M,, ever get accurate enough, they could help constrain
the Majorana phases discussed below. If (mp) yielded a
result that was inconsistent with the two known Am?’s
and a measured (mgg), it could demonstrate that new
physics, either in the form of new particles exchanged in
BB(0v) decay or sterile neutrinos that mix with the three
active neutrinos, is at play.

We should note that the neutrino contribution to the
mass density (€,) of the Universe (Hannested, 2003)
constrains a third combination of the neutrino masses:

py
Q= ——— 45
% 92.5eV’ “45)
where
E:Emj:m1+m2+m3. (46)

J

Since no experiment measures the mass eigenstates di-
rectly, effective neutrino mass measurements, coupled
with the oscillation measurements, are all required to
determine a complete set of the parameters describing
neutrinos.

B. The Majorana phases

The elements of the mixing matrix may contain many
phases, but only a small number have any physical con-
sequence. In a 3 X 3 mixing matrix describing Dirac neu-
trinos, all but one phase (the so-called Dirac phase &)
can be absorbed into a redefinition of the neutrino and
antineutrino fields. If neutrinos are Majorana, the
phases of each neutrino and antineutrino pair are corre-
lated and fewer phases can be eliminated in this way. For
the 3X3 case, two additional phases [the Majorana
phases a;, @, of Eq. (18)] are allowed. Any of these
phases can result in CP violation if its value differs from
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a multiple of 7. In Fig. 4, the borders of the shaded
regions correspond to phases that are multiples of r,
resulting in CP conservation. The shaded regions be-
tween the borders correspond to CP violation. By com-
paring measurements of % or (mg) to (mgg), one might
be able to demonstrate that CP is violated in the lepton
sector.

The Dirac phase can lead to observable effects in os-
cillation experiments, whereas the Majorana phases that
appear in Eq. (22) have no effect in those experiments.
To see this, note that the transition amplitude for oscil-
lations from a neutrino of flavor / to flavor j is

2 v) = 3 Uy Upye miHE, (47)
k

where L and E are the distance traveled and energy,
respectively, of the v. The Majorana phases in the diag-
onal matrix of Eq. (18) cancel with their complex conju-
gates in the product UU".

Many have suggested that the Majorana phases might
be observable if precise values of (mgg) and (mg) could
be compared (Abada and Bhattacharyya, 2003; Pascoli
and Petcov, 2003; Sugiyama, 2004). Elliott and Engel
(2004) have provided a graphical example of how the
measurements from oscillations, 88(0v), beta decay, and
cosmology might be combined to learn about possible
values for the phases of Eq. (22). But any attempt would
have to contend with the problem that there are two
such phases but only one known experimental measure-
ment that is sensitive to them. With only BB8(0v) as a
probe, no unambiguous measurement of both a’s is pos-
sible. Although leptogenesis depends on CP violation in
the lepton sector (Fukugita and Yanagida, 1986; Buch-
miiller et al., 2002), it will not be easy to use cosmologi-
cal measurements to help quantify the a’s, because the
relation between CP violation in the decay of heavy Ma-
jorana neutrinos in the early Universe and the phases in
the light-neutrino mixing matrix is model dependent.

If 6,5 is zero, however, only one of the a’s will contrib-
ute to (mgg). This might allow that a to be determined
from measurements of BB(0v). There is still a problem,
though: extracting information about « will require the
calculation of M, with an accuracy that is currently out
of reach (Barger et al., 2002; Elliott, 2006).

C. Sterile neutrinos

The LSND (Aguilar et al., 2001) neutrino-oscillation
result indicates a Am? scale of ~1 eV2 A value this
large cannot be incorporated into a three-neutrino mix-
ing scheme along with the atmospheric and solar scale
Am? values. This inconsistency is sometimes called the
three Am? problem: with three neutrino masses there are
only two mass differences. One approach to solving this
problem is to add some number of light sterile neutrinos
to the three active neutrinos known to exist.

Light sterile neutrinos might seem unlikely, but can be
produced by the see-saw mechanism (Gell-Mann et al.,
1979; Yanagida, 1979; Mohapatra and Senjanovic, 1980)
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if a symmetry makes the Majorana mass matrix singular
(Chun et al., 1998; Chikira et al., 2000; Goldman et al.,
2000; Stephenson et al., 2005). Goswami and Rodejo-
hann (2006) have reviewed the consequences of light
steriles of various kinds for BB. In particular they dis-
cussed a model, originally suggested by Sorel et al
(2004), that adds two sterile neutrinos. One solution re-
produces the LSND data while still matching the null
results from other short-baseline-accelerator neutrino
oscillation experiments and does not violate constraints
from cosmology. This solution (Am3=0.46 eV?, Am?
=0.89 eV?, U,=0.090, U,=0.125) would provide a
maximum additional contribution to (mgg) of ~20 meV
if m; is small. The MiniBooNE experiment (Bazarko,
2000; Aguilar-Arevalo et al., 2007) has found no evi-
dence for the two-flavor oscillation model as an expla-
nation for the LSND result, although the experiment
sees a low-energy excess that is so far unexplained.
Whether models with three active neutrinos and two or
more sterile neutrinos can explain both sets of data is
still being investigated [e.g., Maltoni and Schwetz
(2007)]. Sterile neutrinos, however, have the virtue of
saving the heavy element nucleosynthesis process in the
neutrino-driven wind behind a supernova shock (Fetter
et al., 2003), and are not ruled out in general by any
experiments.

D. Alternative mechanisms

If BB(0v) is observed, it will, as discussed in Sec. III,
demonstrate that the neutrino mass matrix has a non-
zero Majorana component (Schechter and Valle, 1982).
But, as discussed earlier, this does not imply that the
decay rate is proportional to the square of (mgg), as it
would be if the light-neutrino mass were the driving
mechanism. After any observation of BB(0v) therefore it
would become important to find an experimental signa-
ture that isolates the underlying physics. The decay rate
for BB(0v) depends on a lepton number violating param-
eter (LNVP)—(mgg) in the case of light neutrino ex-
change produced by left-handed currents—that will be
different for each possible mechanism. In addition, the
nuclear matrix element may also depend on the ex-
change mechanism.

A number of suggestions for potential signatures of
the underlying physics have appeared. As noted above,
if the weak interaction includes right-handed currents,
the left-handed virtual neutrino could couple to the ab-
sorbing neutron without a helicity flip. Doi et al. (1985)
suggested the use of kinematic distributions to discern
right-handed currents from light-neutrino-mass contri-
butions and Ali et al. (2006) discussed the use of the
angular distribution to distinguish the left-right symmet-
ric model from other possibilities. Tomoda (2000) pro-
posed examining the ratio of rates to the 2* excited state
to that to the ground state in the same isotope as a sig-
nature of right-handed currents.

Many alternative exchange mechanisms involve heavy
exchange particles (=1TeV), such as heavy neutrinos
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(Hirsch et al., 1996a), leptoquarks (Hirsch et al., 1996b),
supersymmetric particles (Hirsch et al., 1996¢; Vergados,
2002), and scalar bilinears (Klapdor-Kleingrothaus and
Sarkar, 2003). As noted already, electron kinematics will
not in general depend on the heavy particle exchanged
(Prézeau et al., 2003). Simkovic and Faessler (2002)
showed that the relative rates of the decay to the first
excited 0* state and the ground state might distinguish
among light-neutrino exchange, the heavy-neutrino ex-
change, and supersymmetric-particle exchange. Prézeau
(2006) estimated the relative contributions to I'°” from
light neutrinos and heavy particle exchange.

Some models lead to complicated expressions for de-
cay rates. Singlet neutrinos in extra dimensions can me-
diate BB(0v) (Bhattacharyya et al., 2003), but the
Kaluza-Klein spectrum of neutrino masses spans values
from much less than to much greater than the nuclear
Fermi momentum. One cannot therefore factor the de-
cay rate into a product of nuclear and particle factors.
Futhermore, the decay rate depends on unknown pa-
rameters such as the brane-shift parameter and the
extra-dimension radius. Finally, mass-varying neutrinos
might lead to decay rates that depend on the density of
the matter in which the process occurrs (Kaplan et al.,
2004).

Cirigliano et al. (2004) recognized the potential of us-
ing u—e and u— ey in combination with BB(0v) to de-
cide whether light-neutrino exchange is the dominant
mechanism. Certain supersymmetric particles and heavy
Majorana neutrinos could be produced at the CERN
Large Hadron Collider. Seeing these particles, or not
seeing them, could help us determine what is responsible

for BB(0v).

V. CALCULATING NUCLEAR MATRIX ELEMENTS
A. Nuclear-structure theory

The better we can calculate the nuclear matrix ele-
ments that govern double beta decay, the more accu-
rately we can extract an effective neutrino mass, or a
heavy-particle mass. Some have tried to minimize or
play down the uncertainty in the matrix element in an
attempt to strengthen claims regarding the precision
with which (mgg) can be determined. In contrast, physi-
cists in other fields have occasionally exaggerated the
uncertainty to downplay the impact BB8(0v) would have
regarding conclusions about neutrino mass. Here we try
to assess this complex issue as objectively as possible. To
begin, we review the accomplishments, difficulties, and
main lines of inquiry in the theory of nuclear structure,
which is currently in an exciting period.

There are a large number of nuclei and many phe-
nomena to observe in each one. Nuclear-structure
theory has tended to concentrate on properties that are
easiest to measure: spectra, electromagnetic transition
rates, and cross sections for the scattering of electrons or
hadrons. Traditional nuclear-structure theory divides the
chart of nuclides into different regions—some in which
the nuclei are deformed, some in which they are spheri-
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cal, others in which the behavior is more complicated—
and adopts different models for each kind of nucleus.
Increased computing power is allowing us to gradually
abandon these models, which usually consider the dy-
namics of only one or a few nucleons explicitly, lumping
the rest into a collective core with only a few degrees of
freedom. Calculations now are increasingly ab initio, at-
tempting to solve the many-body Schrodinger equation
directly from empirical two- and three-nucleon interac-
tions, which are obtained from fits to NN phase shifts
and energy levels in the triton and *He. Monte Carlo
techniques now yield accurate wave functions with such
interactions in nuclei as heavy as '2C [see Pieper and
Wiringa (2001), and references therein], and controlled
approximation schemes that treat all nucleons with the
same interactions [e.g., the no-core shell model (Navratil
et al.,2000) and the coupled-clusters approach (Kowalski
et al., 2004; Wloch et al., 2005)] currently work well for
bound-state energies in nuclei up to about '°0, with the
closed-shell nucleus “’Ca in range.

Unfortunately, these calculations are not likely to
reach atomic numbers relevant to 88 soon, and even if
they did, would focus first on spectra and other observ-
ables generated by one-body operators before consider-
ing the difficult two-body decay operator discussed in
Sec. III. The other main line of structure theory, how-
ever, is geared towards systematic (though less accurate)
predictions in arbitrarily heavy nuclei. Its framework is
mean-field theory (treating all nucleons) and extensions
such as the random phase approximation (RPA), resto-
ration of symmetries artificially broken by the mean
field, and the generator-coordinate method (Bender et
al., 2003). These techniques, which can involve modify-
ing the equations in ways that improve phenomenology
but at first sight appear dubious, are closely related to
density-functional theory, which leads naturally to simi-
lar mean-field-like equations and has been successful in
electronic systems. But as in lighter nuclei, the initial
focus is on nuclear spectra, with some attention to
simple transitions. Though other observables can be cal-
culated, it can be difficult to judge the accuracy of the
results, because systematic data with which to test calcu-
lations are not available.

These two lines of research—ab initio and mean-field
calculations—are both developing rapidly and naturally
absorb most of the energy of the nuclear-structure-
theory community. Relatively few researchers focus on
double beta decay, which involves complicated operators
in structurally complex nuclei such as "°Ge, and for good
reason: there are so many more general problems that
have frustrated theory for years but are now becoming
solvable. As a result, the models and techniques that
have been applied to double beta decay are more lim-
ited in scope and power than they might be. They fall
primarily into two categories, the quasiparticle random
phase approximation (QRPA) and the shell model. We
discuss each below and try to assess the accuracy of the
corresponding results before looking at prospects for im-
proved calculations.
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B. QRPA

The neutron-proton QRPA, first used by Hableib and
Sorensen (1967), is an extension of the random phase
approximation, a technique primarily for calculating the
energies and excitation strengths of collective states. In
calculations of double beta decay, a number of approxi-
mations are made even before the QRPA is applied.
Most nuclear-structure calculations add to the Hamil-
tonian, a one-body potential amd mean field, which is
diagonalized first to provide a single-particle basis in
which to treat the two-body (and in principal three-
body) Hamiltonian that comes from NN and NNN data.
In a complete calculation, the effects of the one-body
potential are subtracted off later. In most nuclear-
structure calculations, however, the potential is retained
and the single-particle basis truncated. In double beta
decay QRPA calculations, the “model space” typically
includes states within 10 or 20 MeV of the Fermi sur-
face. The energies of these states (or, equivalently, the
one-body potential) are adjusted to reproduce proper-
ties of states with a single nucleon outside a closed shell.

The two-body interaction is also not treated exactly,
again even before application of the QRPA. It is pos-
sible in principle to construct an effective Hamiltonian
and effective transition operators that, for low-lying
states, have the same eigenvalues and matrix elements in
the truncated single-particle space as does the full
Hamiltonian in the full Hilbert space. In applications of
the QRPA, the effective interaction is usually approxi-
mated by a G matrix (Hjorth-Jensen et al., 1995), which
takes into account the exclusion of very high-lying levels
but not those just above the model space or those below,
which are assumed to contain an inert core. Then certain
parts of the interaction and operator are scaled to repro-
duce data: all 0" matrix elements are sometimes multi-
plied by about 1.1 so that when the interaction is treated
in the BCS approximation (the starting point of the
QRPA) they reproduce experimental odd-A-even-A
mass differences. The parameter g, that is squared in
the double beta operator is often taken to be 1.0 rather
than 1.26, and short-range correlations responsible for
converting the bare Hamiltonian into a G matrix must
be inserted explicitly (although approximately) into the
operator’s two-body matrix elements. Other more dra-
matic adjustments take place in the application of the
QRPA itself.

To understand the logic behind the neutron-proton
QRPA, we first remove the Q, addressing the simpler
charge-changing RPA. The two-body operator that gov-
erns (in the closure approximation) the decay, in second-
quantized form, can be written Oinjk,O,»jk,pfp;nkn,,
where p' creates a proton, n destroys a neutron, and the
coefficients Oy, are two-body matrix elements. One can
rewrite this operator as a sum of products of one-body
operators O:Eiik,Oijk,(pfnk)(p;n,). In the charge-
changing RPA the one-body p'n and n'p operators are
replaced by operators with the same quantum numbers
but boson commutation rules, both in the decay opera-
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tor and the Hamiltonian. After the “bosonized” Hamil-
tonian is diagonalized to obtain a representation of the
intermediate-nucleus states as a set of “one-phonon”
states, the bosonized one-body operators contained in
the decay operator then connect those states with the
mother and daughter ground states, which are “phonon
vacua.” (Actually there are two sets of intermediate
states, one corresponding to excitations of the mother
vacuum and one to excitations of the daughter. The sets
are not identical, a fact that has so far been taken into
account only approximately.) This “quasiboson” ap-
proximation is expected to work best for strongly ex-
cited intermediate states, where excitations with differ-
ent single-particle quantum numbers contribute
coherently. When the intermediate states are summed
over, the result is the ground-state to ground-state
double beta decay matrix element.

The QRPA differs from the above only in that pairing
between like particles is taken into account through
BCS theory, so that the mother and daughter nuclei are
now “quasiparticle phonon” vacua. They include corre-
lations by breaking number conservation and have the
correct number of neutrons and protons only on aver-
age. The smearing of the Fermi surface induced by pair-
ing has a large effect on the matrix elements, which ac-
tually vanish for BB(2v) in the absence of pairing
because the transition to the daughter ground state is
Pauli blocked.

Two-quasiparticle states, the creation operators for
which are now the bosonized objects, contain some com-
ponents that are particle (proton)-hole (neutron) excita-
tions and others that are particle-particle or hole-hole
excitations (based on nuclei with two more or less par-
ticles than the one we are actually interested in). The
interaction has matrix elements in both channels, and
these matrix elements are usually treated as indepen-
dent because a large change in, e.g., a single particle-
particle matrix element translates into small changes in
all particle-hole matrix elements. The particle-hole ma-
trix elements are generally left alone because their pri-
mary effect is on the giant Gamow-Teller resonance,
which is collective and reproduced pretty well by the
QRPA. The particle-particle matrix elements, by con-
trast, affect low-lying states with much less strength, and
are multiplied by a parameter traditionally called g,,
that takes values between 0.8 and 1.2. This parameter
turns out to have a large effect on double beta decay,
particularly the 2v variety and particularly in the QRPA
(Vogel and Zirnbauer, 1986; Engel et al, 1988). It is
needed because the QRPA simplifies the particle-
particle correlations in a way that must be compensated.
The parameter is usually adjusted to reproduce related
observables such as B or BB(2v) rates, which also de-
pend on it strongly. Although adjusting the parameter
increases B rates, for example, to better agree with ex-
periment, it appears to concentrate the strength of the
B operator at too low an energy. And if the parameter
is increased past its best value, an unphysical deuteron
condensate becomes lower in energy than the BCS-like
quasiboson vacuum, causing the QRPA to break down
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completely. Some of this problem is due to the artificial
separation of particle-particle correlations into static,
correlations associated with isovector pairing that are in
the BCS quasiparticle vacuum, and dynamic correla-
tions, associated with isoscalar pairing (i.e., neutron-
proton particle-particle interactions in the L =0 channel)
that appear in QRPA through the parameter g,, as a
correction to the quasiparticle vacuum. A satisfactory
treatment of both kinds of pairing on the same footing,
something we are still awaiting in QRPA-like methods,
would help.

In the meantime, much of the QRPA work has re-
volved around two questions: (i) How, besides the better
treatment of pairing just mentioned, can the artificial
sensitivity of the QRPA to g,,, be reduced, and (ii) which
observables should fix g,, [beta decay, B8(2v), etc.] and
how accurate will the resulting BB(0v) matrix elements
be? The first issue has been the subject of a large num-
ber of papers. One approach is second QRPA (Raduta et
al. 1991; Stoica and Klapdor-Kleingrothaus, 2001), in
which the fact that the quasiboson approximation is
merely the first term in an exact expansion is exploited
by calculating the effects of the next term. Another very
popular approach is renormalized QRPA (RQRPA)
(Hara, 1964; Rowe, 1968; Toivanen and Suhonen, 1995).
The quasiboson approximation is equivalent to replac-
ing commutators by their ground-state expectation val-
ues with the ground states treated in the BCS approxi-
mation. The RQRPA uses the QRPA ground states
instead of BCS states to evaluate the commutators. Be-
cause the commutators in turn help fix the ground states,
the two are evaluated self-consistently. A variant of this
approach is the full RQRPA, in which the effects of is-
ovector np particle-particle interaction, artificially
strengthened to account implicitly for isoscalar pairing
that underlies the sensitivity to g,,, are included in the
BCS calculation that defines the quasiparticles as well as
in the subsequent QRPA calculation (Schechter et al.,
1996; Simkovic et al., 1997). [Isovector np pairing was
first introduced in this way in the unrenormalized QRPA
(Cheoun et al., 1993; Pantis et al., 1996).] Another exten-
sion is the self-consistent RQRPA (SCQRPA) (Bobyk et
al., 2001), in which the occupation numbers in the
RQRPA ground state are fed back into the BCS ap-
proximation and the BCS-RQRPA sequence iterated
until the BCS and RQRPA ground states are consistent.
All these methods reduce the dependence of the matrix
elements on the strength of the neutron-proton pairing
interaction.

On the other hand, all these calculations also leave
out correlations, and the profusion of related methods,
none clearly superior to the rest, is confusing. Some
people have even begun to treat the calculations as a
statistical sample from which to extract an error bar on
the calculated matrix elements (Bahcall et al., 2004b),
reaching the conclusion that the matrix elements are
only known to within an order of magnitude. Elliott and
Engel (2004) tabulated results for %Ge and discussed
why a statistical analysis is not a good idea: many of the
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calculations are explicitly preliminary or make no at-
tempt to reproduce related data. Here we note that Ro-
din et al. (2003, 2006), addressing issue (ii) above, argued
that if the strength of the pairing interaction is adjusted
to fit experimental mass differences and (especially) if
gpp 1s then adjusted to reproduce measured SB(2v) rates,
then almost all QRPA-like calculations, independent of
their choice of number of single-particle levels, interac-
tion, quenching of g4, etc., give the same results to
within about 30%. If not, then they have either not in-
cluded the induced-pseudoscalar terms in the nucleon
current or neglected to add short-range correlations to
the wave functions. Though we have no way of knowing
for sure that any of the calculations give results that are
right, it is comforting to think that they agree with one
another. Not everyone is reassured, however, for two
reasons. First, the claim that agreement with measured
I';, is more important than agreement with other ob-
servables, such as single beta decay rates from the low-
est lying states in the intermediate nucleus, can be dis-
puted (Suhonen, 2005). When single beta decay is used
to adjust parameters, the resulting Iy, are different be-
cause the QRPA is not able to reproduce both the beta
decay and the BB(2v) at the same time. Second, the size
of matrix-element quenching by short-range correla-
tions, which affect B88(0v) but not BB(2v) (for which the
operator has no radial dependence), is under debate.
Most have used the phenomenological correlation func-
tion of Miller and Spencer (1976), but recent papers
(Kortelainen and Suhonen, 2007; Kortelainen et al.,
2007) argued that more realistic procedures, e.g., the
unitary operator correlation method [see, e.g., Roth et
al. (2005)], produce substantially less quenching. Until
these issues are resolved—and the short-range-
correlations issue clearly can be with more theoretical
work (see, e.g., Simkovic et al., 2007)—it is hard to say
that the QRPA gives unique predictions for the matrix
elements (and therefore to the value of (mgg) extracted
from an experiment) to better than a factor of 2 or so.
There are also systematic deficiencies in the way the
QRPA has been applied, in addition to the obvious sim-
plification inherent in the method itself, that may cause
errors. Almost all calculations so far have assumed that
the ground states are spherical, when we know in many
cases, e.g., "°Ge, that they are not. Some preliminary
work on BB(2v) with a deformed QRPA exists (Simk-
ovic et al., 2003; Alvarez-Rodriguez et al., 2006), but
BB(0v) remains uninvestigated. With today’s computers,
however, there is no reason not to use a deformed
QRPA. The inclusion of the continuum is another fea-
ture that has been implemented just once, in a prelimi-
nary way (Rodin and Faessler, 2006). Here too the state
of the art in nuclear structure is more advanced than
what is being applied to double beta decay. In mean-
field-based nuclear structure studies, continuum versions
of the QRPA that treat all nucleons (so that there is no
inert core) have been applied many times, and versions
of these treatments that include deformation are begin-
ning or about to appear (Hagino et al., 2004). A Skyrme-
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Hartree-Fock-Bogoluiobov+continuum QRPA calcula-
tion of BB(0v) which is clearly possible even with
deformation included, would be worthwhile. Calcula-
tions of single beta decay rates in that formulation, al-
though not yet with deformation, have been around for
some time [see, e.g., Engel ef al. (1999)]. Perhaps one
reason this more complete calculation has not been
done for double beta decay is that it would still treat
isovector and isoscalar pairing differently, and as a result
would still show sensitivity to g,,. What is really needed
to lessen reliance on parameter tuning is a more unified
treatment of particle-particle correlations. The shell
model, although it has its own set of difficulties, does
provide that.

C. Shell model

The nuclear shell model was recently reviewed by
Caurier et al. (2005). Compared with the QRPA it has
only one disadvantage: the (much) smaller number of
single-particle states that can be included. But because
the number is smaller, one can include correlations of
arbitrary complexity within the single-particle space. In
addition, it is possible to calculate essentially any spec-
troscopic observable. In the QRPA, by contrast, only
energies of or transitions from ground states can really
be reliably calculated because the correlations necessary
to describe configurations more complicated than a two-
quasiparticle excitation of the ground state are not in-
cluded.

Because of its sophisticated treatment of correlations,
a good shell-model calculation is harder to carry out
than a QRPA calculation. First, as in the QRPA, the
energies of single-particle states, which usually are as-
sumed to have harmonic-oscillator wave functions, must
be fit to spectra in closed-shell +1 nuclei and an effective
interaction appropriate to the model space must be con-
structed. Typically something like a G matrix is a start-
ing point but with many extra terms subsequently added
and fit to a wide range of energies and transition rates in
nuclei near the beginning or end of the shell, where
Hamiltonian matrices are relatively small. In the nuclei
of interest, the Hamiltonain matrices are much larger—
nowadays up to 10° X 10° or even larger—and the Lanc-
zos method is often used to diagonalize them. The tran-
sition operator is modified by inserting the effects of
short-range correlations, again as in the QRPA. The
axial vector coupling constant is sometimes quenched,
but not always.

The first modern shell-model calculations of B8 decay
are from Haxton and Stephenson (1984), and references
therein. Only a few truly large-scale shell model calcula-
tions have been performed. The heavy deformed B8 nu-
clei, 28U, and 'Nd, for example, require bases that are
too large to expect real accuracy from the shell model.!
Realistic work has thus been restricted to **Ca, "°Ge,

1Psuedo-SU(.%)-based truncations have been used for these
nuclei (Hirsch et al., 1995).
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83e, and **Xe (Caurier et al., 1996; Horoi et al., 2007)
[and now, though still unpublished (Caurier, Nowacki,
and Poves, 2007; Caurier et al., 2007) in ''°Cd, '**Te, and
130Te as well]. Less comprehensive calculations have
been carried out in several other nuclei (Suhonen et al.,
1997).

The largest-scale shell-model calculations tend to pro-
duce matrix elements that are a bit smaller than those
from QRPA, by factors of up to 2 or 3. In addition,
recent unpublished results (Caurier, Nowacki, and
Poves, 2007; Caurier et al., 2007) appear to differ by 50%
or more from earlier published results by the same au-
thors (Caurier et al., 1996), who are essentially the only
people working on the problem in a comprehensive way.
Some of the uncertainties, e.g., the quenching of g, and
the effects of short-range correlations, are the same ones
that afflict the QRPA; others are connected with trunca-
tion and determination of the effective Hamitonian.

The shell-model calculations can be improved in the
short term, even without going to larger spaces [which is
in fact possible via, e.g., the factorization method of Pa-
penbrock and Dean (2003)]. Perhaps the most important
step that could be taken now is a more systematic treat-
ment of the effective decay operator appropriate for the
shell-model space. Perturbative corrections to the opera-
tor that account for the finite model-space size can be
calculated, although perturbation theory in the residual
two-body interaction does not always converge (Hjorth-
Jensen et al., 1995). Its use would nonetheless give us a
better idea about the size of corrections to the naive
renormalization (quenching of g, and artificial short-
range correlations) that is the current state of the art.
Exploratory calculations in a solvable model indicate
that the corrections may be significant (Engel and Vogel,
2004). Though perturbative corrections to the Gamow-
Teller operator have been evaluated (Siiskonen et al.,
2001), nobody has looked at two-body operators beyond
the Hamiltonian.

D. Prospects for the future

Most good calculations give the same result for a
given matrix element to within a factor of 2 or 3, usually
less. Assuming that there is no many-body physics that
affects the result but is systematically absent from all
calculations, we can take that range to approximately
represent the level of uncertainty in our knowledge of
the matrix element. What are the prospects for reducing
that uncertainty?

In the short term we can make progress by being
more careful—by quantifying uncertainty in the weak
nucleon current, form factors, short-range correlations,
quenching, etc. The size of short-range-correlation ef-
fects is currently in dispute, but structure theorists now
know enough about such effects to resolve the debate.
In the medium term, the best hope is a better shell-
model calculation. Here what we really need is progress
in constructing effective operators, both the Hamil-
tonian and the decay operator. Recent years have seen
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FIG. 5. The distribution of the sum of electron energies for
BB2v) (dotted curve) and BB(0v) (solid curve). The curves
were drawn assuming that I'y, is 1% of I',, and for a 1-o
energy resolution of 2%.

dramatic progress in our ability to compensate for high-
momentum physics that is cut out [see, e.g., Bogner et al.
(2003)], but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as “°Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle *Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS
A. Background and experimental design

Double beta decay experiments are searching for a
rare peak (see Fig. 5) upon a continuum of background.
Observing this small peak and demonstrating that it is
truly BB(0v) is a challenging experimental design task.
The characteristics that make an ideal BB(0v) experi-
ment have been discussed (Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003). Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. (Section VII.C describes
the various experiments.) Here we list the desirable fea-
tures:

e The detector mass should initially be large enough to
cover the degenerate mass region (100-200 kg of iso-
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tope) and be scalable to reach the inverted-hierarchy
scale region (=1 ton of isotope).

e The BB(0v) source must be extremely low in radio-
active contamination.

e The proposal must be based on a demonstrated tech-
nology for the detection of B.

e A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

e Though expensive, the enrichment process usually
provides a good level of purification and also results
in a (usually) much smaller detector.

e Good energy resolution is required to prevent the
tail of the BB(2v) spectrum from extending into the
BB(0v) region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel (2002).

e Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

* A large Qpgg usually leads to a fast SB(0v) rate and
also places the region of interest above many poten-
tial backgrounds.

e A relatively slow BB(2v) rate also helps control this
background.

¢ Identifying the daughter in coincidence with the 88
decay energy eliminates most potential backgrounds

except BB2v).

e Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of BB(0v) events is obtained.

e Good spatial resolution and timing information can
help reject background processes.

e The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most 88 experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered 7y rays, B8 rays (sometimes in coinci-
dence with internal conversion electrons), and « par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the BB(0v) signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-
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rial and even within different production batches of the
same material. Over the years, progress has been made
identifying the level of contamination in materials that
compose detectors and their shields. Once the location
of the background-causing contaminant was determined,
either cleaner materials were substituted or purification
techniques were developed. As a result, detectors are
now fabricated from amazingly pure components, some
with activities as low as 1 uBq/kg or less.

As BB(0v) experiments reach for the (mgg) scale im-
plied by the atmospheric neutrino oscillations, the rate
of the signal is anticipated to be a few counts/(tonne yr).
To observe such a small peak superimposed on a con-
tinuum of background, the background underlying the
peak will need to be 1 count/(tonne yr) or less. This will
require unprecedented low levels of U and Th within the
experimental apparatus. In fact, the required levels of
assay sensitivity are beyond what is currently technically
achievable. Research and development are proceeding
to improve assay capability in, for example, direct y-ray
counting, surface a- and B-ray counting, and mass spec-
troscopy.

At such extreme low levels of activity from U and Th,
other components of the continuum that were previ-
ously a secondary concern may contribute a significant
fraction to the background continuum. In fact, it may be
that no single component will dominate and a number of
contributors may form a complicated mix. In the re-
mainder of this subsection, we discuss the possible con-
tributors and strategies to mitigate their effects.

Double beta decay experiments are conducted deep
underground to avoid cosmic-ray interactions. At these
depths, muons are the only surviving cosmic-ray par-
ticles, but their interactions can produce high-energy
secondaries of neutrons, bremsstralung 7y rays, and elec-
tromagnetic showers. The experimental apparatus itself
is usually contained within a detection system for
muons. Hence any signal produced by the muon itself or
any of its prompt emissions from interactions in the ap-
paratus will be eliminated by an anticoincidence require-
ment.

Neutrons, being neutral, can have sizable penetrating
power through a shield. They generate background
through (n,n’'y) and (n,y) reactions or (n,x) reactions
that lead to radioactive nuclei. In particular, background
originating from (n,n’y) reactions within the experimen-
tal apparatus produce a rather nondescript spectrum.
Any individual level in a nucleus might be excited only
weakly, but there are many possible levels. Hence a sig-
nificant y-ray flux without strong identifiable lines can
appear, making, neutron-induced backgrounds difficult
to diagnose. Neutrons have two sources: fission and
(a,n) reactions in the cavity rock where U and Th levels
can be relatively high, and muon interactions in the
rock. Fission and (a,n) neutrons have energies less than
about 10 MeV. These low-energy neutrons can be mod-
erated and shielded from the detector with layers of hy-
drogenous material. Neutrons arising from muon inter-
actions can have very high energy (>1 GeV) and
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therefore may penetrate the shield and induce a
background-causing reaction near the detector. One par-
ticularly dangerous reaction is (n,n'vy) in Pb; it can pro-
duce y rays with an energy very near to the Qs of %Ge
(Mei et al, 2007). Even more onerous is the
Pb(n,n’y)-produced 3062-keV 7y ray, which has a
double-escape peak very near (gg. This single-site en-
ergy deposit could be problematic for Ge detector ex-
periments using Pb as a shield. (See Sec. VII.C.3 for a
discussion of the Ge experiments.) Neutrons from
muon-induced reactions can be reduced by going deeper
underground.

Fast neutrons, along with other hadrons, can produce
radioactive nuclei that may create background for
BB(0v) (Brodzinski et al., 1990; Avignone et al., 1992).
For example, ®*Ge and ®’Co are produced in Ge and
%Co is also produced in Cu. The production rates are
significant on the surface of the Earth where the had-
ronic cosmic-ray flux is large. Because these nuclei have
long half-lives (0.8 and 5.3 yr, respectively), they will re-
main in the apparatus and potentially create background
after the materials have been placed underground.
These backgrounds can be mitigated by storing material
underground and letting the isotopes decay away (not
practical for Co) or by purifying the radioactive isotope
from the host material and then minimizing its exposure
above ground. Both strategies will be used in future ef-
forts. Anthropogenic isotopes, such as 2’’Bi, have also
been observed in BB experiments (Klapdor-
Kleingrothaus et al., 2004a). Some exotic backgrounds
have also been considered. For example, solar neutrinos
are unlikely to be a significant background for most ex-
perimental configurations (Elliott and Engel, 2004).

B. Facility requirements

There is no doubt that a laboratory at significant
depth is required for BB experiments. Just how deep is a
difficult question to answer, but clearly, deeper is better.
However, logistical concerns may induce a collaboration
to choose a particular laboratory. The depth require-
ment for BB is set by the flux of high-energy, muon-
induced neutrons and subsequent reactions that can lead
to background (see Sec. VI.A). Depth-requirement cal-
culations are exceedingly difficult to perform. However,
two recent works (Mei and Hime 2006; Pandola et al.,
2007) have estimated the backgrounds in Ge-detector
BB(0v) experiments. Both found that the background
rate at a depth equivalent to that of Gran Sasso
[3.1 kmwe flat overburden equivalent (Mei and Hime,
2006)] could be kept below ~1/(tonne yr), but that sig-
nificant veto efforts would be required. The problematic
fast neutron flux decreases with the muon flux, which, in
turn drops by a factor of 10 for every 1.5 kmwe in depth.
Mei and Hime (2006) estimate that a depth of 5 kmwe
(flat overburden) would greatly reduce veto-system re-
quirements.

As the background requirements become more strin-
gent, increasingly heroic efforts will be required to mini-
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mize activity internal to detector materials. In addition,
as the experiments get larger and more complicated, the
required infrastructure at the experimental site will be-
come more demanding. For example, underground
manufacturing of Cu to avoid cosmogenic activation of
%Co, clean room facilities for assembly of sensitive
parts, strong exclusion of Rn to prevent daughters from
plating out, and material purification capability are a few
of the high-technology requirements for a remote under-
ground location. Since many experiments (in addition to
those on BB) will need an underground site and similar
capabilities, the importance of a major facility to provide
common infrastructure is clear. The opportunities and
requirements for a deep underground laboratory have
been described by Beier et al. (2006).

C. Measurements to constrain nuclear matrix elements

Part of the BB program is an effort to reduce uncer-
tainty in the nuclear-physics factors that, along with
(mgg), determine the rate of SB(0v). What data will be
most useful? Zuber (2005) addressed this question and
summarized measurements that might help clear up
nuclear-physics issues. Such measurments, should focus
on high Qg isotopes (the decay rate is proportional to
Qzﬁ), even though low Qgzg isotopes such as 128T¢ and

28U are of some interest. The 11 isotopes with a Opp
greater than 2.0 MeV are BCa, %Ge, %Se, *7r, '"Mo,
Hopg, 116Cq, 124gn, 30Te, 136Xe, and "'Nd. Most of these
isotopes are currently part of a B8 experimental pro-
gram.

The Q g4 for these nuclei are known to only a few keV,
with the exception of that in "°Ge, which is known to
~50 meV. Precision measurements of the other Q val-
ues would be useful because energy resolution is im-
proving. The energy resolutions of the COBRA
(~55keV) and CUORE (~5keV) experiments are
larger than or comparable to the uncertainty in the Q
values (Audi et al., 2003; Redshaw et al., 2007) for their
chosen isotopes (4 keV for 118Cd and 2 keV for *Te). It
would also be helpful to measure the masses of certain
nuclei involved in radiative electron capture—electron
capture decay, because that decay rate can be resonantly
enhanced if the energy of the 2P-1§ atomic transition is
similar to the Q value (Sujkowski and Wycech, 2004). At
present the masses of the interesting nuclei are not
known precisely enough to determine the degree of en-
hancement.

Precise BB(2v) data in all nuclei used for B8B(0v) and
single-B8 data for the associated intermediate nuclei,
where possible, are also needed. Rates for both pro-
cesses have been used to fix the parameter g, that plays
a crucial role in QRPA equations (Rodin et al., 2003,
2006; Suhonen, 2005) (see Sec. V.B). More data would
test internal consistency, and help decide which g, cali-
brator is better.

In BB(2v), and in BB(0v) as well when the closure
approximation is not used, expressions for the overall
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matrix element [see Egs. (38) and (24)] contain matrix
elements of the charge changing weak current from both
the parent and daughter nuclei to states in the interme-
diate nucleus. In the long-wavelength approximation,
which the high-momentum virtual neutrino prevents for
BB(0v), these reduce to the Fermi and Gamow-Teller
(GT) operators. GT strength distributions from the par-
ent nucleus in the relevant isotopes can be measured
with charge-exchange reactions (Ejiri, 2000; Amos et al.,
2007), and should be measured for all nine high-Q-value
isotopes of experimental interest. Extracting GT
strengths from the daughter (Amos et al., 2007) and the
strengths for higher-multipole analogs of the GT opera-
tor is critical for 8B(0v) but much harder because the
relations between the cross sections and operator matrix
elements are more complicated, and polarized beams
are sometimes required. Transitions from the parent
nucleus can be studied, e.g., with (p,n) or (*He, 1) reac-
tions and transitions from the daughter nucleus with
(n,p), (d,’He), or (¢,°He). But even if the connection
between cross sections and transition strengths can be
made, the strength is still the square of a matrix element,
so that the corresponding sign, important for B8, is un-
available.

Muon capture is governed by matrix elements similar
to those connecting the intermediate and daughter nu-
clei in BB. Because the muon is heavy, states with any
multipole can be populated during capture, and partial
muon capture rates to specific states can be linked to the
corresponding parts of the BB matrix elements (Korte-
lainen and Suhonen, 2002). Volpe (2005) proposed
charged-current neutrino-nucleus scattering as a tech-
nique to constrain M,,. By using both v and », one can
probe matrix elements of one-body operators to inter-
mediate states from both the parent and daughter
nucleus.

The study of pair correlations of nucleons in the
ground state of the parent and daughter nuclei allows
one to probe aspects of the wave functions that are im-
portant for BB matrix elements even when the closure
approximation is used. Double beta decay can be repre-
sented as the removal of two neutrons followed by the
addition of two protons, and calculations show that
when the representation is decomposed into multipoles,
the /7=07 channel is the most important. Recent results
of (p,t) reactions for the Ge-Se system (Freeman et al.,
2007) have shown no evidence of pairing vibrations that
have been found in low-A systems. "°Ge and "Se have
quantitatively similar neutron pairing correlations, and
calculations will be easier there than they would be oth-
erwise.

Other processes, such as pion double-charge ex-
change, electromagnetic transitions to isobaric analog
states (Ejiri, 2006a), and BB(2v) to the excited state in
the daughter nucleus (Aunola and Suhonen, 1996; Su-
honen and Civitarese, 1998), can also help constrain
BB(0v) matrix elements. But despite the usefulness of
these auxiliary measurements, none will provide a magic
bullet. Such data will help judge the quality of calcula-
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TABLE II. A list of the values of T%,"z for various isotopes.
These values are recommended by Barabash (2006a) as the
best interpretation of the experimental data. One should heed
the discussion in Barabash (2006a) before using the values in a
quantitative way.

Isotope T35 (yr) Isotope T35 (yr)
®Ca (42721 x10" 128Te (2.5+0.3) X 1024
Ge (1.5+£0.1)x 102 13%Ba EC-EC(2¥) (2.2+0.5) X 10!
828 (0.92+0.07) X 102 130T (0.9+0.1) X 10%!
%7y (2.0+0.3) X 109 5O0Nd (7.8+0.7) 1018
1000  (7.1+0.4) x 1018 28y (2.0+0.6) X 10%!
6cd  (3.0+0.2) x 10"

tions, but not reduce uncertainty to near zero. For that,
the best data are probably 79}, themselves, the same
quantities one is trying to calculate. If the lifetimes are
measured in several nuclei, one can check directly
whether the calculations work, most simply by fixing
(mgg) from one nucleus and seeing whether the other
lifetimes are correctly predicted. Of course, this assumes
that light-neutrino exchange rather than some other
mechanism is driving the decay.

VII. FUTURE PROGRAM
A. Previous experiments

Since the first direct observation of BB(2v) in 1987
(Elliott et al., 1987), decay rates in a number of other
isotopes have been measured, either directly or with
geochemical-radiochemical techniques. The work of Ro-
din et al. (2003, 2006) has rekindled interest in the pre-
cise measurements of 725,. Barabash (2006a), in a review
of the BB(2v) experiments, has recommended average
T3, values, which we quote in Table II.

Here we note that because I',, is proportional to Q}gﬁ,
whereas I'y, is proportional to Q%ﬁ, Iy, might be larger
than I';, if Qg is small and geochemical measurements
of the decay rates that do not distinguish between
BB0Ov) and BB(2v) might still produce a competitive
limit on (mgg). This is the case in 1%8Te, where the T}
given in Table II produces a limit on (744 (Bernatowicz
et al., 1993) that is only slightly worse than the best limits
given in Table III. The nucleus *®U is another case
(Turkevich et al., 1991) in which the radiochemical ex-
periment could not distinguish 8B8(0v) and BB(2v). U
decays to **Pu, which in turn « decays with a 87.7 yr
half-life. A sample of U salt had been stored for 33 yr
and was milked for its Pu content. By counting the ***Pu
a, the BB half-life was determined. Because of its low
Qpp the high observed decay rate (compared to the
theoretically predicted 77},) has been interpreted as evi-
dence for BB(0v). Unfortunately, the experiment is dif-
ficult to repeat because of the special nature of the
U-salt sample available to the experimenters.

The entire history of B8 measurements up to about
2001, including BB(2v), BB(0v), and Majoron modes, can
be found in Tretyak and Zdesenko (2002). The best ex-
periments to date have been in Ge. The Heidelberg-
Moscow (Klapdor-Kleingrothaus et al, 2001a) and
IGEX (Aalseth er al., 2002a, 2004) experiments have
provided the best limits on 7(1)/”2 by building detectors
with the lowest backgrounds.

B. Overview of the future program

In the inverted hierarchy with a 71, N€ar 0 meV,
(mgg) will be near 20—-50 meV. The 7%),"2 resulting from
this neutrino mass will be near 10?7 yr with a resulting
count rate of few/(tonne yr). On the other hand, if the
recent claim of (mgg) ~400 meV is borne out, the half-
life will be nearer to 10%° yr, with a count rate of a few
100/ (tonne yr). A precision measurement (20% or bet-

TABLE III. A list of recent 8B(0v) experiments and their 90% confidence level (except as noted) limits on 7(1)/”2 The (mgg) limits,
if provided, are those quoted by the authors, who each made choices about which calculated M, to use.

Isotope Technique T(l)/vz (mgg) (eV) Reference

BCa CaF, scint. crystals >1.4%x10% yr <7.2-44.7 Ogawa et al. (2004)

%Ge “Ge det. >1.9% 105 yr <0.35 Klapdor-Kleingrothaus et al. (2001a)
Ge “MGe det. (223704 X 10 yr (16)  0.32+0.03  Klapdor-Kleingrothaus and Krivosheina (2006)
°Ge “MUGe det. >1.57x 105 yr <0.33-1.35 Aalseth et al. (2002a)

825e Thin metal foils and tracking >2.1x 105 yr <12-32 Barabash (2006b)

10\Mo  Thin metal foils and tracking >58%10% yr <0.6-2.7 Barabash (2006b)

16cd HeCqWO, scint. crystals >1.7x108 yr <1.7 Danevich et al. (2003)

1287¢ Geochemical >7.7%x10% yr <1.1-15 Bernatowicz et al. (1993)

1307 TeO, bolometers >3.0%10% yr <0.41-0.98 Arnaboldi et al. (2007)

136xe Liquid Xe scint. >4.5%10% yr <0.8-5.6 Bernabei et al. (2002)

150Ne  Thin metal foils and tracking >3.6 X102 yr Barabash (2005)

aSee footnote 4 in Bernabei et al. (2002).
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ter) requires a few hundred events. To make such a mea-
surement in a 2—3-yr run, it seems prudent to build an
experiment containing 100—-200 kg of isotope that can
be expanded to 1 ton at a later time. But collecting sta-
tistics in a reduced background experiment is not the
only goal. The recent claim for SB(0v) is controversial.
Future claims must provide supporting evidence to
strengthen the argument (Elliott, 2006). This evidence
might include any number of the following:

e To show that BB(0v) likely exists, one needs a com-
bination of

(1) a clear peak at the correct BB(0v) energy,

(i)  a demonstration that the event is a single-site en-
ergy deposit,

(ili) measured event distributions (spatial, temporal)
representative of BB(0v),

(iv) a demonstration that the measured decay rate
scales with isotope fraction.

e To present a convincing case, one needs

(1) an observation of the two-electron nature of the
BB(0v) event,

(i) a demonstration that the kinematic distributions
(electron energy sharing, opening angle) match
those of BB(0v),

(ili)  to observe the daughter nucleus together in time
with the BB(0v) decay,

(iv)  to observe excited-state decay with parameters in-
dicating BB(0v).

e To remove all doubt, many of the above BB(0v) in-
dicators should be measured in several isotopes.

The proposals summarized below in Sec. VII.C address
these possibilities in different ways.

1. The number of required experiments and their precision

If BB(0v) is observed, the qualitative physics conclu-
sion that neutrinos have a Majorana nature will have a
profound effect on the development of models for mass
generation. Quantifying the physics associated with
lepton-number violation will be more challenging be-
cause of the uncertainty in M,,. If the matrix elements
were precisely known, one could compare I';, measure-
ments in several nuclei to address the question of the
underlying mechanism. If, in addition, the mechanism
was certain, one could determine the LNVP from a lone
I'y, measurement.

Recently a number of papers have appeared (Bahcall
et al., 2004a; Bilenky et al., 2004; Deppisch and Pas,
2007; Gehman and Elliott, 2007) that try to quantify, in
light of matrix-element uncertainties, the number and
type of experimental results needed to draw quantitative
conclusions. Although the papers make different as-
sumptions, the concensus is that if BB8(0v) exists, mea-
surements of I'y, in at least three different isotopes are
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FIG. 6. (Color online) Distribution of the electron energies
taken one at a time for BB(0v). The solid curve is for light-
neutrino exchange and the dotted curve is for right-handed
currents in both the leptonic and hadronic currents (Doi et al.,
1985).

warranted. All the analyses assume that existing calcula-
tions provide an estimate of the difference in rates pro-
duced by different mechanisms, and require that the ex-
periments determine the rate to within 20%. This last
number comes from the level of variation in calculated
matrix elements.

2. Kinematic distributions

If BB(0v) is observed, future experimenters will want
to study the kinematic distributions associated with the
outgoing electrons. The NEMO 3 experiment (Arnold et
al., 2005a) has shown the power of this type of analysis
with BB(2v). The collaboration used the spectrum of
electron energies from BB(2v) in Mo, taken one at a
time (the lone electron spectrum), to show that the de-
cay proceeds predominately through the 17 ground state
of the intermediate '“Tc nucleus. The effect on the
spectrum of this single-state dominance is small (Simk-
ovic et al., 2001), so 10° events were required for the
analysis. But the analysis demonstrates that important
information is contained within kinematic distributions.

Figure 6 shows an example of the kinematic distribu-
tions for BB(0v). In this figure, the lone electron spectra
are shown for two possible exchange mechanisms. The
mountain shaped curve is for light-neutrino exchange
mechanism and the valley shaped curve is for right-
handed interactions in both the leptonic and hadronic
currents (Doi et al., 1985). It is clear from this figure that
only a few tens of events would be needed to show that
one of these mechanisms dominates the decay. However,
a large sample of events would permit an analysis to
constrain the fraction of a competing mechanism. The
opening-angle distribution is another observable that is
sensitive to aspects of the underlying exchange mecha-
nism.

The only detectors able to register these types of dis-
tributions involve thin-foil, tracking-volume sandwiches.
The MOON (Nakamura et al., 2007) and SuperNEMO
(Barabash, 2004) proposals are such examples. There are
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TABLE IV. A summary list of the 8B(0v) proposals and experiments.

Experiment  Isotope  Mass Technique Present status Reference

CANDLES ®Ca  few tons CaF, scint. crystals Prototype Umehara et al. (2006)
CARVEL BCa 1 ton CaWOy scint. crystals Development Zdesenko et al. (2005)
COBRA H6cd 418 kg CZT semicond. det. Prototype Zuber (2001)
CUORICINO ¥Te  40.7 kg TeO, bolometers Running Arnaboldi et al. (2005)
CUORE B307T¢ 741 kg TeO, bolometers Proposal Ardito et al. (2005)

DCBA 0Ne 20 kg “""Nd foils and tracking Development Ishihara et al. (2000)
EXO-200 136%e 200 kg Liq. “"Xe TPC/scint. Construction Piepke (2007)

EXO 136%e  1-10 ton Liq. “"Xe TPC/scint. Proposal Danilov et al. (2000)

GEM Ge 1 ton “Ge det. in liq. nitrogen Inactive Zdesenko et al. (2001)
GENIUS Ge 1 ton “Ge det. in liq. nitrogen Inactive Klapdor-Kleingrothaus et al. (2001a)
GERDA %Ge ~35kg *Ge semicond. det. Construction Schonert et al. (2005)

GSO 100Gd 2ton  Gd,SiOs:Ce crys. scint. in lig. scint. Development Danevich et al. (2000); Wang et al. (2002)
MAJORANA %Ge 120 kg *Ge semicond. det. Proposal Gaitskell et al. (2003)
MOON 100 1 ton Mo foils/scint. Proposal Nakamura et al. (2007)
SNO++ 10Nd 10 ton Nd loaded liq. scint. Proposal Chen (2005)
SuperNEMO  %28e 100 kg “MSe foils/tracking Proposal Barabash (2004)

Xe 136Xe  1.56 ton “"Xe in lig. scint. Development Caccianiga and Giammarchi (2001)
XMASS 136Xe 10 ton Liquid Xe Prototype Takeuchi (2008)

HPXe 136xe tons High pressure Xe gas Development Nygren (2007)

competing demands in the design of such experiments.
One would like a thick foil for a large source mass, but a
thin foil to minimize energy loss and scattering so the
integrity of the distributions will be retained. As a result,
such experiments will have to be large with many elec-
tronic channels in order to collect the required numbers
of events.

C. The experiments

In this section, we describe a number of proposed ex-
perimental programs for 88(0v). A summary of the pro-
posals is given in Table IV.

1. CUORE (Cryogenic Underground Observatory for Rare
Events)

Before addressing the CUORE experiment, it is ap-
propriate to discuss the general principles of cryogenic,
or thermal, detectors, and the pilot experiment,
CUORICINO. The detector is an array of bolometers
made from a material containing the parent decay iso-
tope. In CUORICINO and CUORE the individual bo-
lometers are 55X 5 cm? single crystals of TeO,. They
are made from natural-abundance Te, which is 33.8%
130Te. They are operated at very low temperatures
where they have tiny specific heats. They are weakly
thermally coupled to copper support frames that act as
the heat bath. When an event leaves energy in the crys-
tal, the temperature rises and that rise is measured by a
sensitive thermistor, which produces a signal propor-
tional to the energy deposited. The heat leaks back
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through the weak thermal couplings and the signal de-
cays as the temperature returns to its baseline.

This technique was suggested for B8 decay searches
by Fiorini and Niinikoski (1984), and applied earlier by
the Milano group in the MIBETA experiment (Arn-
aboldi et al., 2003) before CUORICINO (Arnaboldi et
al., 2005). The CUORICINO bolometers are dielectric
and diamagnetic, and are operated at temperatures be-
tween 8 and 10 mK (Arnaboldi et al., 2003, 2004, 2005).
According to the Debye law, the specific heat of TeO,
crystals is given by C(T)=B(T/0Op)°, where g
=1994 J/(K mol) and @ is the Debye temperature. In
these materials, C(T) is due almost exclusively to lattice
degrees of freedom. The constant @ was measured by
the Milan group for 5 X5 X5 cm?® TeO, crystals as 232 K
(Arnaboldi et al., 2003), which differs from the previ-
ously published value of 272 K (White ef al., 1990). The
specific heat follows the Debye law down to 60 mK. The
heat capacity of the crystals, extrapolated to 10 mK, is
2.3x 107 J/K. With these values of the parameters, an
energy deposition of a few keV will result in a measur-
able temperature increase A7. The temperature increase
caused by the deposition of energy equal to the total
BB(0v) decay energy, Qpgg=2530keV, would be
0.177 mK. To obtain usable signals for such small tem-
perature changes, very sensitive thermistors are re-
quired. In CUORICINO, AT is measured by high resis-
tance germanium thermisters glued to each crystal.
More details can be found in Fiorini and Niinikoski
(1984), and in subsequent publications (Allessandrello et
al., 1997, 1998).
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The thermistors are heavily doped high-resistance ger-
manium semiconductors, with an impurity concentration
slightly below the metal-insulator transition. High-
quality thermistors require a very homogeneous doping
concentration. For the CUORICINO thermistors [neu-
tron transmutation doped (NTD)], this was achieved by
uniform thermal neutron irradiation throughout the en-
tire volume in a nuclear reactor. The electrical conduc-
tivity of the devices depends very sensitively on the tem-
perature because they use variable range hopping
(VRH) mechanisms. The resistivity varies with tempera-
ture according to p=p, exp(T,/T)”, where the constants
po> To, and vy all depend on the doping concentration. In
the case of thermistors operating with VRH mecha-
nisms, y=1/2.

Thermistors can be characterized by their sensitivity
A(T) defined as follows: A(T)=|d(InR)/d(InT)|
=y(Ty/T)”, where the resistance is R(T)
=Ry exp(Ty/T)?. The parameter Ry=py(d/a), where d
and a are the distance between the contacts and the
cross section of the thermistor, respectively. The values
of Ry, Ty, and y must be measured for each thermistor.
This is done by coupling the thermistor to a low-
temperature heat sink with a high heat-conductivity ep-
oxy. The base temperature of the heat sink is between 15
and 50 mK. A current flows through the device and a
V-I load curve is plotted. The curve becomes nonlinear
because of the power dissipation and dynamic resis-
tance, causing the slope of the I(V) curve to change from
positive to negative. The optimum operating biasing cur-
rent occurs where dI/dV increases rapidly with increas-
ing bias voltage V,, maximizing the signal to noise ratio.
The parameters of each thermister are determined from
a combined fit to a set of load curves at different base
temperatures. The characterization process was de-
scribed in detail earlier for Si thermistors (Allessan-
drello et al., 1999), and the same process is used for the
CUORICINO Ge thermistors.

The thermistors in CUORE will be the same as those
used in CUORICINO; they were produced by the UC
Berkeley-LBNL group (Haller et al., 1982). It is neces-
sary to optimize the neutron doping of the Ge. This is
done by using foils of metal with long-lived (n,y) radio-
active daughter nuclides irradiated along with the Ge to
calibrate the neutron flux. Accordingly the neutron ex-
posure can be accurately evaluated without having to
wait for the intense radiation of the "'Ge in the sample
to decay. Following the decay period, the Ge is heat
treated to repair the crystal structure, and cut into 3
X 3 X 1-mm? strips. Electrical connections are made by
two 50-um gold wires, ball bonded to metalized surfaces
on the thermistor. The thermistors are glued to each bo-
lometer with nine spots of epoxy, deposited by an array
of pins.

Figure 7 shows the CUORICINO structure. Each of
the upper ten planes and the lowest one consists of four
5X5X5-cm? crystals of natural isotopic abundance, as
shown in the upper right hand figure, while the 11th and
12th planes have 9 3 X 3 X 6-cm? crystals, as shown in the
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FIG. 7. (Color online) The CUORICINO structure. Figure
courtesy of the CUORE Collaboration.

lower right hand figure. In the 3 X3 X 6-cm® planes the
central crystal is fully surrounded by the others.

The crystals for CUORE will be prepared the same
way as for CUORICINO. The crystals were grown with
pre-tested low-radioactivity material by the Shanghai In-
stitute of Ceramics of the Academy of Science (SICAS)
and shipped to Italy by sea to minimize activation by
cosmic rays. They were lapped with a specially selected
low contamination polishing compound. All these op-
erations, as well as the mounting of the tower, were car-
ried out in a nitrogen atmosphere glove box in a clean
room. The mechanical structure is made of OFHC cop-
per and Teflon, both of which were previously tested to
be sure that measurable radioactive contaminations
were minimal. Thermal pulses are recorded by the NTD
Ge thermistors thermally coupled to each crystal. The
gain of each bolometer is calibrated and stabilized by a
50-100-kQ) resistor attached to each absorber and acting
as a heater. Heat pulses are periodically supplied by a
calibrated pulser (Arnaboldi et al., 2004). The tower is
suspended from the 50-mK plate of the cryostat through
a 25-mm copper bar attached to a steel spring. The steel
spring provides mechanical isolation from vibration of
the cryostat that can result in heating and spurious
pulses in the detector.

The CUORE detector will be an array of 19 towers,
each similar to the CUORICINO tower except that all
crystals will be 5X 5 X5 cm?® (see Fig. 8). It will have 988
760 g bolometers, containing a total of about 750 kg of
TeO,, or =200 kg of **Te. The expected background is
projected from the CUORICINO background, and the
improvements thus far achieved by the collaboration, as
well as the effect of coincidence cancellation due to the
granularity of the detector. The predicted background
rate for the first phase of the experiment is
0.01 counts/(keV kg yr). Substituting into Eq. (5) with
n,=1, a=0.348, €=0.84, W=162, M=760 kg, t=10 yr,
8(E)=7 keV, and b=0.01 counts/(keV kg yr) the pre-
dicted sensitivity is 7{},("**Te) =~2.5x 10?° yr. According
to three recent nuclear structure calculations, Fy



Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and ... 503

i
i1t

FIG. 8. (Color online) The CUORE structure. Figure courtesy
of the CUORE Collaboration.

=(4.84*02) %107 3/yr  (Rodin et al, 2006), 2.57
X 10713/yr (Poves et al., 2007), or 5.13x10713/yr (Civi-
tarese and Suhonen, 2003a, 2003b). These results and
the sensitivity above yield (mgg) limits of 47, 53, and
45 meV, respectively. A version of CUORE that is iso-
topically enriched to 80% in '**Te would reduce these
values by a factor of 1.54 to 31, 34, and 29 meV, respec-
tively, which covers the inverted hierarchy if mgpes 1S
0 meV. The aim of the CUORE Collaboration is to re-
duce the background further.

The CUORE experiment is approved and funded by
the Instituto Nazionale de Fisica Nucleare (INFN) in
Italy, and was recently approved for construction and
put in the 2008 fiscal-year budget of the U.S. Depart-
ment of Energy. However, construction has already be-
gun in Laboratori Nazionali del Gran Sasso (LNGS) in
Assergi, Italy with Italian funds. Data acquisition is
scheduled to begin in 2011. A detailed description has
been given by Ardito et al. (2005). The recent results
from CUORICINO with a total exposure of 11.8 kg yr
of 1%Te provide a lower limit of 79%=3.0 X 10?* yr (Arn-
aboldi et al., 2007). Using the nuclear structure factors
listed above, the bounds on (mgg are 0.42, 0.58, and
0.40 eV, respectively. The mission of the first phase of
CUORE, then, is to improve the half-life sensitivity by a
factor of 100, and that of (mgg) by one order of magni-
tude.

2. EXO (Enriched Xenon Observatory)

EXO is a proposed large next generation experiment
that will search for the BB(0v) in **Xe. The goal is to
use between one and ten tons of Xe enriched to 80% in
136Xe in a tracking time-projection chamber (TPC). The
intent of the collaboration is to trap and identify the
daughter **Ba ion by laser spectroscopy. The decay re-
sults in a **Ba** jon that will rapidly capture an elec-
tron, leading to the '*Ba* ion which is stable in Xe.
These ions can be positively identified via their atomic
spectroscopy by optical pumping with blue and red la-
sers. This technique was suggested by Moe (1991) and is
described in the context of this experiment by Danilov et
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FIG. 9. (Color online) The atomic level structure of a Ba ion
indicating the levels of interest and a picture of the emission of
a lone ion within an ion trap. Figure courtesy of the EXO
Collaboration.

al. (Danilov, 2000). To exploit this method of positively
identifying the daughter nucleus, it will be necessary to
capture the ion at the decay site and transfer it to an ion
trap for optical pumping. Alternatively the ion could
possibly be identified at the decay site by directing the
lasers. If either of these techniques works, backgrounds
that do not result in the correct ion will be eliminated.
The development of these techniques is a significant re-
search and development challenge, but one with a very
high potential payoff.

The atomic level structure of the Ba ion is shown in
Fig. 9. The 493-nm ground-state transition is very strong
allowing the ions in the 62S;,, ground state to be opti-
cally excited to the 6?P;, excited state. The decay of this
state has a 30% branching ratio to the 5*D5/, metastable
state. The Ba* ion is identified by irradiating this 6°P;,
state with 650-nm red laser light, exciting the ion back to
the 62P,, state, which decays with a 70% branching ra-
tio to the ground state by emitting 493-nm blue light.
The 6P, ), excited state has a mean life of 8 ns and when
saturated can emit ~107 493-nm photons per second.
This wavelength is compatible with the maximum quan-
tum efficiency of bialkali photomultiplier tubes. The
bright glowing spot shown in Fig. 9 is a photograph of an
actual excitation in a test trap.

The isotopic enrichment of tons of xenon is techni-
cally feasible because xenon is a noble gas that can be
directly introduced into a mass-separating centrifuge
with no chemistry. In addition, the residual xenon can be
returned for normal industrial use. This represents a sig-
nificant cost saving in the acquisition of the raw xenon.
The xenon gas can also be continuously purified during
the operation of the experiment, in particular to elimi-
nate the ubiquitous radioactive radon and krypton iso-
topes.

There are two activities that will presumably lead to
the final construction of the ton-level EXO with barium-
ion tagging. One is the development of the tagging pro-
cedure discussed above, and the other is the develop-
ment of a high-resolution liquid xenon TPC with good
tracking ability. The EXO Collaboration has approval
and funding to construct a 200-kg liquid TPC with Xe
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FIG. 10. (Color online) An artist’s conception of the EXO-200
experiment. Figure courtesy of the EXO Collaboration.

enriched to 80% in **Xe. This project is called EXO-
200. It will not have the barium-ion tagging feature;
however, it is intended as a research and development
(R&D) program for the TPC itself. The enriched isotope
has been purchased and is in house. This construction of
EXO-200 is presently underway, and the experiment will
be installed and operated in the Waste Isolation Pilot
Project (WIPP) site in Carlsbad, New Mexico. This site
has an overburden of 1600 mwe to reduce the back-
grounds associated with cosmic rays. The detector will
have an estimated 115 kg of fiducial volume contained in
a thin-walled copper vessel 40 cm in length. The copper
was supplied by a German company, and has been as-
sayed by inductively coupled plasma mass spectroscopy
(ICPMS). It contains the following limiting levels of ra-
dioactivity: *K<6 ppm, *’Th<0.5ppt, and >*U
=<0.3 ppt. The copper for the TPC was stored at the
Deutches Electron Synchrotron Laboratory (DESY) in
Hamburg, Germany, in a concrete bunker to reduce ac-
tivation from energetic neutrons produced by cosmic-
ray muons. It has now been shipped to Stanford Univer-
sity. It is possible that in the future the collaboration will
use Teflon for the vessel; however, the first vessel will be
made from this copper. An artist’s conception of the
EXO0-200 is shown in Fig. 10.

The high voltage cathode will be located in the middle
of the TPC volume. The design calls for up to 3.5 V/cm.
At each end there are 114 x wires and 114 y wires (ac-
tually at 60° pitch with respect to the x wires). These are
for charge collection, energy, and position information
necessary for the reconstruction of the trajectories of the
electrons. A 1-MeV p particle creates about 50 000 elec-
trons in the liquid xenon. One interesting property of
xenon gas and liquid is that they are efficient scintilla-
tors. The scintillation light will be detected by 258 large
area photodiodes on each side of the TPC. The use of
both collected charge and scintillator light improves the
energy resolution. The combination was tested in a small
chamber, and the data imply that EXO-200 will have an
energy resolution of about 1.5%.

The installation in the WIPP site is scheduled to occur
in mid-2007. The cryostat has been constructed and
tested at Stanford University. The EXO Collaboration
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anticipates reaching a sensitivity of about 0.3 eV for
(mgg). The actual design of the full-size EXO detector
will occur after the research and development of the
barium-tagging scheme are completed.

3. Next generation "6Ge double beta decay experiments:
MAJORANA and GERDA

As stated earlier, the most sensitive BB(0v) experi-
ments so far are the Heidelberg-Moscow (Klapdor-
Kleingrothaus et al., 2001a) and IGEX (Aalseth et al.,
2002a, 2004) experiments. In addition, the observation
discussed earlier was based on a reanalysis of the
Heidelberg-Moscow data (Klapdor-Kleingrothaus et al.,
2001a, 2003, 2004a, 2004b; Klapdor-Kleingrothaus and
Krivosheina, 2006). The goals of the MAJORANA and
GERDA "°Ge experiments are twofold, first to confirm
or refute the claimed evidence, and second, in the case
of a positive result, to make a measurement of the half-
life with a 20% or better uncertainty. If the claim is not
correct, the goal is to make the most sensitive search for
this decay. We discuss the MAJORANA experiment first
because it will use improved ultralow background cry-
ostat technology similar to that used in the IGEX ex-
periment, which, except for the copper, was similar to
that used in the Heidelberg-Moscow experiment. By
contrast, the GERDA Collaboration is pursuing a novel
technique of cooling and shielding the bare Ge detectors
by directly immersing them in liquid argon (Heusser,
1995) and water as low-Z shielding. This technique was
the cornerstone of a proposal by the GENIUS (Germa-
nium Nitrogen Underground Setup) Collaboration
(Klapdor-Kleingrothaus, 1997; Klapdor-Kleingrothaus et
al., 2001b) and was tested in an initial experiment at
Gran Sasso in the GENIUS test facility (Klapdor-
Kleingrothaus et al., 2003). Similarly the GEM (Germa-
nium Experiment for Neutrino Mass) proposal (Zde-
senko et al., 2001) also involved bare Ge detectors, but
with pure water forming the shield instead of liquid ni-
trogen. Neither the GEM nor GENIUS Collaboration is
currently active. In the end, the MAJORANA and
GERDA Collaborations envision a joint 1-ton experi-
ment, using whichever of their two experimental tech-
niques proves to be the most appropriate to reach the
final goals.

®Ge decay has several significant advantages. First, all
three recent nuclear structure calculations are in fair
agreement and predict large nuclear structure factors
Fy. They are Fy=1.227017%10""* yr (Rodin et al., 2003,
2006), 4.29x107"“yr (Poves et al., 2007), and 7.01
% 107" yr (Civitarese and Suhonen, 2003a, 2003b). Fy is
proportional to the square of the nuclear matrix ele-
ment, so the matrix element differences themselves are
not large, whereas in previous estimates they varied by a
factor of 3. It is generally believed that more reliable
shell model calculations will be possible in the future for
this nucleus. In addition, °Ge experiments have the
lowest background demonstrated thus far. The back-
ground rates at IGEX and Heidelberg-Moscow were
~0.06 count/(keV kg yr), after the application of pulse-
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shape analysis. Many of the backgrounds have been
identified, and both future experiments are projecting
significant reductions. Finally, Ge detectors have the
best energy resolution of any of the proposed experi-
mental techniques for double beta decay experiments.
Resolutions of 3 keV at the decay energy of 2039 keV,
or ~0.15% full width at half maximum, have been
achieved. The main difference between the MAJORANA
and GERDA proposals are the method of cooling the
detectors, and shielding and background control. Both
propose to use detector segmentation and pulse-shape
discrimination to reduce backgrounds. The goals of both
proposed experiments is to probe the quasidegenerate
neutrino mass region above 100 meV region in the ini-
tial phases. In a subsequent phase, and possibly with
collaboration between MAJORANA and Gerda, the goal
is a 1-ton experiment to explore the inverted hierarchy
down to about 20 meV.

To achieve these sensitivities it is necessary to fabri-
cate the detectors from germanium enriched to 86% in
"Ge. This material can be produced in Zelenogorsk,
Russia, in the required quantities via centrifuge. The Ge
metal is converted into a GeF, gas that is very stable at
high temperatures, but must be converted into an oxide
or metal after centrifugation. This is the same type of
starting material that was used in both the Heidelberg-
Moscow and IGEX experiments. No observable internal
contamination of the Ge was found in either of those
experiments.

The proposed MAJORANA experiment. The original Ma-
jorana concept was for eight modules with 57 1.1-kg seg-
mented Ge detectors each, for a total of ~500 kg of Ge,
enriched to 86% in °Ge (Gaitskell et al., 2003). The
detectors within each module would be arranged in a
hexagonal configuration of 19 towers, each three detec-
tors high, inside of a copper cryostat. The cryostats will
be electroformed as in the case of the IGEX cryostats.
An intense R&D project is underway to reach the fol-
lowing levels of radio purity for Cu: 2'*Bi, 0.3 uBq/kg;
and %’Th, 0.1 uBq/kg. These two isotopes produce the
most serious of backgrounds, for example, the 2615-keV
y ray from 2Tl at the end of the 2**Th chain. The back-
ground associated with this y ray is difficult to eliminate
sufficiently by analysis as discussed below. For this rea-
son, the reduction of thorium, as well as 2“Bi, in the
copper is a critical step.

The electroforming of the copper cryostat parts begins
with the selection of pure materials. The copper is elec-
troplated on stainless steel mandrels from a copper sul-
fate solution. The solution is prepared with
semiconductor-grade acids. The copper sulfate is puri-
fied by recrystallization. This procedure was tested by
artificially contaminating the copper sulfate, and then
recrystallizing it several times, measuring the radioactiv-
ity at each step. The solution is constantly recirculated
through microfilters to remove oxides and precipitates.
It is also circulated through a barium scavenge filter to
remove radium. The plating tanks have a cover gas to
reduce oxides. The copper parts are machined periodi-
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FIG. 11. (Color online) The left panel shows a concept draw-
ing of 1 of 19 strings of Ge detectors that would be contained
within a MAJORANA module shown in the right panel. Figure
courtesy of the MAJORANA Collaboration.

cally to prevent the formation of porous copper, which
can lead to vacuum leaks and poor structural strength.
While this is a time consuming process, the payoff is
copper cryostat parts with less than 1 uBq/kg of ***Th.

Each module of 57 detectors comprises 19 three-
detector towers as shown in Fig. 11. The final design of
the individual Ge detectors has not yet been completed;
however, the base plan has 1.1-kg segmented detectors
with a geometry similar to that of the Canberra CLO-
VER detectors. Some initial studies concerning the joint
use of segmentation and pulse-shape analysis with these
detectors has been encouraging (Elliott et al, 2006).
Background events from 6576000, %7n, and ®Ge,
formed in the Ge crystals by spallation reactions from
high-energy neutrons produced by cosmic-ray muons,
can be identified event-by-event by the deposition of en-
ergy in more than one detector segment, and by pulse-
shape discrimination.

Another significant source of background is externally
produced vy rays. Gamma rays that can deposit
2-3 MeV in a Ge detector most likely scatter several
times before either being absorbed or leaving the crys-
tal. This creates multiple sites where clouds of electrons
and holes are formed. The result is a complex displace-
ment current pulse that can be distinguished from one
that results from a single-site event like that expected
from BB(0v). Sample experimental pulses are shown in
Fig. 12. The figure displays an experimental spectrum of
background after segment cuts and pulse-shape discrimi-
nation have been applied. All y-ray lines have been sig-
nificantly reduced except for the 1593-keV double-
escape-peak line of the 2615-keV y ray in 2°TI. This
well-known line is from the single site creation of
electron-positron pairs, in which both annihilation vy rays
completely escape the detector. One also sees that about
1/3 of the continuum remains because it results from
single Compton scatters.

Accordingly, by lowering the background in the cop-
per cryostat parts, by carefully screening and selecting
the front-end electronic parts for low background, and
by applying segmentation and pulse-shape discrimina-
tion, the MAJORANA Collaboration hopes to reduce the
background in the region of interest at 2039 keV by a
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FIG. 12. The top panel shows the wave form of a candidate
single-site energy deposit in a Ge detector. The middle panel
shows a candidate multiple-site energy deposit of similar en-
ergy. The bottom panel shows how the spectrum in the region
near 1.6 MeV changes as pulse-shape analysis and segmenta-
tion cuts are employed. Figure courtesy of the MAJORANA Col-
laboration.

factor of 150 below that of IGEX or Heidelberg-
Moscow. The target half-life sensitivity, after an expo-
sure of 0.46 tonne yr, is 5.5% 10% yr. If we use the cen-
tral value of the nuclear structure factor, Fy=1.22
X107 yr (Rodin et al., 2003, 2006), the lifetime corre-
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FIG. 13. (Color online) An artist’s conception of the GERDA
experiment. Figure courtesy of the GERDA Collaboration.

sponds to (mgg) ~61 meV to a 90% CL. If the claimed
observation is correct (Klapdor-Kleingrothaus et al.,
2004b), then this exposure would result in a measure-
ment of the half-life with an accuracy of 10%.

MAJORANA is a collaboration of about 70 physicists
from 16 institutions in Canada, Japan, Russia, and the
USA, and has been approved for major research and
development.

The GERDA experiment (Germanium Detector Ar-
ray). The Germanium Detector Array (GERDA) is a
planned array of Ge detectors fabricated from germa-
nium enriched to 86% in "Ge, cooled and shielded by
direct immersion in liquid argon or nitrogen (Abt et al.,
2004; Schonert et al., 2005). The facility is presently un-
der construction in the Laboratori Nazionali del Gran
Sasso (LNGS) in Assergi, Italy. It is planned in three
phases. The first phase will proceed with the five detec-
tors from the Heidelberg-Moscow (HM) experiment,
with 11.9 kg of enriched Ge, and the three detectors
from the IGEX experiment with 6 kg of enriched Ge.
All of these detectors are closed-end p-type semicoaxial
detectors, and are unsegmented. In their copper cry-
ostats, these detectors achieved background rates of
~0.06 count/(keV kg yr) after pulse-shape discrimina-
tion that reduced the number of y-ray events producing
multisite pulses. The detectors have been underground
since the early 1990s, the HM detectors in LNGS, and
the IGEX detectors in the Laboratorio Subteranio de
Canfranc in Spain. The goal of GERDA is to reduce the
background to levels between 0.01 and 0.001
count/(keV kg yr) in the initial phases via ultraclean ma-
terials, pulse-shape analysis, segmentation, and live and
bulk shielding with liquid argon. An artist’s conception
of GERDA is shown in Fig. 13.

Phase I, comprising an active mass of 17.9 kg, is sup-
posed to achieve a half-life sensitivity of =3 X 10% yr at
90% CL. For phase II, an additional 37.5 kg of Ge, en-
riched to 87% in °Ge, has been delivered to the Max-
Planck-Institute in Munich in the form of GeO,. It will
be stored underground until fabrication begins. The col-
laboration is testing one sixfold segmented p-type detec-
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FIG. 14. (Color online) An artist’s conception of the GERDA
phase II tower. Figure courtesy of the GERDA Collaboration.

tor, and one 18-fold segmented n-type detector for pos-
sible use in phase II (Abt et al., 2007). The goal of phase
I1 is to reach a half-life sensitivity of =~1.4 X 10% yr (90%
CL) and an exposure of 100 kg yr. If we use the central
value of the nuclear structure factor Fy=1.22X10" yr
(Rodin et al., 2003, 2006), this corresponds to (mgg)
~124 meV. In the case that the claimed observation by
Klapdor-Kleingrothaus et al. (2004b) is correct, phase I
would observe it and phase II would make an accurate
measurement of the lifetime. Figure 14 shows an artist’s
conception of a phase II detector tower that would hang
directly in the liquid argon.

The GERDA cryostat is a vacuum-insulated stainless
cryostat with an inner copper liner. The outer cylinder is
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4.2 m in diameter and 8.9 m long. The inner volume is
70 m3, the mass of the empty vessel is 25 metric tons,
and it will contain 98 tons of liquid argon. There will be
a clean room over the vessel and a rail system to lower
and position the individual detector strings.

Monte Carlo calculations were performed in collabo-
ration with members of the MAJORANA computation
group to predict the background levels. GERDA will
operate in Hall-A of the LNGS with an overburden of
~3600 mwe Accordingly it will have a muon veto shield
to reduce backgrounds associated with cosmic-ray
muons. Given the low-Z material used as shielding in
the vicinity of the germanium array, the muon-induced
background will be 0.0001 count/(keV kgyr) or less
(Pandola et al., 2007). In addition to segmentation cuts,
and pulse-shape analysis, anticoincidence signals be-
tween individual Ge detectors can be used to tag and
eliminate external y rays. Coincidences from vy rays in
decay chains can be used to further reduce backgrounds.
Finally, R&D toward the use the scintillation light of
liquid argon as an active veto system is underway. The
technique may be implemented in a later phase of
GERDA (Di Marco et al., 2007).

The ultimate goal of a world wide collaboration would
be a half-life sensitivity of 10% yr, corresponding to
~25 meV. This would presumably be an experiment
with the order of one ton of enriched germanium. This
endeavor may very well be a collaboration between the
GERDA and MAJORANA groups, depending on which
technology proves to be the best with respect to back-
ground, detector stability, etc. There exists a memoran-
dum of understanding to that effect, and it is clear that
there will very probably be only one Ge experiment in
the world of that magnitude.

GERDA is a collaboration of 80 physicists from 13
institutions in Belgium, Germany, Italy, Poland, and
Russia. It was approved in November 2004, and is cur-
rently under construction.

4. COBRA (Cadmium Telluride 0-neutrino Beta Decay
Research Apparatus)

COBRA (Zuber, 2001) is an R&D program develop-
ing CdZnTe semiconductor crystal detectors (usually re-
ferred to as CZT detectors) for BB(0v). CZT detectors
contain nine isotopes that undergo BB. The isotopes
16cd, 130Te, 4Cd, °Zn, and *Te all undergo B 87,
whereas the isotopes 47n, 196Cd, 1%Cd, and *°Te un-
dergo B*B*, B'EC, or EC-EC. The critical nucleus is
116Cd as it has the highest Q pp and therefore the greatest
sensitivity to SB(0v). Although the Qg of 130Te is also
high, it is below that of '"®Cd and therefore the Cd
BB(2v) would create a significant background for any
BB(0v) study of Te. The isotopic abundance of 1°Cd is
7.5%, however, necessitating enrichment for a competi-
tive experiment. The existence of a number of B"EC
isotopes within the detector and the high granularity of
the experiment permit a variety of studies in addition to
the primary BB(0v).
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FIG. 15. (Color online) An artist’s conception of COBRA 64-
detector setup. Figure courtesy of the COBRA Collaboration.

The proposal is to operate 64 000 1-cm® CZT detec-
tors (1°Cd, 4Zn,Te) with a total mass of 418 kg. The
detectors would be fabricated with Cd enriched to 90%
in isotope 116, so about 44%, or 183 kg, of the detector
mass is the isotope of interest. The energy resolution
[full width at half maximum (FWHM)] of the co-planar
grid (CPG) detectors is better than 2% at the end point.
If the background can be kept below 1 count/
(keV tonne yr), a half-life sensitivity of better than
10% yr is anticipated. To improve the resolution of the
detectors, cooling and new grid designs are being inves-
tigated. The collaboration has operated a 2 X2 detector
prototype and is assembling a 4 X4 X4 prototype array
at Gran Sasso (Fig. 15), with the first 16 detectors run-
ning since summer 2006 (Fig. 16).

Initial data (GoBling et al., 2005) for the 2 X2 detector
array, including a measurement of the four-fold forbid-
den B decay of '*Cd and new limits on positron decay
modes of BB, have been published. The collaboration is
also studying pixellization of the detectors to improve
spatial resolution within a single detector for back-
ground rejection by particle identification.

5. MOON (Molybdenum Observatory of Neutrinos)

The MOON experiment is unique because it has two
applications. First, it is a tracking detector to search for
the double beta decay of '"’Mo and other isotopes. The

FIG. 16. (Color online) A photograph of a detector holder
containing 16 detectors. Figure courtesy of the COBRA Col-
laboration.
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energy and angular correlations of individual  rays are
used to identify the v-mass term of the BB(0v) decay. In
addition it will detect solar neutrinos, from the low-
energy pp neutrinos all the way up to ®B neutrinos. This
dual function results from the unique nuclear structure
of the triplet Mo, '"Tc, and "Ru (Ejiri et al., 2000;
Ejiri, 2005). In this discussion we concentrate on MOON
as a double beta decay experiment (Ejiri, 2006b; Naka-
mura et al., 2006, 2007).

The MOON Collaboration involves members from 12
institutions in Japan, the Czech Republic, Russia, and
the US. The goal is to achieve an effective sensitivity to
(mgg) of ~50 meV with one ton of 1000 o, This isotope
has a high Qg (3034 keV), above the highest energy and
troublesome 2615-keV y ray in 2®TI. It has a corre-
spondingly large phase space factor, about seven times
larger than that of °Ge, and a natural isotopic abun-
dance of 9.6%. While its QRPA nuclear matrix element
is slightly smaller than that of "*Ge, its predicted rate is
3.6 times faster (Rodin et al., 2006). On the other hand,
for the value of g,, used in the calculations of Civitarese
and Suhonen, this ratio is 5.84. Neither the old nor re-
cent shell model calculations (Caurier et al., 1996; Poves
et al., 2007) treat the case of '“’Mo. The above two re-
cent QRPA calculations differ by a factor of 1.6, and
with other values of g,,, as much as a factor of 4. This
makes a great difference in the predicted effectiveness
of ™Mo BB experiments. Thus depending on the chosen
value for g,,, the predicted SB(0v) rate might vary by a
factor of 4. It should also be pointed out that the
MOON technique, where the source does not comprise
the detector, could also be used with other isotopes, 82Ge
and Nd, for example. The choice is made by consid-
ering M,, Qg the BB(2v) rate, and other characteris-
tics of a given isotope.

The experimental technique is based on the
ELEGANT V design (Ejiri et al., 1991a, 1991b). The
apparatus consists of multilayer modules, each with a
thin film of enriched Mo, sandwiched between two
position-sensitive detector planes (thin MWPC cham-
bers or thin PL fibers) and two solid scintillator (plastic)
plates, with all other modules acting as an active shield.
Precise localization of the two B-ray tracks enables one
to select true signals and reject background. In fact,
background from radioactive impurities and from neu-
trons associated with cosmic-ray muons is evaluated by
Monte Carlo simulations and found to be acceptable
[<0.3/(tonne yr)]. One of the key challenges in this type
of experiment is achieving adequate energy resolution to
be able to recognize BB(0v) events from background,
and also from the irreducible background from BB(2v)
events. The half-life for BB(2v) of 1Mo was measured
very accurately by the NEMO experiment as 75,
=7.11+0.02(stat) £ 0.54(syst) X 10" yr  (Arnold et al,
2005a). The theoretically predicted 79}, of '"Mo, for a
(mpgy=50 meV, is as long as 3.8 10% yr (Rodin et al.,
2006), although other M, calculations indicate 79},
nearer to 10%° yr. The BB(2v) rate is then between seven
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FIG. 17. (Color online) A schematic of the MOON-I scintilla-
tor layout. Figure courtesy of the MOON Collaboration.

and eight orders of magnitude faster than the predicted
BB(0v) rate. Obviously, energy resolution is a key issue
in all such experiments. In the case of MOON, it is being
addressed by an intensive R&D program (Nakamura et
al., 2007).

The MOON-I prototype has the general features
shown in Fig. 17. The three 48 cm X 48 cm molybdenum
films are about 47 g each and are enriched to 94.5% in
100Mo. They are supported and covered by aluminized
Mylar films, 6 ug/cm?. This prevents optical cross talk
between the scintillators. The six plastic scintillators are
S3ecmX53 cmX1cm, and are viewed by 56
Hamamatsu, R6236-01 KMOD photomultiplier tubes
that are relatively low in “’K. They are optically coupled
to the plastic scintillators with silicon cookies, which are
made from silicon rubber 3 mm thick. The general ge-
ometry of the MOON-I configuration is shown in Fig.
18. The pattern of PMT coupling to the scintillators
shown in Fig. 17 allows the hit scintillator to be identi-
fied by the PMT hit pattern. The measured energy res-
olution is 0=4.8+0.2% (AE/E) at 1 MeV. This would
yield a 0=2.9% and FWHM of approximately 200 keV
at the Qg of 3034 keV. The collaboration is attempting
to improve it to 0=2.2% (as they have done in a small
prototype) by adjusting the position dependent re-
sponse.
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FIG. 18. A schematic of the MOON-I configuration. Figure
courtesy of the MOON Collaboration.
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FIG. 19. (Color online) A schematic of the NEMO detector.
Figure courtesy of the NEMO Collaboration.

The MOON-I experiment was performed with the de-
tector inside the ELEGANT-V shield in the Oto under-
ground Labotatory with an overburden of 1300 mwe
(Ejiri et al., 1991a, 2001). At this level the muon flux was
measured to be 4X 1077 u/(cm?s). There are Nal(TI)
detectors above and below the MOON-I array to detect
background vy rays. The shield consists of 15 cm of lead
outside of 10 cm of oxygen-free, high conductivity cop-
per. The shield was flushed with dry N, that reduced the
activity from radon to a level of 125 mBq/m?>.

The MOON research and development program con-
tinues with the main goals of reducing background as
indicated by simulations (which have not yet been re-
ported), improving the energy resolution, and improving
the position resolution for tracking. The sensitivity of
any '®’Mo experiment to (m pp) cannot really be deter-
mined until more reliable nuclear matrix elements are
available. Experimental studies with charge exchange
reactions are in progress for 88e, 1Mo, and "°Nd,
which are candidates for use in MOON (Ejiri, 2000).

6. NEMO-3 and SuperNEMO

NEMO-3. The SuperNEMO detector (Barabash,
2004) will be a tracking detector, as is its currently oper-
ating predecessor, the NEMO-3 detector (Arnold et al.,
2005b). We discuss the NEMO-3 experiment (Arnold et
al., 2005a; Barabash, 2006b) and its results to provide
background. NEMO-3 is the third generation of NEMO
BB detectors. An artist’s conception is shown in Fig. 19.
The detector has 20 segments of thin source planes, with
a total area of 20 m?, that can support about 10 kg of
source material. It has a three-dimensional readout wire
drift chamber, with 6180 cells that operate in the Geiger
mode for tracking. The detector gas is He, with 4% ethyl
alcohol, 1% argon, and 0.1% H,O. The tracking vol-
umes are surrounded by 1940 plastic scientillator-block
calorimeters. The scntillator detectors operate with
thresholds of =30 keV, and have efficiencies of 50% for
1-MeV vy rays. The energy resolutions range from 11%
to 14.5% FWHM at about 1 MeV. The resolution is one
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TABLE V. A comparison of the SuperNEMO design parameters with those of the NEMO detector.

NEMO Detector/experiment SuperNEMO
1000 isotope 828e or °'Nd
7 kg source mass 100-200 kg
8% BB(0v) detection efficiency ~30%

208T1<20 uBq/kg
214Bi <300 uBq/kg
8% at =3 MeV
2X10% yr
0.3-13eV

external background
in the source foil
energy resolution, FWHM
79}, sensitivity
(mgp) sensitivity

208T1<2 uBq/kg
for #2Se:2“Bi<10 uBq/kg
4% at 3 MeV
>10% yr
<0.05-0.1 eV

parameter that will be given a lot of attention in the
design and construction of SuperNEMO. Good energy
resolution is critical for the discovery of processes with
long half-lives. The source planes hang vertically in a
cylindrical geometry inside of a magnetic solenoid that
generates a ~25 G magnetic induction field. Tracking in
the magnetic field allows the differentiation between
electron and positron tracks, with only a 3% chance of
confusing the two.

The detector is surrounded by 18 cm of low-
background iron to reduce the external y-ray flux. Fast
neutrons from the laboratory environment are sup-
pressed by an external shield of water, and by wood and
polyethylene plates. NEMO-3 is located in the Modane
Underground Laboratory in Frejus, France with an
overburden of 4800 mwe. The air in the experimental
area is constantly flushed and has a radon-free purifica-
tion system serving the detector volume. It reduces the
radon to =200 mBq/m?, and has a capacity of 150 m*/h.
The measured radon activity in the detector was
4-5 mBq/m>.

One of the great advantages of the NEMO-3 detector
is that it can make measurements on many different nu-
clei, and in fact has made measurements on seven iso-
topes, and two blanks, simultaneously. The isotopes
were '"’Mo (6.914 kg), 5Se (932 g), "'Cu (621 g), "'Te
(491 g), °Te (454 g), ''°Cd (405 g), P°Nd (37 g), *Zr
(9.4 g), and **Ca (7 g). The "Te and "*'Cu were used to
measure the external background.

The measurement of the decay of '“’Mo made with
NEMO-3 truly sets a standard for such measurements
(Arnold et al, 2005a). The result was T%,V2
=7.11+0.02(stat) +0.54(syst) X 10'® yr. New bounds were
set on BB(0v) (Barabash, 2006b): 79%>5.8x 10% yr for
100Mo, and 2.1 X102 yr for %3Se (90% confidence level).
The bounds on the effective Majorana mass of the elec-
tron neutrino are (mgg <0.6-2.7¢V for 1Mo and
1.2-3.2 eV for Se. The NEMO-3 detector has been op-
erating since February 2003. The collaboration projects
that the sensitivity to 795 of '“’Mo will be 2 X 10** yr by
the end of 2009. This would reduce the bound on (144
to <0.34-1.34 eV. It is clear that by that time the detec-
tor will have been operating for seven years the resulting
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sensitivity will not be competitive with next-generation
experiments that are designed to probe the inverted-
hierarchy mass scale. To remedy that situation, the Su-
perNEMO Collaboration was formed.

SuperNEMO. This proposed experiment is a vastly
expanded tracking chamber of a modular design. The
parent isotope will be either Se or °Nd. At this time
there does not exist a source of kilogram quantities of
Nd isotopically enriched in '*’Nd, whereas ®Se has been
enriched by the gas centrifuge technique in Russia. In
Table V we compare the experimental parameters of
NEMO-3 to those of SuperNEMO.

Currently SuperNEMO is a collaboration of 26 insti-
tutes in 11 countries. An artist’s conception of the detec-
tor modules is shown in Fig. 20. The detector will com-
prise 20 modules. Each module is designed to hold 5 kg
of enriched isotope; each has 12 m? of tracking volume,
with 3000 channels of readout and 1000 photomultiplier

FIG. 20. (Color online) A schematic of a SuperNEMO mod-
ule. Figure courtesy of the NEMO Collaboration.
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tubes. The total detector will have 60 000 channels of
drift chamber readout, and 20 000 photomultiplier tubes.

One of the key issues is the background from the de-
cay of 2“Bi to 2*Po in the 2*®U chain and *'’Bi to 2'*Po
in the *’Th chain. These are referred to as the BiPo
backgrounds and a prototype-test detector named BiPo
is installed in the Laboratorio Subteranio de Canfranc
(LSC) in Canfranc, Spain to test the source foils. The
BiPo detector comprises two modules. The intent is to
test each source foil for the BiPo backgrounds before
installation in SuperNEMO. The plan is to measure a
5-kg foil every month with a sensitivity of 2%TI
<2 uBq/kg and *"“Bi<10 uBq/kg.

The proposed schedule is as follows: BiPol will run
until 2008; BiPo will be under construction from mid
2007 until mid 2009. The final BiPo will be installed in
LSC at the beginning of 2009. The construction of the
first SuperNEMO module will start in early 2009 and be
completed in mid 2010. The BiPo tests will continue
throughout the construction of SuperNEMO. The full
detector is scheduled to start operating at the beginning
of 2012.

7. CANDLES (calcium fluoride for studies of neutrinos and
dark matters by low energy spectrometer)

The proposed CANDLES experiment (Umehara et
al., 2006) is based on undoped CaF, scintillators sur-
rounded by a 4 liquid scintillator live shield. The scin-
tillation light from pure CaF, crystals is in the ultraviolet
region of the spectrum and has a quite long decay time
(1 ws) although the liquid scintillator has a very short
decay time (~10 ns). One can employ this difference to
reject background signals from the liquid scintillator. A
wavelength shifter will be added to the liquid scintillator
to match the response of the photomultiplier tubes. The
CaF, crystals are made with natural-abundance calcium
which is 0.187% “*Ca. The end-point energy of *Ca,
427 MeV, is the largest of all the 88 candidates, well
above the highest y ray from natural radioactivity,
namely, the 2615-keV y ray in the decay of *®TI. It is
interesting to note that **Ca is a good candidate for shell
model analysis of the B8 matrix elements.

The CANDLES project follows the ELEGANT
VI experiments performed with CaF, scintillation detec-
tors made with europium-doped CaF,(Eu). In the
ELEGANT VI detector there were 23 CaF,(Eu) crys-
tals, each 4.5Xx4.5X4.5 cm® (290 g), surrounded by 46
CaF, (pure) crystals that acted as a shield and as light
guides. There was 6.7 kg of CaF, containing 6.4 g of
8Ca. This in turn was surrounded by 38 CsI(T1) crystals,
each 6.5X6.5X25 cm?, to act as a live shield. The entire
array was placed inside a bulk shield of copper, an air-
tight box, lead, Li-loaded paraffin and Cd, and B-loaded
water. The experiment was located in the Oto Cosmo
Observatory with an overburden of 1400 mwe. The en-
ergy resolution was 3.1% at 4271 keV, and the detection
efficiency was =49%. The experiment resulted in a new
bound for 79},(**Ca)>1.8 X 10? yr (Ogawa et al., 2004).

Rev. Mod. Phys., Vol. 80, No. 2, April-June 2008

FIG. 21. (Color online) A photograph of the CANDLES-III
installation. Figure courtesy of the CANDLES Collaboration.

According to recent shell model calculations (Poves et
al., 2007), (mgg) <23 eV. It will require several ton years
for such an experiment to be competitive. Currently
CANDLES-III is under construction with 60 crystals for
a total mass of 191 kg at a sea level lab in Osaka (see
Fig. 21).

The proposed CANDLES detector will comprise sev-
eral tons of CaF, (pure) detectors, with almost no back-
ground, immersed in liquid scintillator that will act as a
veto detector. The target parameters for a 6.4-ton
CANDLES are <3 uBq/kg of both *22“Bi 35%
FWHM resolution, and 6 yr of counting with a total
background of 0.3 per yr under the expected BB(0v)
peak. The target sensitivity for this phase is (mgg)
~(.1 eV. According to shell model calculations (Poves
et al., 2007), this would require a sensitivity of 7°%
~7.2X10% yr.

The shell model calculations predict a value for the
nuclear structure factor Fy(**Ca)=3.61x10""4/yr. The
same model predicts Fy(°Ge)=3.22x10""/yr and
Fy(B%Te)=2.13x10"3/yr. One can immediately appre-
ciate the challenge of performing an experiment with
natural-abundance calcium. One would need about 400
times as many Ca atoms as Ge atoms, enriched to 86%
in "Ge, to have the same decay rate. In comparison with
130Te one would need about 1000 times the natural
abundance Ca atoms as natural abundance of Te atoms
to have the same theoretical decay rates. The collabora-
tion is investigating techniques for enriching Ca.

8. Other proposals

CARVEL (Zdesenko et al., 2005) (calcium research
for very low neutrino mass) is a proposal to use isotopi-
cally enriched **CaWO, crystal scintillators to search for
BB(0v) of ¥¥Ca. These scintillators, with natural calcium,
have been tested for energy resolution, internal back-
ground, and pulse-shape discrimination that enables the
discrimination between alpha and gamma ray events.
The energy resolution at 2615 keV is 3.8% (=100 keV)
which compares well with tracking detectors. The total
background between 3.8 and 5.4 MeV, after the elimina-
tion of a background by pulse-shape discrimination, was
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0.07 count/( keV kg yr). With these parameters it was
determined that with ~100 kg of **CaWO,, enriched to
80% in *Ca, the half-life sensitivity would be

",(*¥Ca) ~ 10" yr. This corresponds to a sensitivity in
effective neutrino mass of (mgg)~ 55 meV (Rodin et al.,
2006). With one ton of this material, it was estimated
that a half-life sensitivity of 10% yr could be reached,
corresponding to (mgg ~0.02 eV. The difficulty with
this proposal is that there is no source of kg quantities of
Ca enriched in *®Ca. While in principle, Ca can be en-
riched by atomic vapor laser isotope Separation (AV-
LIS), the effort and cost scale as the ratio of the final to
initial abundance. This cost would be more than 35
times that for enriching an element with a 7% natural
abundance (e.g., %Ge). This is a challenge for a ton-scale
experiment.

DCBA (Ishihara et al., 2000) (drift chamber beta ray
analyzer) is designed to search for the BB(0v) of 150N,
It comprises tracking chambers, a solenoid magnet, and
a cosmic-ray veto detector. The source foils are vertical
with a series of high-voltage anode wires parallel to the
source and the magnetic field. As 8 particles are emitted
they are given an extra velocity perpendicular to the
magnetic field, and are curved as they pass through the
1-atm He gas mixture. The anode wires detect the drift
electrons, while the cathode wires across the chamber
gather the drifted ions. The detector can measure the
momentum of each B particle and can determine the
vertex. Drift electrons generate avalanche electrons on
the anode wire plane. The pattern of avalanche ions and
the time of each signal are recorded with flash analog-
to-digital converters (ADCs). From these data, the x po-
sition of the origin of the track is determined. The y
position is fixed by the responding anode wire. The po-
sition on the anode wire of the avalanche determines the
z position with pickup wires, which are located trans-
versely near anode wires and pick up signals induced by
the avalanche. Each electron track is reconstructed in
three dimensions, and the momentum and kinetic en-
ergy are obtained from the curvature and pitch angle.
DCBA-I will contain natural Nd and will have =3.8
% 10?2 atoms of "°Nd (5.6% natural abundance). It is
expected to have a background of <0.1 count/(keV yr).
It will have an energy resolution of =100 keV. DCBA-II
is planned to have 4.5 X 10% atoms of ’Nd, in the form
of Nd,O5 with Nd enriched to 90% in "°Nd. The ex-
pected half-life sensitivity is 4 X 10>* yr. According to re-
cent QRPA calculations (Rodin et al., 2006) this would
correspond to (mgg)~0.12 V. The R&D for this detec-
tor is being carried out at KEK with a test prototype
DCBA-T. On the basis of that R&D a new project has
been proposed, temporally named MTD (magnetic
tracking detector) (Ishihara, 2007). The detection prin-
ciple is the same as in DCBA, but the amount of source
installed is much larger. One module of MTD will con-
tain natural Nd and will have ~6.7 X 10* atoms of *°Nd
(5.6% natural abundance) in the first experimental
phase. The natural source plates will be replaced with
enriched material in the second phase. The enrichment

Rev. Mod. Phys., Vol. 80, No. 2, April-June 2008

of 1Nd is planned on a large scale with an international
collaboration.

The CAMEO proposal (Bellini et al., 2001) would in-
stall 1000 kg of '5CdWO, crystals in the liquid scintilla-
tor of BOREXINO (Bellini et al., 1996) after its solar
neutrino program is complete. The described program
would begin (CAMEO-I) with thin (=15 mg/cm?) metal
isotopically enriched Mo sheets sandwiched between
plastic scintillator and installed within the scintillator of
the BOREXINO Counting Test Facility (CTF). Better
sensitivity could be achieved, however, with an active
source configuration of CdAWO, crystals. For CAMEO-
I1, 100 kg of crystals would be installed in the CTF. Mea-
surements of the intrinsic background of the crystals
lead to an estimated 79, sensitivity of ~10? yr. Install-
ing 1 ton of crystals into the BOREXINO detector
could allow a sensitivity of 10?7 yr. Because of the focus
on solar neutrinos at BOREXINO, this program is not
currently active.

Another proposal that would exploit the
BOREXINO detector or the CTF is to dissolve '**Xe in
the scintillator (Caccianiga and Giammarchi, 2001). In
the most ambitious design, a vessel of radius 2.7 m con-
taining Xe and scintillator is itself contained when the
BOREXINO vessel (radius 4.25 m) filled only with scin-
tillator. Outside this scintillating region is a pseudo-
cumene buffer. About 2% by weight Xe is soluble in
scintillator with an appreciable temperature depen-
dence, so an estimated 1565 kg of Xe could be used at
15 °C. Simulations indicate that phototube activity and
BB(2v) will dominate the background, resulting in a 7},
sensitivity of 2 10% yr. This program is currently inac-
tive.

The XMASS experiment (Takeuchi, 2008) [xenon de-
tector for weakly interacting massive particles (WIMP)]
is a dark-matter search using liquid Xe as a target for
WIMP detection via nuclear scattering. The present de-
tector uses 100 kg of natural Xe with a fiducial volume
of 3 kg viewed by phototubes. It is planned to expand
this to 1 ton and even possibly to 20 tons. This final con-
figuration would have a fiducial volume of 10 tons and
would be used to study dark matter and solar neutrinos.
With such a large mass of Xe, the sensitivity to S8(0v) is
clearly of interest. The self-shielding of Xe is highly ef-
fective at reducing the backgrounds at low energies
(<500 keV) of interest to solar neutrinos and dark mat-
ter. However, it is less successful at the higher energy
appropriate for BB(0v). Present efforts are aimed at re-
ducing the backgrounds for the dark-matter search. Re-
sults from this 100-kg prototype have shown that the
dark matter configuration will not work for B8, which
will require a dedicated design. Work toward such a de-
sign is not a current priority of the collaboration.

There are two proposals to use Ce-doped GSO scin-
tillating crystals (Gd,SiOs5:Ce) to search for BB(0v) in
160Gd(QBB=1.73 MeV). In one research effort, a
1.744-kg GSO crystal was used (Wang et al., 2002) to
study backgrounds. This crystal, coupled to a 2-in. pho-
totube, was wrapped in Teflon and black vinyl tape. The
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whole crystal was inserted into a well-type Nal crystal.
The system was contained within a Pb shield and a
plastic-scintillator cosmic-ray veto. The whole setup was
situated in the bottom floor of a seven-story building
(12 mwe overburden). The crystal was found to have a
substantial contamination from U- and Th-chain iso-
topes, which were not in equilibrium. In addition, « de-
cays of '»>Gd were present. This program is no longer
being pursued. GSO crystals were also used in an ex-
periment at the Solotvina Underground Laboratory
(Danevich, 2001) at a depth of =1000 mwe. In this test, a
635-g crystal was joined to a phototube by a 18.2-cm
plastic light guide. A passive shield of Cu, Hg, and Pb
surrounded the detector. Internal radioactive contami-
nants within the crystal were the limitation of this ex-
periment, although the detector was cleaner than that
discussed above. This collaboration proposed putting
GSO crystals within a large volume of liquid scintillator
(an idea similar to that of the CAMEO project) to help
control the background. Background levels will be a
challenge for this technology. Although GSO crystals
are costly, the high isotopic abundance of '°Gd (22%)
would permit the use of natural Gd, which would be a
great relative cost reduction compared to other propos-
als, assuming that pulse shape techniques could be used
to suppress backgrounds. A modest R&D program con-
tinues on this project.

Finally, there is also a proposal (Chen, 2005) to use the
Sudbury Neutrino Observatory (SNO) (Boger et al.,
2000) for BB, now that it has completed its solar neu-
trino studies. The plan for the SNO detector is to re-
place the heavy water with scintillator, beginning a pro-
gram of low-energy solar-neutrino studies and long-
baseline-oscillation studies of reactor neutrinos,
geoneutrinos, and BB. The parent isotope, situated in
the liquid scintillator either as nanoparticles, dissolved
chemicals, or as absorbed gas, can be used as a source,
with a Nd-loaded liquid scintillator as the leading candi-
date. The scintillator configuration is referred to as
SNO+. A 1% loading of natural Nd in the scintillator
would provide 10 tons of Nd, corresponding to more
than 500 kg of '*Nd isotope. Simulations of this con-
figuration indicate that BB(2v) will be the dominant
background because of the limited energy resolution.
However, if (m gg) is in the degenerate mass-scale region,
the extremely high count rate from this large isotopic
mass would permit a statistical separation of 88(2v) and
BB(Ov). A development program for SNO+ is proceed-
ing.

There are a number of research and development
projects involving other crystals that could be candidates
for BB detectors. The crystals under investigation are
CdWO, (Bardelli et al., 2006), PbWO, (Danevich et al.,
2006), YAG:Nd (Danevich et al., 2005a), and ZnWO,
(Danevich et al., 2005b). A detector based on high pres-
sure Xe gas is also being considered (Nygren, 2007).
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VIII. CONCLUSIONS

The future for BB is exciting. Technologies in hand
will allow us to measure at intriguing neutrino-mass lev-
els. Technological progress is rapid, and developments in
theory are improving our ability to interpret the mea-
surements. Strong BB programs in both particle and
nuclear physics are the result.

The answer to the question “Is the neutrino its own
antiparticle?” is critical for theories of particle mass. It is
also needed to help uncover the reasons matter domi-
nates over antimatter in our Universe. The neutrino
mass will not only tell us about the high scale at which
the standard model breaks down (e.g., through the see-
saw), but also will have implications for the large-scale
structure of the Universe. Finally, lepton-number viola-
ton is significant in its own right.

BB(0v) is the only practical method for investigating
the particle-antiparticle question. And if the neutrino is
its own antiparticle, SB(0v) will have the best sensitivity
to neutrino mass of any laboratory technique. The B8
program outlined here, consisting of several experimen-
tal results, will therefore greatly influence the wider-
particle physics endeavor.

Questions about how best to calculate the nuclear ma-
trix elements have led to developments in nuclear
theory, despite the preoccupation of most theorists with
other problems. Large-scale shell model codes are in-
creasing in power, in part because of the need for better
matrix elements. And a variety of experiments on nuclei
are planned to constrain those same matrix elements.
We should see some reduction in their uncertainties.

Experimental progress in B8B(0v) has also led to im-
proved material-purification techniques such as Cu elec-
troforming, and to ongoing improvement in assay tech-
niques such as direct y-ray counting and inductively
coupled plasma-mass spectroscopy. The need for effec-
tive detectors has led to many improvements in semi-
conductor (e.g., Ge, CZT) and bolometer technologies
that are now finding application in basic science, medi-
cine, and homeland security. As researchers strive for
1-ton BB experiments, advances in areas such as isotope
enrichment and detector production should follow.

Overall, the program in 88 has been and will continue
to be very fruitful.

Note added in proof. Recently Poves et al. (2007)
presented slightly different values for the nuclear matrix
elements than those that appeared in the original paper.
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