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Neutrino-Nucleus Differential Cross Section
From J.D. Walecka, Semileptonic Weak Interactions

Doesn’t contribute when Ji = Jf = 0.
But calculable in reasonable nuclear models.

O(1/A) in elastic scattering.
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WIMP-Nucleus Elastic Scattering

B̃ on 131Xe: a similar process

single-particle model

with core polarization

Spin-Independent (Coherent) Form Factor Spin-Dependent Form Factor

Spin-dependent scattering down by 1/A but has long tail.
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gA “Renormalization:” Gamow-Teller β Decay

Leading order decay operator is ®στ+.

40-Year-Old Problem: Effective gA needed in all calculations of
shell-model type.

NUCLEAR SHELL MODEL 43 

() parameters can be empirically extracted as the residuals between a set 
of experimental values and the values of the matrix elements calculated 
with the free-nucleon operators. Our results are discussed in Sections 3.2 
and 3.3 for the GT and M I  operators, respectively. Values for the () 
parameters in the effective operator can also be calculated from fun
damental considerations. Our empirical results are compared with such 
calculations in Section 3.4. 

3.2 Gamow-Teller Results 

The relationships between experimental GT matrix elements from sd-shell 
beta decays and the predictions of the W interaction have been studied 
comprehensively in (57). This study incorporated a compilation of extant 
beta decay in A = 17-39 nuclei together with shell-model calculations 
for all the initial and final states concerned. The essential conclusions 
drawn in (57) can be inferred from the comparisons of experimental and 
theoretical matrix elements presented in Figure 6. The values of the 
matrix elements are normalized to reflect the 3(N - Z) sum rule, such 
that R(GT) = M(GT)/W, where W = 19A/9vl[(2Jj+ 1)3(Nj _Zj)]1/2 for 
Ni i= Zi and W = 19A/9vl[(2Jr+ 1)3(Nr - Zr)]1/2 for Ni = Zi' The matrix 
elements M(GT) are obtained from it = 6170j[B(F)+B(GT)], where 
B(GT) = M(GT)2j(2Ji + I). B(GT) is the GT transition probability (which 
depends on the transition direction). M(GT) is the GT reduced matrix 
element (which is independent of the transition direction). 

It is evident from inspection of the left side of Figure 6 that the exper
imental values of GT matrix elements in the sd shell are systematically 
smaller than the predictions of the W-interaction wave functions coupled 
with the free-nucleon operator, by a factor of about 0.77 (indicated by the 
lower line on the left side of Figure 6). The same wave functions combined 
with the effective operator account for most of the data extremely well. 
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Figure 6 Theoretical vs experimental R(GT) matrix elements (see Sections 3 and 3.2). 
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Lots of suggestion about the cause but no consensus until quite recently.



Other Tests of ®στ Strength Also Show Suppression
From Yako et al., PRL 103, 012503 (2009)

spectra, respectively. Here the uncertainties were evaluated
by using harmonic-oscillator wave functions, other optical
model potentials [28,29], and other average energies of
IVSM excitation [26]. However, there are also other
sources of uncertainty for which no assessment is currently
available, such as possible quenching of IVSM strengths or
interference between GT and IVSM [26].

The GT� plus IVSM� strength integrated up to an exc-
itation energy of 30 MeVof 48Sc is

P
BðGT�þ IVSM�Þ¼

15:3 � 0:1ðstatÞ � 1:9ðsystÞ � 0:1ðMDÞ � 1:2ð�̂GTÞ �
0:1ðIASÞ, corresponding to 64� 9% of the sum-rule value
of 3ðN � ZÞ ¼ 24. The integrated BðGTþ þ IVSMþÞ
value yields 2:8� 0:1ðstatÞ � 0:1ðsystÞ � 0:1ðMDÞ �
0:2ð�̂GTÞ. The systematic uncertainties of MD denoted
here are the ones due to inputs of the DWIA calculations
described above. The obtained strengths at lower excitation
energies are generally in good agreement with the existing
data within the uncertainties [7,8,11,12].

The curves in Fig. 3 show the SM predictions for the
BðGT�Þ distribution with T ¼ 3 by Horoi et al. [3]. Here,

the full fp shell-model space and the GXPF1A interaction
[30] are employed with the effective operator ð�t�Þeff ¼
0:77�t�. The calculation, when folded by Gaussian dis-
tributions to simulate the experimental energy resolution,
gives a qualitative description of the experimental
BðGT� þ IVSM�Þ spectrum below 15 MeV, which in-
cludes the region of the GT giant resonance. The experi-
mental strength distribution extends beyond the giant
resonance region due to configuration mixing between
states with 1p1h and 2p2h configurations [10,31].
The predicted BðGTþÞ distribution in Fig. 3(b) also

agrees qualitatively with the data up to an excitation energy
of 8 MeV. By contrast, the strengths above 8 MeV are
clearly underestimated. The experimentally obtained total
strength of

P
BðGTþÞ ¼ 1:9� 0:5 after subtracting the

estimated IVSM contribution is consistent with or even
larger than the SM predictions without quenching, i.e., 1.0–
1.6 [2,3,32]. Some approaches with quasiparticle random
phase approximation account for the large BðGTþÞ in the
high excitation energy region [33,34]. There is, however,
also a possibility of underestimating the IVSM contribu-
tion in our analysis.
If the GTþ plus IVSMþ strengths in the excitation

energy region above 8 MeV are mainly due to the GT
transitions, they might contribute to M2�. Figure 3(c)
shows the experimental cumulative sum defined by
Eq. (3) with a band and the SM prediction with a dashed
line. The experimental value of �M2�þ becomes twice as
much as the SM prediction due to the strengths above
8 MeV. Therefore, the energy denominator in Eq. (3) alone
does not diminish the possible importance of the BðGTÞ
distributions in the continuum.
In summary, we measured the double-differential cross

sections at 300 MeV for the 48Caðp; nÞ48Sc and
48Tiðn; pÞ48Sc reactions to study the GT strengths for
excitation energies up to 30 MeV. These precise data sets
allowed us to apply the MD technique to the measured
cross sections to extract the distribution of the �L ¼ 0
cross sections in the continuum reliably. The�L ¼ 0 cross
sections amount to

P
BðGT�Þ ¼ 15:3� 2:2 andP

BðGTþÞ ¼ 2:8� 0:3, including the possible contribu-
tions from IVSM. Although the recent SM calculation by
Horoi et al. gives a good qualitative description in the low
excitation energy region for both spectra, the strengths are
significantly underestimated for higher excitation energies
above 15 MeV in the ðp; nÞ spectrum and above 8 MeV in
the ðn; pÞ spectrum.
This work is supported financially in part by KAKENHI

(10304018 and 17002003) and JSPS core-to-core program,
EFES.

[1] For example, J. Suhonen and O. Civitarese, Phys. Rep.
300, 123 (1998).

[2] E. Caurier et al., Rev. Mod. Phys. 77, 427 (2005).

FIG. 3 (color). The GT plus IVSM strength distributions ob-
tained by MD analysis of the (a) 48Caðp; nÞ48Sc and
(b) 48Tiðn; pÞ48Sc reactions. The curves are the SM predictions
[3]. The cumulative sums of the nuclear matrix elements defined
by Eqs. (1)–(3) are shown in (c). The experimental data and the
predictions are shown in the band and the dashed curve, respec-
tively. The thin horizontal line shows the result of decay mea-
surement [5].

PRL 103, 012503 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
3 JULY 2009
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Only about 2/3 of theoretically expected strength observed.



And 2νββ Decay. . .

From F. Iachello

J. BAREA, J. KOTILA, AND F. IACHELLO PHYSICAL REVIEW C 91, 034304 (2015)

TABLE IX. IBM-2 matrix elements with Argonne SRC and
isospin restoration for neutrinoless β+β+, ECβ+, and ECEC com-
pared with available QRPA calculations.

Decay 0+
1 0+

2

IBM-2 QRPAa IBM-2 QRPA

58Ni 2.61 1.55 2.44
64Zn 5.44 0.70
78Kr 3.92 4.16 0.90
96Ru 2.85 3.23 4.29b 0.04 2.31b

106Cd 3.59 4.10 7.54c 1.72 0.61c

124Xe 4.74 4.76 0.80
130Ba 4.67 4.95 0.34
136Ce 4.54 3.7 0.38
156Dy 3.17 1.75
164Er 3.95 1.13
180W 4.67 0.31

aReference [28]. No isospin restoration.
bReference [29] (UCOM SRC). No isospin restoration.
cReference [30] (UCOM SRC). No isospin restoration.

TABLE X. NMEs (dimensionless) for heavy neutrino exchange
for neutrinoless β+β+/ECβ+/ECEC decay in IBM-2 with isospin
restoration, Argonne SRC, and gV /gA = 1/1.269.

Nucleus 0+
1 0+

2

M
(0ν)
GT M

(0ν)
F M

(0ν)
T M (0ν) M

(0ν)
GT M

(0ν)
F M

(0ν)
T M (0ν)

58Ni 55.1 −23.1 18.6 88.0 36.3 −15.8 8.33 54.5
64Zn 103 −38.9 −18.5 109 10.1 −3.20 −2.00 10.1
78Kr 89.8 −38.5 −30.6 83.1 21.1 −9.12 −7.22 19.5
96Ru 67.5 −30.6 12.5 99.0 0.32 −0.08 0.32 0.59
106Cd 87.8 −38.1 26.5 138 34.0 −14.7 8.75 51.9
124Xe 105 −47.9 −25.0 110 18.1 −8.24 −4.31 18.9
130Ba 103 −46.4 −23.7 108 8.07 −3.68 −1.90 8.45
136Ce 95.8 −43.2 −21.8 101 8.24 −3.73. −1.89 8.66
156Dy 82.6 −37.0 17.5 123 47.6 −21.4 10.4 71.3
164Er 108 −46.8 32.9 170 23.6 −9.95 5.96 35.8
180W 119 −53.3 28.1 180 10.7 −4.85 2.91 16.6

TABLE XI. Final β+β+, ECβ+, and ECEC IBM-2 matrix
elements with isospin restoration, Argonne SRC, and their error
estimate.

Decay Light neutrino exchange Heavy neutrino exchange

58Ni 2.61(42) 88(25)
64Zn 5.44(87) 109(31)
78Kr 3.92(63) 83(23)
96Ru 2.85(46) 99(28)
106Cd 3.59(57) 138(39)
124Xe 4.74(76) 110(31)
130Ba 4.67(75) 108(30)
136Ce 4.54(73) 101(28)
156Dy 3.17(51) 123(34)
164Er 3.95(63) 170(48)
180W 4.67(75) 180(50)

TABLE XII. 2νβ−β− matrix elements (dimensionless) to the
ground state (columns 2 and 3) and to the first excited state (columns
4 and 5) using the microscopic interacting boson model (IBM-2) with
isospin restoration and Argonne SRC in the closure approximation.

Nucleus 0+
1 0+

2

M
(2ν)
GT M

(2ν)
F M

(2ν)
GT M

(2ν)
F

48Ca 1.64 −0.01 5.07 −0.01
76Ge 4.44 −0.01 2.02 −0.00
82Se 3.59 −0.01 1.05 −0.00
96Zr 2.28 −0.00 0.04 −0.00
100Mo 3.05 −0.00 0.81 −0.00
110Pd 3.08 −0.00 0.38 −0.00
116Cd 2.38 −0.00 0.83 −0.00
124Sn 2.86 −0.01 2.19 −0.00
128Te 3.71 −0.01 2.70 −0.00
130Te 3.39 −0.01 2.64 −0.00
134Xe 3.69 −0.01 2.34 −0.00
136Xe 2.82 −0.01 1.65 −0.00
148Nd 1.31 −0.00 0.18 −0.00
150Nd 1.61 −0.00 0.31 −0.00
154Sm 1.95 −0.00 0.35 −0.00
160Gd 3.08 −0.00 0.53 −0.00
198Pt 1.06 −0.00 0.03 −0.00
232Th 2.75 −0.00 0.08 −0.00
238U 3.35 −0.00 0.24 −0.00

V. RESULTS FOR 2νββ

Isospin restoration has a major consequence on matrix
elements for 2νββ decay, since F matrix elements vanish when
isospin restoration is imposed. 2νββ matrix elements can be
easily calculated in IBM-2 using the closure approximation
(CA). In this approximation the matrix elements M2ν , which

from experimental τ1 2 ISM
gA,effISM 1.269A 0.12

from experimental τ1 2 IBM 2 CA SSD
gA,effIBM 2 1.269A 0.18
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FIG. 5. (Color online) Value of gA,eff extracted from experiment
for IBM-2 and the ISM.
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If quenching is this severe in 0ν decay,
experimentalists will not be happy.



Ab-Initio Calculations in the sd-Shell
Explains Most of Quenching
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Recent ab-initio work, Holt et al,
preliminary

Shell model seems to
include some correlations.
Quenching comes from
additional correlations and
“meson-exchange currents”
(roughly speaking).



. . .And in 100Sn
Another Ab-Initio Calculaltion

Hagen et al, unpublished
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|MGT|2
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NN-N3LO+3Nlnl

NNLOsat

2.8/2.0 (EM)
2.0/2.0 (PWA)
2.2/2.0 (EM)
2.0/2.0 (EM)
1.8/2.0 (EM)

expt

other m
odels

this work

2BC

Again, most of the quenching from correlations, meson-exchange currents.

Quenching increases with mass.



Neutrinoless Double-Beta Decay

p

p

ν
M

M
ν

n

e

e

n

gA(q)

gA(q)

Intermediate neutrino has 100 or so MeV of momentum on
average, so would like to know gA(q) at q ≈ 100 MeV.
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Can Quenching be Measured in ν Scattering?

It seems out of the question in elastic scattering, which would
be correction to O(1/A) effect.

Measurement of photon energies in inelastic scattering could
tell you excitation spectrum, allow comparison with ab-inito
work in, e.g., 40Ar. In nuclei like 127I you’d have to rely for now
on more phenomenological calculations, but they can be
accurate enough to learn something.
Measurement of electron energies in charge-current
scattering would tell you q2. Would be great if both electrons
and photons could be observed.

The End. Thanks.
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