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“Ultra-low” Q value 8 decays are referred to as such due to their low decay energies of less than
~1 keV. Such a low energy decay is possible when the parent nucleus decays to an excited state in
the daughter, with an energy close to that of the Q value. These decays are of interest as potential
new candidates for neutrino mass determination experiments and as a testing ground for studies
of atomic interference effects in the nuclear decay process. In this paper, we provide an updated
evaluation of atomic mass data and nuclear energy level data to identify potential ultra-low Q value
B decay candidates. For many of these candidates, more precise and accurate atomic mass data is
needed to determine if the Q value of the potential ultra-low decay branch is energetically allowed
and in fact ultra-low. The relevant precise atomic mass measurements can be achieved via Penning

trap mass spectrometry.

I. INTRODUCTION

From the proposed existence of the neutrino, to the
development of electroweak theory, nuclear -decay has
played a central role in our understanding and develop-
ment of sub atomic physics. Experimental measurements
and theoretical descriptions of f-decay continue to im-
pact nuclear and particle physics, for example, via exper-
iments that place constraints on the neutrino mass [1-5],
searches for sterile neutrinos [6, 7] and neutrinoless dou-
ble S-decay [8, 9], and via experiments that test the va-
lidity of the Standard Model (SM) and constrain physics
beyond the SM [10, 11].

In the context of direct neutrino mass determination
experiments, the approach is to extract a value or up-
per limit for the (electron) neutrino mass from the slight
distortion of the S-decay or electron capture (EC) de-
excitation energy spectrum near the end-point due to
a non-zero neutrino mass [12]. The fraction of decays
in an energy interval AFE, near the end-point, goes as
(AE/Q)? [13] for B-decay, and as (AE/Q)? for EC [14]
(but can be enhanced when the binding energy of the
captured orbital electron is close to the Q value). Hence,
a low Q value decay is an important characteristic for
the isotope to be studied. *H, 18"Re, and '®*Ho, have the
lowest known ground-state to ground-state (gs-gs) Q val-
ues [15-17] and have provided the most stringent upper
limits on the neutrino and anti-neutrino masses to date.
Nevertheless, even lower Q value decays are possible for
certain isotopes when the decay occurs to an excited nu-
clear state in the daughter with an energy very close to
the gs-gs Q value, Q4. Such an isotope could be of in-
terest as a potential candidate for future direct neutrino
mass determination experiments.

For 8~ and EC decay, Qg is defined as the energy
equivalent of the mass difference between parent (P) and

daughter (D) atoms:

Qpe = [Mp(3P) — Mp(z{1D))¢, (1)
o = [Mp(2P') = Mp/ (z4D))¢, (2)

where M, and M,y are the masses of the parent and
daughter atoms, respectively. For St decay, Qg is re-
duced due to the two additional electrons whose mass
needs to be accounted for:

+
Qgs = Qg‘;c - 2m6627 (3)

where m, is the electron mass. The Q value for a decay
to an excited state in the daughter with energy E* is
given by

Qes = Qgs - E*a (4)

and could potentially be very low. A decay with Q.s <
1 keV, has been dubbed as “ultra-low” [18].

The identification of the first, and currently only
known ultra-low @Q value decay was made by Cattadori
et al. [19]. The authors inferred the existence of a weak
and potentially very low Q value 8-decay branch in '°In
to the first excited state in 11°Sn via the detection of a
497 keV v-ray that was assumed to come from the sub-
sequent decay of the 115Sn(3/2%; 497.3 keV) state. A Q
value of 2(4) keV was deduced using available mass data
for 115Tn and '5Sn and the energy of the 497.334(22) keV
3/27 state in 11°Sn [20]. This decay was confirmed to be
energetically allowed by independent Penning trap mea-
surements of the ''°In — 115Sn mass difference performed
at Florida State University [21] and with JYLFTRAP at
the University of Jyvéiskyla [22]. The resulting Qs val-
ues were 0.155(24) keV and 0.35(17) keV, respectively,
indicating that the decay branch in question is energet-
ically allowed, and making it the lowest-known Q value



[-decay. Recent measurements of the 1°In 3/2% daugh-
ter state energy provide results of 497.342(3) keV [23]
and 497.316(7) keV [24]. These results both agree with
the previous value [20] and reduce the uncertainty, but
disagree with each other at the 3.4 level.

In addition to their relevance to direct neutrino mass
determination experiments, ultra-low Q value [-decays
also serve as important test cases for probing the bound-
aries between nuclear and atomic physics and investigat-
ing atomic interference effects in nuclear S-decay. The-
oretical studies of the ultra-low Q value decay branch
of 1°In [18] revealed a discrepancy between the calcu-
lated and experimental half-life for the ultra-low decay
branch. Theoretical calculations of the 1°In gs-gs decay
rate, however, were in reasonably good agreement with
the experimental result, suggesting that the discrepancy
may be due to atomic interference effects that become
more significant when the Q value is very small. How-
ever, more cases are required for study in order to draw
definite conclusions.

To push the sensitivity of S-decay-based neutrino mass
measurements below the 0.1 eV sensitivity level, a suit-
able ultra-low Q candidate is required. Given the ex-
tremely small phase-space for these decays, an experi-
mentally suitable candidate needs to have a relatively
large branching ratio and short half-life to the state of
interest in the daughter (ie. a short partial half-life
t = %g) to generate a signal in a reasonable experi-
mental time.

This paper is organized as follows: In section II, we re-
view the literature on theoretical and experimental stud-
ies of potential ultra-low Q value S-decay candidates and
discuss our updated evaluation of all potential ultra-low
Q value decays across the nuclear chart. In section IIT we
present our results for 4+ and EC decay candidates that
could undergo an ultra-low Q value decay. In section IV
we provide a discussion of our results and describe some
of the experimental and theoretical challenges that would
be involved in using an ultra-low Q value decay in a di-
rect neutrino mass determination experiment. Section V
then provides a brief conclusion.

II. EVALUATION OF POTENTIAL
ULTRA-LOW Q VALUE CANDIDATES

After the discovery of the '°In ultra-low Q value 8-
decay branch, Suhonen, et al. identified a number of
other potential ultra-low @Q value decay candidates, in-
cluding '35Cs [25], 115Cd [26], and several others [27, 28].
The use of very low Q value decays in the context of
neutrino mass determination experiments was discussed
earlier by Kopp and Merhl [29], who identified a num-
ber of potential candidates, and our previous work pro-
vided a large survey of potential ultra-low Q value can-
didates [30].

Since the publication of these previous works, a num-
ber of precise Penning trap mass measurements have
been performed to investigate potential ultra-low Q value

decay candidates. Significantly, the JYFLTRAP group
confirmed that 13°Cs does potentially have an energeti-
cally allowed and ultra-low Q value -decay branch [31]
with Qs = 0.44(31) keV. They also determined that
159Dy [14] and ''In [32] have low energy EC decay
branches (with Q.s ~1 — 4 keV) to excited states in their
respective daughter nuclei, and that '3!I has an energet-
ically allowed S-decay branch with Q.s = 1 keV [33]. All
of these transitions could be of interest for future neu-
trino mass determination experiments. Measurements at
JYFLTRAP [34] and LEBIT [35] also determined that
"5Se has an energetically allowed EC decay branch to the
865.4(5) keV (3/27 or 5/27) state in °As with Qs < 1
keV. However, a more precise determination of the 865.4
keV energy level is needed to further evaluate this decay
channel.

Other potential ultra-low Q value decays branches in
115Cd, identified in [26], and ®Ge, 8°Sr, 13°Ba, and
H2,13 A0 identified in Ref. [30], have been investigated
by the LEBIT group at the National Superconducting
Cyclotron Facility [36] and the CPT group at Argonne
National Laboratory [37] and have been ruled out as
not being ultra-low. The ISOLTRAP group performed
a precise measurement of the *'Cs EC Q value, indi-
cating that it does not have an ultra-low Q value decay
branch [38], and JYLFTRAP recently investigated and
ruled out potential ultra-low Q value decay branches in
72,76 A5, ™ Ge, and 155Tb [34, 39, 40].

In this work, we provide an update to our previous sur-
vey of potential ultra-low Q value decay candidates using
the recently published update to the Atomic Mass Eval-
uation (AME2020) [41], and most recent nuclear energy
level data compiled by the National Nuclear Data Cen-
ter [42]. In our evaluation we have identified candidates
with a half-life > 1 d, that could potentially undergo 3+
or EC decay to an excited state in the daughter nucleus.
The main criteria we used to select candidates was that
the difference between the gs-gs Q value and the excited
state in the daughter nucleus be ~ £10 keV (see Fig.
1). This range was chosen to account for the typical
maximum size of observed shifts in atomic masses of iso-
topes close to stability after precise measurements with a
Penning trap compared to values obtained from indirect
methods see e.g. Refs. [43-45].

For this updated survey, we have taken into account
binding energies of K, L, or M shell electrons for the EC
decays, which modifies the Q value of an EC decay to an
excited state in the daughter as follows:

EC _
es
where Ep is the binding energy of the K, L, or M shell
electron in the daughter, obtained from Ref. [46]. For L
and M shell capture, an average of the L1-L3 and M1-M5
energies, respectively, from Ref. [46] were used 1.

B¢ _ EB* - Ep, (5)

1 The spread of the L1, L2, L3 and M1, M2, M3, M4, and M5
energies is much less than our criteria that QEC — Ep be within
+10 keV of E*.



The list of potential UL Q value candidates was further
refined based on the uncertainties in Q4 and E*: can-
didates with 0(Qgs) 2 10 keV and o(E*) 2 1 keV were
generally not included. Selection was also determined by
whether or not the masses had been previously measured
via Penning trap mass spectrometry. Decays with a for-
biddenness greater than fourth-forbidden were also not
considered since no such decays have been observed [47].

III. RESULTS

Our updated analysis provides a list of 77 potential
ultra-low Q value S and EC decay candidate isotopes,
involving around 100 transitions to distinct energy levels
in their respective daughter nuclei. These are listed in
Tables I, II and III. This analysis shows a decrease in
the number of candidate isotopes compared to our previ-
ous evaluation [30], primarily due to the more stringent
minimum half-life cutoff of one day that we imposed in
this evaluation as compared to one hr in our previous
one. This condition was chosen to provide a more realis-
tic list of candidates that could be used for experimental
study. Some additional candidates have been included in
this evaluation due to changes in atomic masses between
the 2016 and 2020 atomic mass evaluations, and due to
the inclusion of electron binding energies in the QZC cal-
culation. The isotopes ">7%As, ™Ge, 8°Sr, 112Ag, 115Cd,
131Cs, and '"°Tb whose Q values have been precisely
measured by Penning trap mass spectrometry in the last
few years, ruling them out as not having ultra-low Q
value transitions, have been omitted from these tables.
139Ba and ''3Ag, that both do still have potential UL
Q value decay transitions have also been left out of the
current tables because they have half-lives of < 1 d and
the uncertainties in the energies of the relevant daughter
states is =10 keV. Isotopes whose Q values have been
measured with a Penning trap and have been shown to
have a low or potentially ultra-low Q value decay branch
e.g. "Se, n, 1311 135Cs, and %Dy have been in-
cluded.

E* + 10keV
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Figure 1: Decay scheme for potential ultra-low Q value
candidates showing the energy range of the excited
state of the daughter nucleus around the gs-gs Q value.

In the tables of results, Column I lists the parent iso-
tope along with its ground state spin and parity assign-
ment, and Column IT its half-life. Column III lists the
daughter isotope with spin and parity assignment for the
excited state to which the potential ultra-low Q value
decay would occur, and Column V the energy of that
daughter state. Column IV provides the gs-gs Q value
from Equs. (1), (2) or (3) for 87, EC, or g1 decay, re-
spectively. In Table II, Column VII lists the electron
binding energy for K, L, and M shell electrons (as listed
in Column VI) in the daughter atom. Table II is divided
into three sections, upper for K shell capture, middle for
L shell capture, and lower for M shell capture. The final
two columns in the tables list the forbiddenness of the
decay (see e.g. Ref. [48] for details and [49] for a forbid-
denness calculator tool) and the Q value for a decay to
the excited state, which can be considered as ultra-low if
it is energetically allowed and < 1 keV. The uncertainty
in the ultra-low @Q value includes the uncertainty from
Qgs and E* (if available) added in quadrature.

IV. DISCUSSION

A. Verification or elimination of potential
candidates

The goal of identifying additional ultra-low Q value
[-decay candidates requires more precise Q. value de-
terminations for many of the isotopes listed in Table I
— III. In most cases this will involve more precise mea-
surements of the gs-gs Q value, ()4, determined from
the mass difference between parent and daughter iso-
topes. This quantity can be accurately and precisely de-
termined using Penning trap mass spectrometry, see e.g.
Ref. [50, 51]. In some cases, the uncertainty in the energy
of the final state in the daughter isotope may also need to
be determined more precisely, particularly if it is found
that Q.s < 1 keV, with an uncertainty dominated by the
uncertainty in E*. Although all of the candidates listed
in these tables are of potential interest, the allowed, first-
forbidden unique, and first-forbidden non-unique decays
are of most interest for neutrino mass determination ex-
periments and for theoretical and experimental compar-
ison for studies of atomic interference effects. As such,
we suggest a short list of candidates from these tables to
be prioritized in future studies. These are allowed and
first-forbidden decays with Q.5 values typically within a
few keV of zero and with correspondingly small uncer-
tainties in @¢s that are dominated by the uncertainty in
Qgs- These are listed in Table IV. We note that the eval-
uation of partial half-lives for these decays would require
dedicated calculations to be performed on a case-by-case
basis, as is discussed in more detail in section IV. C.



Table I: Potential ultra-low Q value 5~ decays. Columns I and IIT list parent and daughter isotopes, respectively,
and their spin and parity (J™) assignments. J™ assignments enclosed by braces indicates uncertain assignments,
resulting in uncertainty in the decay type, indicated by a {?} in Column VI. For uncertain (J™) assignments, we
have listed the J7 that results in the least-forbidden decay. The parent half-life is listed in Column II. Column IV
lists the gs-gs Q value (Ref. [41]); Column V, the excited state energy of the daughter nucleus (Ref. [42]) to which
the potential ultra-low Q value decay would occur; and Column VII, the Q value of the decay to the excited state.

Parent Ti/2 Daughter Qgs (keV) E* (keV) Decay type Qes (keV)
TCa(7/27) 5d 47Sc(3/27) 1992.2(29) 2002.30(30) 1 FU -10.1(30)
TAs(27) 18 d TSe(4T) 1353.1(17) 1363.17(7) 1t FU -10.0(17)
"TAs(3/27) 2d "Se(5/27) 683.2(17) 680.10(20) 15* FNU 3.1(17)
BTc{6"} 4.2 Myr %BRu(3") 1792.7(73) 1797.03(6) 2nd FU {7} -4.4(73)
1248h(37) 60 d 124Te(2T) 2905.1(19) 2897.3(10) 1f FNU 7.8(22)
124 e {77} 2905.1(19) 2911.18(14) 4" FNU {7} -6.1(19)
1278h(7/2%) 4d 12TTe(5/27T) 1582.2(53) 1568.13(11) Allowed 14.1(53)
1811(7/27) 8d 131Xe{9/2%} 972.25(19) 971.22(13) Allowed {?} 1.03(23)*
133Xe(3/21) 5d 133Cs(1/27%) 427.4(24) 437.01(1) Allowed -9.7(24)
135Cs(7/2%) 2.3 Myr 135Ba(11/27) 268.66(30) 268.218(20) 1t FU 0.44(31)°
136Cs(5T) 13d 136Ba(4™) 2548.2(19) 2544.48(24) Allowed 3.7(19)
10Ba(0™) 13d 10T ,5(47) 1044.2(79) 1035.63(17) 3" FU 8.5(79)
1407,5(37) 1044.2(79) 1037.60(50) 3rd FNU 6.6(79)
10T,2(37) 2d 10Ce{3™} 3762.2(14) 3767.97(10) 1 FNU {7} -5.8(14)
M8pm(17) 5d 189m{3~} 2470.2(58) 2467.38(8) 2" FNU {7} 2.8(58)
151pm(5/21) 1d 151Gm(5/21) 1190.2(47) 1188.0(20) Allowed 2.2(51)
151 Eu(37) 9 yr 151Gd{2t} 1968.0(15) 1964.05(12) 1 FNU {?} 3.9(16)
151Gd(2T) 1968.0(15) 1973.07(17) 1* FNU -5.1(16)
155Eu(5/2%) 5 yr 155Gd(9/27) 252.0(16) 251.71(1) 1" FU 0.3(16)
156 (0™) 15d 156Ga{2t} 2452.5(37) 2451.5¢ 2 ENU {7} 1.0(37)
156Gd(17) 2452.5(37) 2449.7° 1%t FNU 2.8(37)
156Gd(2™) 2452.5(37) 2446.16(3) 27 FNU 6.3(37)
161 Th(3/27T) 7d 161Dy (1/2T) 593.7(14) 607.58(2) Allowed -13.9(14)
156Dy (0T) 3d 1660 (37) 485.9(11) 481.846(4) 2nd FU 4.0(11)
1695 (1/27) 9d 169m(1/27) 353.49(80) 341.94(4) Allowed 11.55(80)
169 m(5/27) 353.49(80) 345.028(3) 2" FNU 8.46(80)
1 Tm(1/2%) 2 yr lyh(7/2") 96.55(97) 95.282(2) 2" FU 1.26(97)
182ma(37) 115d 1823 (57) 1815.5(17) 1809.64(7) 2md FNU 5.8(17)
182W(67) 1815.5(17) 1810.85(4) 27 FU 4.6(17)
183 Ta(7/27) 5d B3W(7/27) 1072.1(18) 1069.42(9) 15t FNU 2.7(18)
185Re(17) 4d 18605(4™) 1072.7(11) 1070.48(3) 34 FNU 2.2(11)
188W(0T) 70 d 188Re{17} 349.0(32) 353.57(1) Allowed {7} -4.6(32)
188Re(4T) 349.0(32) 342.59(2) 4™ FNU 6.4(32)
189Re(5/2T) 1d 18905(3/2T) 1007.7(82) 996.40(40) Allowed 11.3(82)
1980s(3/27) 1d 19810{9/27} 1141.9(27) 1145.61(10) 2m FU {7} -3.7(27)
1981r(5/27) 1141.9(27) 1131.17(11) Allowed 10.7(27)
199 Au(3/27) 3d 199H1g(3/27) 452.31(76) 455.46(2) 15t FNU -3.15(76)
2 Ref. [33].
b Ref. [31].
¢ An uncertainty for this energy level is not provided in Ref. [42].
B. Prospects for decay measurements with UL Q ments is the very long partial half-lives, t = 7;31}{2, for

The primary challenge for experiment in using these

value candidates

decay to the state(s) of interest in the daughter. The
observed 15In(9/2F, gs) — 115Sn(3/2%) UL Q value de-
cay, for example, has a branching ratio of ~1076 [22]

UL Q value cases to perform neutrino mass measure-



Table II: Potential ultra-low Q value EC decays. See Table I for descriptions of Columns I — V. Column VI lists the
shell type. Column VII lists the binding energy of the K shell, L shell, or M shell electron of the daughter atom.
Column VIII lists the decay type and Column IX the Q value of the decay to the excited state.

Parent Ty/2 Daughter Qgs (keV) E* (keV) Shell Ep (keV) Decay type Qes (keV)
%6 Co(4™) 78 d 56Fe(4T) 4566.64(55)  4554.77(9) K 7.1 Allowed 4.76(55)
*TNi(3/27) 1d STCo{3/27}  3261.70(77)  3262.70(70) K 7.7 Allowed {7} -8.7(10)
""Br(3/27) 2d Se{11/27} 1364.7(28)  1351.58(12) K 12.7 4" FNU {7} 0.4(28)
81Kr(7/27) 229 kyr 81Br(5/27) 280.9(15) 275.98(1) K 13.5 1t FNU -8.6(15)
%6Co(4™) 78 d 56Fe(4™) 4566.69(55)  4554.77(9) L 0.8 Allowed 11.12(55)
5TNi(3/27) 1d 5TCo{3/27} 3261.66(77)  3262.70(70) L 0.8 Allowed {7} -1.8(10)
TCo{3/27}  3261.66(77)  3272.2(11) L 0.8 Allowed {?}  -11.3(13)
T As(3/27) 80 d 3Ge{5/2} 344.7(39) 353.7(16) L 1.3 Allowed {7} -10.3(42)
T As(27) 18 d Ge{6T} 2562.3(17)  2569.33(14) L 1.3 34 FU {7} -8.3(17)
"Br(3/27) 2d "Se{3/27} 1364.7(28) 1364.27(4) L L5 Allowed {7} -1.1(28)
8Kr(7/27) 229 kyr 81Br(5/27) 280.9(15) 275.98(1) L 1.6 1% FNU 3.2(15)
96 e(7h) 4d 9Mo(5T) 2973.2(51) 2975.28(7) L 2.7 2nd ENU -4.7(51)
9Mo(8T) 2973.2(51)  2978.37(8) L 2.7 Allowed -7.8(51)
Te(9/27) 4.2 Myr 9"Mo(9/27) 320.3(41) 320.0(10) L 2.7 Allowed -2.4(42)
101Rh(1/27) 3yr IR u(7/2™) 545.7(59) 545.11(1) L 3.0 34 FNU -2.4(59)
H38n(1/27) 115 d H3In(1/27) 1039.0(16) 1029.65(5) L 4.0 Allowed 5.4(16)
1241(27) 4d 124me(2F) 3159.6(27)  3162.92(17) L 4.6 1* FNU -8.0(27)
1290s(1/27) 1d 129%e{5/2%} 1197.0(46)  1197.11(21) L 5.1 2" FNU {7}  -5.2(46)
129%e{9/27} 1197.0(46)  1194.60(30) L 5.1 4" FNU {7} -2.7(46)
1320g(21) 7d 132Xe(6T) 2126.3(10)  2111.88(16) L 5.1 4" FNU 9.3(10)
M46pm(37) 6 yr HM6Nd(21) 1471.6(45) 1470.63(6) L 6.7 1% FNU -5.8(45)
MTEu(5/2%) 24 d 179m(9/27) 1721.4(29)  1717.30(40) L 7.3 1 FU -3.1(29)
156Th(37) 5d 156Gd(27) 2444.3(39) 2446.16(3) L 7.8 1t FNU -9.7(39)
156Gd{2+} 2444.3(39)  2436.95(10) L 7.8 1" FNU {7} -0.5(39)
156Gd{2*} 2444.3(39) 2434.70(1) L 7.8 1% FNU {7} 1.8(39)
157Th(3/2T) 71 yr 157TGd(5/27) 60.0(14) 54.54(1) L 7.8 1* FNU -2.3(14)
Y7 m(1/27%) 9d 7Er(7/27) 746.1(13) 745.32(10) L 9.1 3'4 FNU -8.3(13)
159y h(7/2%) 32d 9Tm(11/27)  899.12(76) 884.62(20) L 9.5 1" FU 5.04(79)
169L,u(7/2™) 1d 169yh(5/27) 2293.0(30) 2286.2(12) L 9.8 Allowed -3.0(32)
Y69y h(7/27) 2293.0(30) 2287.23(5) L 9.8 1" FNU -4.0(30)
3 Lu(7/21) 1.5 yr 13Ybh(9/27) 670.2(16) 659.40(90) L 9.8 1t FNU 1.0(18)
1HE{5/27} 70 d SLu{7/27} 683.9(26) 672.83(15) L 10.2 Allowed {?} 1.0(26)
YT Ta(7/27) 2d YTHE{11/27}  1166.0(36)  1156.90(90) L 10.5 1 FU {7} -1.4(37)
183Re(5/2T) 70 d 183W(9/27) 556.0(81) 551.24(3) L 11.3 1t FU -6.5(81)
181Re{37} 35 d 18w (6T) 1485.6(43)  1479.90(50) L 11.3 34 FNU {7} -2.6(44)
1907 (47) 12d 1900g(27) 1954.2(15)  1943.50(40) L 12.1 1" FU -1.4(16)
195 Au(3/21) 186 d 195pg(1/27) 226.8(12) 222.23(4) L 12.9 1% FNU -8.3(12)
2001 (27) 1d 200Hg(17) 2456.0(58)  2442.70(30) L 13.8 Allowed -0.4(58)
TAs(27) 18d "Ge(4T) 2562.4(17)  2569.33(14) M 0.1 1** FU -7.0(17)
"58e(5/2T) 120 d SAs{5/27} 866.041(81)  865.40(50) M 0.1 1 FNU {?}  0.54(51)"
"Br(3/27) 2d "Se{3/27} 1364.7(28) 1364.27(4) M 0.1 Allowed {7} 0.3(28)
81Kr(7/27) 229 kyr 81Br(5/27) 280.9(15) 275.98(1) M 0.2 1% FNU 4.7(15)
96Te(7h) 4d 9Mo(27T) 2973.2(51) 2975.28(7) M 0.4 4% FU -2.4(51)
9Mo(2T) 2973.2(51) 2978.37(8) M 0.4 4 FU -5.5(51)

a Q value from Ref. [34], see also Ref. [35].



Table II: Continued.

Parent Ty /2 Daughter Qgs (keV) E* (keV) Shell Ep (keV) Decay type Qes (keV)
Te(9/2T) 2.6 Myr  9"Mo(9/27) 320.3(41) 320.0(10) M 0.4 Allowed -0.1(42)
01Rh(1/27) 3yr 01Ru(7/21) 545.7(59) 545.11(1) M 0.4 34 FNU 0.1(59)
MIn(9/27) 3d Hed(7/2h) 857.63(17) 853.94(7) M 0.6 Allowed 3.09(18)*

Hcd(3/2h) 857.63(17) 855.6(10) M 0.6 2n FU 1.4(10)®
H3Gn(1/2%) 115 d H3Im(1/2%) 1039.0(16) 1029.65(5) M 0.6 Allowed 8.7(16)
1241(27) 4d 124Te(27T) 3159.6(27)  3149.50(70) M 0.8 1" FNU 9.3(28)
124Te(2T) 3159.6(27) 3154.37(3) M 0.8 1" FNU 4.4(27)
124me(2) 3159.6(27)  3162.92(17) M 0.8 1% FNU -4.1(27)
124 (21) 3159.6(27) 3167.94(8) M 0.8 1t FNU -9.1(27)
129Cs(1/27T) 1d 129%e{5/27} 1197.0(46)  1194.60(30) M 0.9 2nd FNU {7} 1.5(46)
129%e{5/2"} 1197.0(46)  1197.11(21) M 0.9 2" FNU {7}  -1.0(46)
146pm(37) 5 yr 16Nq(2t) 1471.6.6(46)  1470.63(6) M 1.3 1% FNU -0.3(45)
HM6Eu(47) 5d 163m(0™) 3878.8(67) 3869.7(10) M 1.4 34 FU 7.7(68)
156Th(37) 5d 156Gd{2T} 2444.3(39)  2436.95(10) M 1.5 1" FNU {?} 5.9(39)
156Gd{2+} 2444.3(39)  2442.41(10) M 1.5 1" FNU {7} 0.4(39)
156Gd{2"} 2444.3(39) 2446.16(3) M 1.5 1% FNU {7} -3.3(39)
159Dy (3/27) 144 d 159Th(5,/27) 364.73(19) 363.545(1) M 1.6 Allowed -0.42(19)°
97h(11/2%7)  364.73(19) 362.05(4) M 1.6 34 FU 1.08(19)°
167 Tm(1/2%) 9d TEr{3/27} 746.1(13) 745.32(10) M 1.8 1" FNU {7} -1.0(13)
TEr{3/27} 746.1(13) 752.72(8) M 1.8 1 FNU {7} -8.4(13)
8 Lu(7/27) 1.4 yr Y h(9/27) 670.2(16) 659.40(90) M 1.9 1* FNU 8.9(18)
{17} 3.3 yr 174Yh(37) 1374.23(16)  1382.01(6) M 1.9 2" ENU {7}  -9.7(16)
177 a(7/27) 2d YTH{11/27} 1166(36) 1156.90(90) M 2.1 1t FU {?} 7.0(37)
185Re(5/27) 70 d 183W{5/27} 556.0(81) 551.24(3) M 2.3 1°* FNU {7} 2.5(81)
B3W{5/27} 556.0(81) 558.50(70) M 2.3 1* FNU {7} -3.8(81)
181Re{37} 38 d 18w {57} 1485.6(43)  1476.90(50) M 2.3 25 FNU {?} 6.5(44)
1907 (47) 12.d 1990g{27"} 1954.2(15)  1943.50(40) M 2.5 1 FU {7} 8.3(16)
1990s{27} 1954.2(15) 1956.60(40) M 2.5 1 FU {7} -4.8(16)
1990s{2%} 1954.2(15)  1958.10(30) M 2.5 1 FU {7} -6.3(15)
194Hg(0™") 440 yr 91 Au{27} 28.0(36) 35.19(7) M 2.8 1t FU {?} -10.0(36)
195 Au(3/2%) 186 d 195pt(5/27) 226.8(12) 222.23(4) M 2.7 1** FNU 1.9(12)
200)(27) 1d 200 g {17} 2456.0(58) 2461.83(4) M 2.9 1" FNU {7} -8.7(58)
205Bi(9/27) 15d 205pp(9/27T) 2704.6(49)  2707.72(11) M 3.1 1t FNU -6.2(49)

a Ref. [32].

b Note that the transition to the 159Th(5/27) state is energetically allowed for N and O shell capture, see Ref. [14].

and a parent half-life of > 10'* years which yields a par-
tial half-life to that state of t > 102" years — roughly on
the same order as double S-decay. These issues can be
addressed by a careful choice of the UL Q value candi-
date. To maximize the branching ratio and decay rate
and simplify the analysis of the g-spectrum, an allowed
or first forbidden transition is strongly preferred. An UL
Q value decay to an excited daughter state that is not
an isomer and has a single y-transition or simple multi-
ple y-cascade to the ground state would provide also a
convenient vy-ray or ~-rays to gate on to identify the g-
decay signal. Finally, a parent isotope with a sufficiently
long total half-life, T} /5, would be required to allow for
isotope harvesting to enable a controlled, off-line exper-

iment with sufficient statistics to be performed. A large
fraction of the isotopes listed in Table IV will be able
to be produced at the Facility for Rare Isotope Beams
(FRIB) with rates of ~107 — 10° particles/s 2, and for
some cases even higher at ISOL-type facilities such as
TRIUMF and CERN-ISOLDE. Hence, one day of iso-
tope accumulation at FRIB could provide ~10'2 — 10
parent nuclides. Even with partial half-lives of ¢ > 104 s
or longer, this would allow for enough statistics to per-

2 The quoted rates are stopped beam rates, so that ions could be
implanted into a detector, for example. They also represent the
“ultimate FRIB yields” [52].



Table III: Potential ultra-low Q value 87 decays. See Table I for descriptions of Columns I — VII.

Parent Ty/2 Daughter Qgs (keV) E* (keV) Decay type Qes (keV)
By (4T) 16 d BTi(0™) 2992.95(97) 2997.22(16) 4™ FNU -4.27(99)
5Ni(0™) 6d %6Co(3™) 1110.87(62) 1114.51(5) ond pU -3.64(62)

Kr(1/27) 1d Br(3/27) 603.8(36) 606.03(6) Allowed -2.2(36)
833r(7/21) 1d 83Rb{5/2"} 1251.0(72) 1242.90(40) Allowed {7} 8.1(72)
105 Ag(1/27) 41d 105pq(5/2%) 325.1(47) 319.38(22) 1" FU 5.7(47)
M4pm(57) 1yr MINd(4T) 1309.9(32) 1314.67(13) 1% FNU -4.8(32)
WEu(5/27) 6d 1458m(3/2T) 1637.9(34) 1627.74(4) Allowed 10.1(34)
H6pm(37) 6 yr HM6Nd(21) 449.6(45) 453.84(3) 1* FNU -4.3(45)
M6y (47) 5d 146gm(2) 2856.8(67) 2859.0(10) 1% FU -2.2(68)
HM8Eu(57) 55 d 189m(47) 2016.6(100) 2031.4(13) Allowed -14.8(101)
153Th(5/2T) 2d 153Gd(5/27) 547.3(41) 548.77(2) 1" FNU -1.4(41)
153Gd{5/27} 547.3(41) 551.09(2) 1°* FNU {7} -3.8(41)
169 ,u(7/2™) 1d 169y h{7/27} 1271.0(30) 1261.89(17) 1%t FNU {?} 9.1(30)
169yb{1/27} 1271.0(30) 1270.74(8) 34 FNU {7} 0.3(30)
169yh{7/27} 1271.0(30) 1285.13(8) Allowed {7} -14.1(30)
Tu(7/2%) 8d yh(11/27) 456.4(19) 449.60(2) 1** FU 6.8(19)
1881 (17) 2d 18805(0™) 1770.3(95) 1765.40(40) 1" FNU 4.9(95)

form a high-precision 5 or EC spectrum measurement
given a sufficient running period, and multiple loading of
the radioactive sample into the measurement setup.

Assuming a suitable UL Q value candidate is identi-
fied, among the chief obstacles of such a case for neu-
trino mass measurements is the tremendous challenge it
provides for experiment, both on the sub-keV energy-
scale sensitivity needed and the precision required for a
measurement of the effective neutrino mass below the
~ 0.1 eV/c? level. Recent advancements in low-energy
quantum sensing have opened sensitive avenues for per-
forming neutrino mass studies using the kinetic energy
of the nuclear recoil and atomic relaxation following EC
decay (c.f. Refs. [6, 53, 54]). These methods can also be
extended to precision measurements of nuclear 3+ decay.

The main experimental criteria for exploiting UL Q
value decays with such energy resolved detectors is sub-
keV sensitivity to the endpoint of the decay radiation
with sub-eV energy resolution. Not only is this challeng-
ing from a detector standpoint, it also requires complete
knowledge of molecular and atomic broadening effects of
the initial and final states — something that poses a num-
ber of challenges [55, 56].

Direct momentum measurements of the decay prod-
ucts, however, have significantly less strict experimental
requirements than those that use energy resolving sensors
since the momentum carried by secondary atomic parti-
cles emitted following the decay is much smaller than the
nuclear recoil momentum. Such measurements also avoid
the atomic smearing that is inherent in the nuclear re-
coil energy discussed above. In this respect, UL Q value
cases are very attractive, and large increases in sensitiv-
ity to the neutrino mass can be achieved by searching for
eV-level Q values that are experimentally accessible. Al-

though challenging, recent work has suggested that such
measurements could be made using optically levitated
nanospheres as mechanical quantum sensors [57]. In fact,
the authors of Ref. [57] explicitly state that,

Realizing an optomechanical measurement of
the light v masses would likely require a tran-
sition with sufficiently low Q value, experi-
mentally manageable 7' /5, and high branch-
ing ratio to be identified through such mea-
surements. While speculative, the existence
of such a transition is plausible, and we
strongly encourage the precision atomic mass
measurement community to continue their
work in this area.

As these techniques mature, the search for suitable UL
Q value decays with the criteria outlined above becomes
increasingly important, and sets the bar for the evalua-
tion presented here.

C. Challenges for theoretical calculations

Theoretical predictions of allowed (-decays are nowa-
days achievable at the 0.1% precision level in the vast
majority of the cases [58]. However, the calculation of
a [-spectrum with an ultra-low end-point energy, and
of the related integrated quantities like the f-value, the
decay constant, the partial half-life and the branching
ratio, still remains extremely challenging. The usual ap-
proximations reach their limits and every correction that
is generally neglected, or assumed to be sufficiently well-
known, can have a major influence [18].



Table IV: List of some of the most promising allowed
and first forbidden potential ultra-low Q value * and
EC decay candidates to investigate. Candidates were
selected from Tables I — III for having a relatively long
total half-life—making an experimental search for such
a decay more feasible, and a Q.5 value around zero with
relatively small uncertainty—making it more likely that
the Q¢s value is in fact < 1 keV.

Isotope  Decay  Forbiddenness Half-life  Qes (keV)
136Cs B~ Allowed 13d 3.7(19)
188w B~ Allowed 70 d -4.6(32)
155Ey B8~ 1%* Forbidden 5 yr 0.3(16)
156y B~ 1% Forbidden 15 d 1.0(37)
%6Co EC Allowed 78 d 4.76(55)
Tc EC Allowed 4.2 Myr  -0.1(42)
1St EC Allowed 70 d 1.0(26)
81Kr EC 1% Forbidden 229 kyr 3.2(15)
146pm EC 1%* Forbidden 6 yr -0.3(45)
157 EC 15% Forbidden 71 yr -2.3(14)
Ly EC 1% Forbidden 1.5 yr 1.0(18)
183Re EC 1%* Forbidden 70 d 2.5(81)
195 Au EC 1°® Forbidden 186 d 1.9(12)
HM8Ey BT Allowed 55 d -15(10)
1050 ¢ 8t 15* Forbidden 41d 5.7(47)
Hipm gt 1% Forbidden 1yr -4.8(32)
H46pm BT 1% Forbidden 6 yr -4.3(45)

The most complete 5-decay formalism is probably from
Behrens and Biihring [59], in which the Hamiltonian den-
sity is defined from the nuclear and lepton currents. The
core of the method is a double multipole expansion of
these currents. Depending on the change of angular mo-
mentum and parity between the initial and final nuclear
states, rules emerge for the selection of the terms that
dominantly contribute to the transition probability. In
addition, the lepton wave functions are expanded in pow-
ers of electron mass and energy, nuclear radius, fine struc-
ture constant and atomic number, i.e. (m.R), (WR) and
(aZ), and only the first orders are kept. These usual pre-
scriptions have been shown not to be sufficient to accu-
rately describe -decay observables hindered because of
large angular momentum change or low transition energy
(< 100 keV), or both (see references in [60]). The exten-
sion to next-to-leading order terms in the lepton current
has been studied in [60]. However, the method is still
based on the assumption that [S-particles feel only the
Coulomb potential of an extended nucleus. Taking into
account a more elaborated potential for the screening ef-
fect due to the atomic electrons prevents any expansion
of the lepton wave functions. A possibility can be a full
numerical calculation of the lepton current, thus virtually
including all terms of the expansion. The computational
effort is much more significant and has recently been in-
vestigated in the '1Sm low-energy transitions [61].

Atomic corrections have been demonstrated to have a
significant influence on the S-spectrum shape, especially
at very low energies (< 10 keV), both directly [62-65]
and indirectly [66-68]. Screening has already been dis-
cussed above. Another correction is due to the overlap
effect that comes from the mismatch of the initial and
final atomic wave functions due to the sudden change in
the number of protons, and that thus accounts for shake-
up and shake-off effects. This effect is usually negligi-
ble but should play a more important role in transitions
with ultra-low end-point energy as it tends to reduce the
end-point energy by tens to hundreds of eV. The current
available correction is only first order and depends on
binding energies from an approximate fit [58]. It should
be revised as its precision is questionable in the present
context. Most importantly, the exchange effect has the
strongest impact on the spectrum shape and the emis-
sion probabilities at very-low energies. Precise modeling
exists for allowed transitions and has recently been ex-
tended to forbidden unique transitions [65]. At ultra-low
energies, the precision of the formalism used to generate
the atomic wave functions becomes of high importance.
Deep studies would be necessary with a comparison of
different many-body approaches and different electron
correlation treatments in order to quantify their influence
on the f-decay observables. In addition, the subtle in-
terplay between the atomic and nuclear matrix elements
is neglected but might have an influence in the case of
forbidden non-unique transitions.

An important challenge comes obviously from the ac-
curacy of the description of the nuclear structure and of
its inclusion in the S-decay formalism. The latter must be
totally relativistic due to the small rest mass of the 3 par-
ticle. This implies the existence of relativistic transition
matrix elements that couple small and large components
of the nucleon wave functions. Such matrix elements are
strictly speaking null with nuclear wave functions from
the most common non-relativistic formalism, while they
can be dominant e.g. in forbidden non-unique transi-
tions. A long-standing approach is to estimate them by
applying either the conserved vector current (CVC) hy-
pothesis for the vector matrix elements, or the partially
conserved axial-vector current (PCAC) hypothesis for the
axial-vector matrix elements [59]. The former depends
on the Coulomb displacement energy between the initial
and final nuclear states, for which it is not always easy
to get an accurate estimate as it can be sensitive to the
mismatch of the nucleon wave functions [69]. Another
effect is weak magnetism, which emerges as an induced
interaction when considering nucleons of finite size. In
the context of ultra-low end-point energies, its accuracy
should not be a constraint as it appears to first order as
a correction on the spectrum shape linear in energy (see
e.g. in [58]). However, it has never been studied in detail
in the case of forbidden transitions.

Regarding nuclear structure, different approaches exist
depending on the mass region, such as the realistic shell
model with fitted Hamiltonian from the NushellX code
[70] or the microscopic quasiparticle-phonon model [71].



Nucleus deformation can also be incorporated [72]. It
has been shown that the spectrum shape can be strongly
influenced by the value of the axial-vector coupling con-
stant ga [73, 74]. In fact, an effective renormalization
of g4 may be necessary to account for nuclear medium
effects and limitations of the many-body treatment, the
constant appearing usually as quenched compared to its
free-nucleon value. As an example, one can mention core
polarization effects due to the restricted nucleon valence
space employed [75, 76]. Thanks to the excellent review
from Suhonen [77], an effective g4 value can be estimated
from the relationship given between infinite nuclear mat-
ter and finite nuclei. However, one cannot expect nowa-
days a high-precision predictive power and it is still nec-
essary to have a case-by-case approach comparing the-
ory and experiment. On the other hand, tremendous
progress has been made in the past decade in nuclear
theory, in particular by bridging the gap between low-
energy quantum chromodynamics and microscopic nu-
clear forces [78]. It has led to the framework of the chiral
effective field theory that considers nucleons and pions as
effective degrees of freedom instead of quarks and gluons,
and in which many-body nucleon forces naturally emerge
[79]. Applied with ab initio many-body methods, high-
precision nuclear structure calculations become possible,
controlling the precision and quantifying the theoretical
uncertainties [80]. Such an approach has been applied
successfully to the determination of transition rates of
allowed 3-decays from 3H to 1°°Sn [81], and should make
useless any effective g4 constant.

The formalism of Behrens and Biihring is a low-energy
effective theory, not renormalizable, and only includes
the electrostatic part of the Coulomb interaction that in-
fluences the [-decay observables. Non-static Coulomb
corrections, called radiative corrections, have to be de-
termined in the framework of quantum electrodynamics.
Historically, they have been split into inner and outer
corrections. The former can be calculated with high-
precision and typically appears as a renormalization of
the coupling constants. The latter have an influence on
the B-spectrum shape with a dependency on both the
lepton and nuclear terms. Analytical high-precision for-
mulation has been established over the years, including
the influence of nuclear structure, but only in the case of
(super-)allowed decays [82, 83]. There is still a need for a
detailed theoretical study in the case of the forbidden
transitions. In addition, the outer corrections include the
effect of internal bremsstrahlung in which a real photon
is created in the final state, reducing the kinetic energy of
the @ particle. If photons can be emitted up to the tran-
sition energy, the process is much more probable at low
energy. These photons can be (partially) re-absorbed in
the detection system, depending on the actual configura-
tion. High-precision measurements of ultra-low end-point
energy spectra would thus require a careful experimen-
tal analysis, for which a precise knowledge of the photon

spectrum is needed.

To summarize, several challenges subsist in atomic
physics, nuclear physics and their inclusion in the weak
interaction decay formalism for a high-precision descrip-
tion of the B-spectrum and integrated quantities in the
case of ultra-low transition energies. Different high-level
expertise would have to be gathered to tackle this prob-
lem.

V. CONCLUSIONS

In summary, so-called ultra-low Q value S-decays (with
Q < 1 keV) to excited nuclear states in the daughter
isotope present interesting possibilities for future direct
neutrino mass determination experiments and also to
test and develop theoretical understanding of the role
of atomic interference effects in nuclear [B-decay. Over
the last decade or so, interest in these decays has grown,
and the @Q4s values for 16 candidates have so far been
investigated via Penning trap mass spectrometry at five
facilities world-wide. In addition to the verification of the
ultra-low Q value decay of "°In, four of these additional
candidates have been shown to have energetically allowed
decay branches to excited nuclear states in the daughter
with Qs values of around 1 keV or less, indicating the
existence of new potential ultra-low Q value decay candi-
dates. Other potential decays have been ruled out. Our
updated evaluation lists ~80 isotopes that could poten-
tially have ultra-low Q value decay branches, but whose
gs-gs Q values and in some cases excited daughter state
energies need to be determined more precisely. The Q
values can be readily determined to the necessary preci-
sion via precise mass measurements of the parent and/or
daughter isotopes using Penning trap mass spectrometry.
A short list of these candidates that are of particular in-
terest to neutrino physics and nuclear S-decay studies
due to the fact that they have allowed or first forbidden
decays and relatively long life-times, is provided in Ta-
ble IV. These candidates also have Q.5 values that are
close to zero with relatively small uncertainties, increas-
ing the likelihood that a precise Penning trap measure-
ment would reveal a @ value of =1 keV.
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