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ABSTRACT: Precision measurements in allowed nuclear beta decays and neutron decay
are reviewed and analyzed both within the Standard Model and looking for new physics.
The analysis incorporates the most recent experimental and theoretical developments. The
results are interpreted in terms of Wilson coefficients describing the effective interactions
between leptons and nucleons (or quarks) that are responsible for beta decay. New global
fits are performed incorporating a comprehensive list of precision measurements in neutron
decay, superallowed 0™ — 07 transitions, and other nuclear decays that include, for the
first time, data from mirror beta transitions. The results confirm the V-A character of
the interaction and translate into updated values for V4 and g4 at the 1074 level. We
also place new stringent limits on exotic couplings involving left-handed and right-handed
neutrinos, which benefit significantly from the inclusion of mirror decays in the analysis.

KEYwoORDS: Effective Field Theories, Beyond Standard Model, Quark Masses and SM
Parameters

ARX1v EPRINT: 2010.13797

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP04(2021)126


mailto:adam.falkowski@ijclab.in2p3.fr
mailto:martin.gonzalez@ific.uv.es
mailto:naviliat@lpccaen.in2p3.fr
https://arxiv.org/abs/2010.13797
https://doi.org/10.1007/JHEP04(2021)126

Contents

1 Introduction 1
2 Theoretical formalism 3
2.1 Lagrangian 3
2.2 Ft values and neutron lifetime 5
2.3 Correlation measurements 7
3 Experimental data 8
3.1 Mirror beta decays 8
3.2 Fermi, Gamow-Teller and neutron decays 10
4 Numerical analysis 12
4.1 Standard Model scenario 12
4.2 Non-standard interactions involving left-handed neutrinos 15
4.3 Non-standard interactions involving left- and right-handed neutrinos 20
5 Conclusions and future directions 24
A Gamow-Teller decays 27
B Data for non-mirror beta decays 27

1 Introduction

Precision measurements are essential ingredients in particle physics research. Their role is
twofold. On the one hand, they allow us to extract numerical values of the free parameters
of the Standard Model (SM), such as the gauge couplings or the Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements. On the other hand, they provide us with information
about non-SM particles and their interactions, even if these particles are beyond reach of
existing particle colliders.

Studies of beta decay processes are an important and active field within the precision
program [1-4]. In the SM, beta decays are mediated by the exchange of a W boson between
light quark and lepton currents. Since the interaction strength between the W and quarks
in the SM is controlled by the CKM matrix, beta decays provide an opportunity to extract
the V,,4 element of that matrix. In fact, this is currently the most precise (by far!) method
to determine V,,q [5].

Hypothetical particles such as W’ bosons or leptoquarks may alter the rates and angu-
lar correlations of beta decays, as compared to the SM predictions. Rather than studying
each such model successively, it is convenient to resort to effective field theory (EFT)



techniques. In this approach, information about the underlying physics at high-energies
that is relevant for beta decays is condensed into a small number of Wilson coefficients,
which parametrize the strength of effective interactions between nucleons, electrons, and
neutrinos at low energies. The general EFT Lagrangian describing these interactions at
the leading order was written more than 60 years ago by Lee and Yang [6]:

ELeefYang = _]3'7“” (CVE’YMV - C(/67u75y) + ]37“7577‘ (CAé’Yu’YSV - leéléf)/uy)
1
—pn (Cséev — Cgeysr) — 5150“”71 (Créov — Cpéo,ysv)
—pysn (Cpeysy — Cpev) + h.c. (1.1)

Soon after that work, observables in beta decays were calculated in terms of the Wilson co-
efficients C’g;) [7, 8]. This program led to the determination of the V- A structure of the weak
interaction, and it is currently used in searches for additional non-standard interactions.
Along with refined experimental techniques and with careful calculations of small SM con-
tributions, this program is strengthened by model-independent analyses of the data. The
latter is the focus of this work, WhiCh(})S achieved through the construction of a likelihood

function for the Wilson coefficients C’. Given the likelihood, it is straightforward to ex-

tract information about any underlying high-energy theory — be it the SM or one of its ex-
tensions — once the map between C’g;) and the high-energy parameters is established. The
map can be calculated via the usual EFT techniques of matching at consecutive heavy par-
ticle thresholds, and renormalization group running in between thresholds (see e.g. ref. [9]).
Although a number of global fits of beta decay data have been performed in the
past [4, 10-12], the complete likelihood function for the C(/), including all correlations, has
never been constructed. Instead, only partial results are available, with selected Wilson
coefficients simultaneously included in the fits. Such results have a limited value, since many
theories beyond the SM generate an intricate pattern of Wilson coefficients, especially when
the effect of mixing under renormalization group is taken into account. One of the goals
of the present work is to implement a complete and model-independent EFT approach in
the field of beta decays that includes the state-of-the art measurements and theoretical
developments. We obtain a likelihood function for the Wilson coefficients in eq. (1.1) while
allowing all C’g;) to be present at the same time, and taking into account all correlations.
In this analysis we use a comprehensive list of sensitive observables for allowed beta
transitions, that is, the ones controlled by the Fermi and/or Gamow-Teller (GT) nuclear
matrix elements. A key novelty of the present work is that we analyze, for the first time in
a systematic and consistent fashion, the role of mirror beta decays in new physics searches.
The name mirror refers to mixed Fermi-GT J*— J transitions with isospin 7' = 1/2 nuclei
in both the initial and final states.! Because of the high degree of theoretical control over the
nuclear matrix elements, the importance of mirror decays for the precision program has long
been recognized [13, 14]. In particular, they offer an alternative path to determining the V4
parameter [14], which is subject to a vibrant experimental program for the determination

of the relevant spectroscopic quantities and correlations. While the results are currently

!Formally speaking, neutron decay is also a mirror transition, but we keep it in a separate category, and
reserve the name “mirror” for transitions involving nuclei with A > 1.



inferior in accuracy to V4 determinations from superallowed and neutron decays, they are
affected by completely different systematic uncertainties, and thus they offer an important
cross-check.

Another goal of this work is to analyze whether mirror transitions play a (numerically)
important role in new physics searches. This is a reasonable possibility since the multi-
dimensional parameter space of the Wilson coefficients in eq. (1.1) is much larger than
in the SM case. Indeed, we find that including mirror decays in the global fit leads to
improvement of model-independent constraints on Cg) by approximately a factor of two.
The results translate into stringent constraints on non-standard currents involving left-
and right-handed neutrinos. We find that current data are well described by the SM. At
the same time, the most general beyond-the-SM (BSM) fit shows a 3.20 preference for
non-standard tensor current interactions involving the right-handed neutrino. This tension
is driven by a single recent measurement (a, by the aSPECT collaboration [15]) and thus
it should be taken with caution.

The structure of this article is the following. In section 2 we review the theoretical
formalism used for the quantitative description of mirror and other beta transitions. In sec-
tion 3 we describe the experimental results relevant for this analysis. Section 4 contains the
main results: the confidence intervals for the Wilson coefficients of the effective Lagrangian
in eq. (1.1). We conclude in section 5, and briefly discuss the prospect of improving the
existing constraints by more precise measurements in mirror beta transitions.

2 Theoretical formalism

2.1 Lagrangian

At a fundamental level, nuclear beta decays probe charged-current interactions between
the first generation of quarks and leptons. In this paper we adopt the EFT approach
to parametrize these interactions. The central assumption is that, at the energy scale
corresponding to beta decays, there is no other light degrees of freedom except for those of
the SM and (eventually) the right-handed electron neutrino. Given this field content, the
leading order effective Lagrangian at the scale u ~ 2 GeV contains the following interactions
relevant for beta decays

Vid B _ o _
LD —U% (I+er) evuvr -uy"(1 —v5)d + €peyuvr - uy (1 —s5)d

+ereyuvr - uy' (1 +v5)d + €reyuvr - uy" (14 v5)d
1

1
+1€T eovr - uct (1 —y5)d + ZgT eouwvr - uc™ (1 + vs)d

+esevy -ud + ése(l+ v5)vg - ud
—epevy, - uysd — €pevg - uysd| + h.c. (2.1)
where u, d, e are the up quark, down quark, and electron fields, v r = (1 £ 75)v/2

are the left-handed and right-handed electron neutrino fields, V.4 is the [];; real entry
of the unitary CKM matrix, and v ~ 246.22 GeV is related to the Fermi constant by



Gr = (V2v?)7'. We treat the neutrinos as massless.> The Wilson coefficients ey and
éx, X = L, R, S, P, T, parametrize possible effects of non-SM particles, which have been
integrated out.®> We assume, for concreteness, that all ex and éx are real, since the
observables included in the analysis are not sensitive to their imaginary parts at the linear
order in new physics. In the SM limit we have ex = éx = 0 for all X. The situation where
the right-handed neutrino is absent from the low-energy EFT (e.g. because it has a large
Majorana mass) can be described by setting éx = 0 for all X.

The quark-level Lagrangian in eq. (2.1) is what matters in particle physics. Its param-
eters can be readily related to masses and couplings of specific BSM models, or to Wilson
coefficients of a more fundamental EFT above the electroweak scale. However, the mo-
mentum exchange in beta decays is far below the QCD scale, and thus we need to connect
the quark-level Lagrangian above with the nucleon-level Lee-Yang Lagrangian in eq. (1.1),
which can be rewritten in the following form:

LiceYang = =070 (CFEvvs + Cyevuvr) — py"vsn (Chevus — Caevuvr)
1
—pn (c;éuL T C;éuR) — 5ba'n (C;éaWuL T C;éa,qu)
+pysn (C;éu,; - C’ISéZ/R> +h.c. (2.2)

after a simple change of variables Cx = (C¥ + Cy)/2, C% = (C¥ — Cx)/2 that separates
the left-handed (via C3;) and right-handed (via C'y) neutrino couplings, which affect the
nuclear observables in a different way due to the fact that only the former may interfere
with the SM amplitudes. Consequently, in the C’; variables the experimental constraints
are physically more transparent, and the matching to the quark-level Lagrangian is more
straightforward. At a more practical level, correlations in the global fit are hugely reduced
when using the C)i( variables. The relation between the parameters in eq. (2.1) and in
eq. (2.2) is given by [4]

Lud — Lud ~ ~
C{/"ZTQ gv\/l—i-A%(l-i-ﬁL"i‘ﬁR)? Cy = 02 gV\/1+AYE(€L+€R)7
Lud — Lud ~ ~
Cx = 2 94y 14+ A%(1+ e —ep), Cy = 2 94V 1+ AQ(eL —ér),

Vi d — Vi d ~
Cj—t = /ULQQTET7 C(T = T’L;gTeTv

Vud _ Vi .
Cs = v%gsfs, Cqg = Tq;gsfs,

Vi d — Vi d ~

2For neutrinos with any appreciable coupling to matter, the cosmological constraints require Zml, <
0.12eV [16], making their masses completely negligible for the beta processes we include in this analysis.
The EFT framework adopted in this work assumes the absence of any other non-SM light degrees of freedom
at the energy scale relevant for beta decays.

#Note that the normalization of er and éz differs by 1/4 from that used in previous works, e.g., ref. [4].
The “new” normalization is more natural in the sense that typical new physics models generating tensor
interactions give similar contribution to er and es,p, see for instance ref. [17].



where gy 4 5 p1 are vector, axial, scalar, pseudoscalar, and tensor charges of the nucleon [4,
18], which must be determined using lattice or other theoretical techniques. For the vector
charge, one can prove that gy = 1 up to (negligible) quadratic corrections in isospin-
symmetry breaking [19]. We will use the FLAG’19 averages [20] for the axial, scalar
and tensor charges: g4 = 1.251(33), gs = 1.022(100) and gr = 0.989(33) [21, 22] (see
also ref. [23]). Although the pseudoscalar charge is enhanced by the pion pole, namely
gp = 349(9) [23], the suppression of the pseudoscalar contributions to the observables is
larger and they will be neglected in the following.

The matching in eq. (2.3) includes the short-distance (inner) radiative corrections AY%
and A}%. Especially the former is important, because it is necessary to extract V4 from
nuclear data. Four recent calculations of this quantity are available [24-27], all within 1.
In this analysis we use the Seng et al. evaluation, AY% = 0.02467(22) [24], which has the
smallest uncertainty. We will discuss the impact of this choice. Given the assumption
about the reality of ex and €x, all C)j? are then also real.

At leading order, nuclear effects are encapsulated in the so-called Fermi and GT matrix
elements, Mg r. Leading-order expressions for beta decay observables in terms of the Lee-
Yang Wilson coefficients C)jg can be found in refs. [8, 28]. However, given the experimental
precision, subleading effects such as weak-magnetism and long-distance electromagnetic
corrections have to be included in the SM terms. These small contributions can be calcu-
lated with large accuracy for the transitions that are included in this work [1, 29-31].

The main results of this work are the constraints on the C)jg Wilson coefficients using
neutron and nuclear physics data, with special attention to the role played by mirror beta
decays which are included in a global fit for the first time. In the remainder of this section
we review how beta decay observables included in this work depend on the C’} Wilson
coeflicients.

2.2 Ft values and neutron lifetime

The total decay width of an allowed beta transition can be calculated from the formula

2,5
Ii=(1+ 51')%%@ {1 + %bz<7g:>j : (2.4)
The index ¢ labels transition-dependent quantities. Radiative corrections, other than the
short-distance ones already included in AY{A, are encoded in §;. They are customarily split
as 14+8; = (1+0%)(14+8%g—06%), where 0, is the dominant piece of the long-distance (outer)
radiative corrections that depends trivially (only via Z and A) on the nucleus, dxg is the
nuclear-structure-dependent piece, and (55 is the isospin-symmetry breaking correction.
Myp is the Fermi matrix element in the isospin limit, which for a transition between two

members of the same isospin multiplet is given by Mp = /j(j + 1) — m(m £ 1), where
(j,m) are the isospin quantum numbers of the parent nucleus, The factor f{} is the phase
space integral given by
) 1 Ay 9
fi == [ AR - EPpE., (2.5)

e JMe



where m. is the electron mass, p. = \/W, A; is the maximal total energy of the
beta particle, and F; = 4(2p, R;)?0=De™ T (y; + in;)|?/T(1 + 2%)2 is the Fermi function
describing the Coulomb corrections, with v; = /1 — (aZ;)2, Z; ) the charge (radius)
of the daughter nucleus, o the electromagnetic structure constant, and 1 = taZ;Ee/pe.
Above and in all of the following, the upper (lower) sign applies to 3~ (371) transitions.
Further details about subleading corrections that have to be included in f{, are discussed
in refs. [30, 32]. The second term in the square bracket in eq. (2.4) is called the Fierz term.
It is proportional to the weighted average of the electron mass over its energy:

(1) OB  n
E./, fnfngem(Ai—Ee)%eEe

(2.6)

The dependence of the decay width on the Wilson coefficients of the Lee-Yang La-
grangian enters via the combinations &; and b; defined as*

6 = PP HCEHC O+ BT g (cpp+ e+ ar )
A
bi&i = i2{0+0++0 CSJFEth;z pr|ChCE+CyCh } (2.7)

where the factors f4/fi encode corrections to the (axial-vector) phase space integral.’
For the mirror transitions relevant to our analysis, f%/ f", can be estimated by theoretical
methods, and have values close to unity [33]. The “polluted” mixing ratio p; in eq. (2.7) is
defined as
O Mar (1468 — 68)'?
COCY M (146 — oY)

(2.8)

where Mgt /Mp is the ratio between the GT and Fermi matrix elements in the isospin limit,
and 6§‘S, 6& are the axial-vector equivalents to dYg, ¢ mentioned earlier. Using eq. (2.3)
to re-express CX / C$ one can see that, in the SM limit, p; reduces to the usual mixing
ratio p; defined in refs. [13, 14]. However, in the presence of new physics, p; depends on
unknown parameters €y, g, and it is not anymore a pure QCD /nuclear quantity. In practice,
the distinction between p; and p; is not relevant because the mixing ratios p; cannot be
calculated with sufficient precision by current theoretical techniques for nuclei with A > 1.
Thus, the mixing ratios, whether p; or g;, have to be treated as free parameters in the fits,
together with C’j?.

Rather than the observable decay width, experimental groups or theory compilations
often communicate the corrected half-life Ft defined as

_ [y (14 6i)log?2 471'310g2[ ‘ <m>]_l
th— Fz - M2 7 FYzbng E : . (29)

For the superallowed (0T — 0%, j = 1) beta decays, one has My = /2 and p = 0 in
eq. (2.9) and eq. (2.7). In the SM limit, Ft is predicted to be universal for all superallowed

4The relation with the traditional notation [7] is simply & = M2 52/2
"The f/fi factors should be included in él for the calculations of the Ft values, but not for the
correlations.



transitions. However, beyond the SM one can have b; # 0 and then F¢ depends on the
transition via the Fierz factor b;(m./E.);. For mirror (J* — J*, j = 1/2) beta decays one
has Mr = 1, and Ft; is a function (via 51 and b;) of the transition-dependent mixing ratio
pi. Consequently, for mirror decays Ft; is transition dependent even in the SM limit. For
neutron decay one has My = 1 and p, = —/3g4, up to 0(0.2%) radiative corrections [27].
Rather than the corrected half-life Ft, experiments customarily quote the neutron lifetime:

Tn

We use here f, = 1.6887(1) [34] and d,, = §};" = 0.014902(2) [35], and ignore the negligi-
ble [36] correction due to f7/f{} in eq. (2.7).

2.3 Correlation measurements

The lifetime measurements discussed in the previous subsection probe only a limited num-
ber of combinations of the Lee-Yang Wilson coefficients and the mixing ratios. To avoid
degeneracy in a global fit, one needs to include a wider palette of observables. Nuclear
experiments measure various angular correlations between the decay products. Assuming
CP conservation and summing over polarizations of the daughter nucleus and 3 particle,
the differential decay width can be cast in the form®

ar, be (J) o By ()

dE.d0.dSY, _5264F5F(A —E)p {Hb . % %+ Z%e 7+Bi%y'7
BBy (e VB 7)1 [J(T+1)=3((J)-])?

e L&EE E.E, H J(27-1) ”’(2”)

where the indices e and v refer to the 8 particle and neutrino, respectively and the symbols
Q, pand F denote the angular coordinates, momentum and energy of the leptons, (j ) is the
polarization of the parent nucleus, J is its spin, and ; is the unit vector in the polarization
direction. Since no experiment measures the coeflicient ¢;, we will not discuss it in the
following. The remaining parameters in eq. (2.11) are referred to as the [-v correlation
(a), the S-asymmetry (A), and the neutrino asymmetry (B). For a mixed Fermi and GT

5In the presence of CP-violating interactions, an additional term appears in eq. (2.11) multiplied by the
so-called D-coefficient [7]. Likewise, the R-coefficient appears if the electron polarization is measured. We
do not discuss them in this work because we assume real Wilson coefficients.



B transition they can be expressed by the Lee-Yang Wilson coefficients as

~2 +32
£ - - p; (C ) - -
G = (CF = (P + (€)= (G - T 10 = (0 + (€3 - (€7,
A

3 _Cy [T tOot ot ot om0 1 O= O
LA = —2Pi07;§ T3\ 6vCa —CsCr = Oyl + Gy

~2 +\2

Pi (Cv){ +\2 _ (V2 )2 —2}

g (COF - (€ - 2P + (),
3 SOy | tot L ot Ot  Om O OO
&iBi = —29107;( T11 CyCa+CsCp —CyCy = CgCp
ﬁ:%: [cict + et - c5C; - 6y ¢y } (2.12)
#(C) om

{lcrr+ - car-err =

CLCf - CHCp

J+1(Ch)? E, }

We also define the tilde correlation coeflicients as

> X > X;
=M X(B)=-—i
1+bi<me/Ee> ( ) 1+bime/Ee

, X=uaAB, (2.13)
K3
which are the quantities that can be determined from asymmetries (integrated over energies
and for a fixed-energy respectively) [37]. The distinction between the X, and X; correlations
is only relevant beyond the SM, when the Fierz term is non-zero. Many experimental results
in the literature do not make this distinction explicit, because they operate under the SM
hypothesis. Some care is needed when interpreting such results [37]. We discuss this issue
in more detail in the following section.

For completeness, in appendix A we collect the expressions for other observables used in
the present analysis: the ratio between longitudinal polarization of 8 particles from Fermi
and Gamow-Teller transitions and the correlation coefficients a and A in pure Gamow-
Teller decays.

3 Experimental data

3.1 Mirror beta decays

The Ft values have been extracted quite precisely for numerous mirror transitions from
the measured lifetimes, branching ratios and @-values and calculated J; corrections [13].
However, those alone do not provide any information about the fundamental SM parameters
or new physics contributions, because the decay rates also depend on the mixing ratio p;
(see eq. (2.4) and eq. (2.7)) which cannot be currently calculated from first principles with
high precision. But when both Ft and some correlation coefficient are determined for
a given transition, then V,4 and the BSM coefficients can be probed. The dependence
of observables on the Wilson coefficients C)j? is a function of the transition-dependent
p; and nuclear spin J, thus each mirror transition probes a distinct combination of C’;.



This results in a strong interplay between different transitions, especially regarding the
constraints on C)j? in the presence of new physics.

There are currently six mirror transitions for which precise spectroscopic measurements
exist to extract the Ft values as well as measurements of a correlation coefficient. These
are summarized in table 1 and they are a crucial experimental input for the fits carried out
in this work.

Since some of the measurements have a precision at the level of 1% or below, linear
recoil effects (mainly weak magnetism) have to be considered [29]. We follow the same
prescription as in ref. [14] to take into account its contribution to the asymmetries in
YNe, 2!Na, and 3°Ar. We use updated values for the nuclear magnetic moments from
ref. [38], though these changes do not have any impact in the analysis. For 37K, we do not
include recoil effects because they were already subtracted from the value of A in ref. [39].
Finally for "F and 2P we neglect all subleading contributions because the experimental
uncertainty is much larger for these transitions.

Other changes with respect to the experimental input used in the SM analyses carried
out in refs. [13, 14] are the following:

e To allow for non-standard interactions, we reinterpret the extractions of A and B
through the usual tilde prescription, eq. (2.13). The a extraction in ref. [40] is more
complicated. In principle the tilde prescription is not valid because the correlation
is not extracted from an asymmetry measurement and thus the data should have
been analyzed using two independent free parameters a and b [37]. However, we have
checked that, under the conditions of this measurement, the time of flight distribution
is mainly sensitive to a specific combination of a and b that happens to be well
approximated by a.

o The fa/fy values are taken from refs. [27, 41], where a small double-counting affecting
previous values was pointed out and resolved. These corrections are all below 0.15%.
Their uncertainties are very small and can be neglected in our analysis.

o The analysis in ref. [14] included the measurement of the neutrino asymmetry B, in
37K decay, which has a relative uncertainty of 3.1% [42]. We include here as well the
recent precise measurement of A from ref. [39]. This f-asymmetry parameter has the
smallest relative uncertainty from all mirror transitions.

« We include the recent result of ref. [43] for the beta asymmetry in *Ne.

o The results from ref. [14] have motivated several measurements of branching ratios,
lifetimes and @-values for the extraction of Ft values [44-46]. The review of spectro-
scopic data is not within the scope of the present analysis. The Ft values adopted
here are indicated in table 1.

o For completeness, for all these ST transitions, we update the maximal total ener-
gies A = Qrc — me, using the transition energies Qgrc given in the 2016 Atomic
Mass Evaluation (AME) Database [47], except for 2!Na for which we use a newer

measurement [46].



Parent Spin = A [MeV]  (me¢/Ee)  fa/fv Ft [s] Correlation
ITF 5/2 2.24947(25) 0.447  1.0007(1) 2292.4(2.7) [48]  A=0.960(82) [12, 49

]

Ne 1/2 2.72849(16) 0.386  1.0012(2) 1721.44(92) [45]  Ag=—0.0391(14) [50]
Ay =—0.03871(91) [43]

2INa  3/2 3.035920(18) 0.355  1.0019(4)  4071(4) [46] a=0.5502(60) [40]
»p 1/2 4.4312(4) 0.258  0.9992(1) 4764.6(7.9) [51] A=0.681(86) [52]
BAr 3/2  5.4552(7) 0.215  0.9930(14) 5688.6(7.2) [13] A=0.430(22) [14, 53, 54]
TK 3/2  5.63647(23) 0.209  0.9957(9) 4605.4(8.2) [44] A:—o 5707(19) [39]
]

B=—0.755(24) [42

Table 1. Mirror beta decays used in this analysis. The quantity (m./E.) is calculated via eq. (2.6),
using the endpoint energy listed in the table. The latter are taken from AME2016 [47], except that
of 2'Na [46]. The values of f4/fy come from refs. [33, 41]. We also used the notation Ag = A(m,).

The measurement of the total f-asymmetry (i.e. the asymmetry integrated over the
energy of the beta particle) only gives us access to A. However, it is clear that measuring
the energy dependence of the S-asymmetry makes possible to extract separately A and the
Fierz term b, cf. eq. (2.13). We encourage experimental groups to carry out such analyses
in order to extract all the information contained in the data. Such measurements of the
[-asymmetry as a function of the energy have already been performed, see e.g. refs. [39, 43],
but not analyzed with a two-parameter fit.

3.2 Fermi, Gamow-Teller and neutron decays

For pure Fermi, pure GT, and neutron decay, we use the same data set included in the
global fit of ref. [4] (total rates and asymmetries) with some updates that we explain in
this section. The complete list of observables and references is collected in appendix B.

The measurement of the S-asymmetry in neutron decay by the PERKEO-III collab-
oration [55] represents a major change, not only because it is the most precise to date,
but also because after its inclusion in the global data set and using the PDG criteria for
averaging various measurements [5], the scale factor S inflating the error has decreased
considerably. The numerical change is very significant:

A, = —0.11869(99) (S = 2.6, pre PERKEO-III) ,
n = —0.11958(21) (S = 1.2, post PERKEO-III) . (3.2)

I

We also include the aSPECT’19 measurement, a, = —0.10430(84) [15]. The new average
of a,, is

n = —0.10426(82) , (3.3)

which is a significant improvement compared with the previous average, a,=—0.1034(37)[4].
In contrast to the situation in 2'Na decay mentioned above, we have found that for neutron
decay, the tilde prescription does not work in practice for the extraction of a (as a numerical
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approximation) since the correlation between a and b from the analysis of the energy
spectrum of the proton is strongly reduced. The same issue affects also the a,, extractions
carried out in refs. [56, 57]. Since their of other observables included in the fits, we find that
the inclusion of these values of a,, have a negligible impact in the parameters of the fits.
For this same reason, including a 1-parameter fit extraction of a, (instead of 2-parameter
one) will not have practical consequences in the results. We stress that this is not the case
in fits with less observables, and we encourage once again experimental groups to analyze
the data including the Fierz term b, especially once higher precision is reached.

Apart from these changes in the experimental input, this analysis also takes into ac-
count important changes concerning theory input, which we discuss in the rest of this
section. As mentioned in section 2.1, we take into account the most recent calculations
and averages of the nucleon charges ga s [20-22], as well as the new calculations of the
inner radiative corrections AZ’A [24-27]. In addition to these developments at the nucleon
level, refs. [58, 59] studied the v-W box correction in nuclei (which contributes to dng
in the usual notation, cf. section 2.2) using a free Fermi-gas model. This effect is taken
into account in the central values of Ft provided in the most recent evaluation by Hardy
and Towner [60], which we show in table 8. However, the errors displayed in table 8 do
not include the theoretical uncertainty associated with the corrections of refs. [58, 59| or
0z, because they are strongly correlated between different transitions. To take them into
account, we modify the F tfl T values in table 8 as follows:

Fti = FtAT (14 01 AdE + 12 Adys.a +n3 A5§VS,E) (3.4)

where 7123 are three independent nuisance parameters with zero central value and the
lo confidence interval being [—1,1], AdE = [6]%2,3/3 [4, 61], Adyg.a = 0.00033 [60],
and Aé}v& r =8 x107°Qprc/MeV [59]. This procedure makes it possible to understand
the implications of these additional uncertainties not only in the SM case but also in the
presence of a scalar current (b # 0).

The information contained in the 15 superallowed transitions can be conveniently en-
coded in 2 parameters if we write eq. (2.9) as Ft; = Fto(1 + b{m./E.))~!. In table 2 we
show the values of Fty and b that are obtained from the data using different inputs for the
nuclear-structure dependent corrections. From this table we conclude that:

o In the SM limit we reproduce the results of [58-60]. The very small differences are
not surprising, since there are minor differences between our approaches such as the
inclusion of the 0% uncertainty and the most recent Ft values [60]. The slightly
smaller uncertainty of Ft compared to ref. [60] is the consequence of the fact that we
treat the effects of ref. [58] and ref. [59] as uncorrelated (i.e. ny and 73 in eq. (3.4)
are independent nuisance parameters).

e The impact of the new calculations is significant in the value of Fty obtained for
b =0, and hence in the extraction of V,,4 in the SM limit (figure 1 right panel).

e On the other hand, the impact on the bound obtained on the Fierz term is much
smaller. Thus, we conclude that such bound is quite robust with respect to these
corrections.
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Pre-2018 dng [63, 64] Seng et al. [58] Gorchtein [58, 59|
Fto [s] 3071.7(1.9) 3070.1(2.1) 3072.7(3.1)
b x 103 ~1.0(2.1) ~1.0(2.1) 0.4(2.5)
p(Fto,b) 0.93 0.83 0.86
Fto for b=0 [s] 3072.54(0.68) 3071.0(1.2) 3072.3(1.6)

Table 2. Results of global fits to superallowed 0™ — 0% transitions using different nuclear-structure
dependent corrections. The 2nd column uses standard pre-2018 values [63, 64]. The 3rd column
includes the correction pointed out in Seng et al. [58], and the 4th column adds Gorchtein [59] as
well. We find x2,;, /dof~ 0.5 for all cases. p gives the correlation between the two free parameters
of the fit. The last row shows the result in the absence of a Fierz term b.

o Although the results in refs. [58, 59] should be taken with caution because they
are obtained using a free Fermi-gas model, their main effect (with respect to the
previously standard approach [24]) is to increase the uncertainties, so one can consider
their inclusion as a conservative approach.

e The value of the y? function at the minimum is significantly lower than the degrees
of freedom, namely 2. /dof~ 0.5. This is worth keeping in mind and investigating
further, since it could be reflecting overestimated uncertainties or mis-calculated cen-
tral values. We note that this low 2, /dof value (i) is not affected by the correlated
uncertainties discussed above; and (ii) has been obtained in every survey since the
2002 evaluation of the nuclear-structure-dependent corrections were introduced [62].

4 Numerical analysis

4.1 Standard Model scenario

If the Lee-Yang Lagrangian in eq. (2.2) is derived as the low-energy EFT for the SM,
then the only non-zero Wilson coefficients at the leading order are C{,F and CX. These
parameterize the vector and axial interactions, descending from the V-A quark-level 4-
fermion terms predicted by the SM. The remaining Wilson coeflicients: C§T7 pandall Oy
are set to zero in this subsection. We will refer to this set of assumptions as the SM scenario.
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A global fit to all beta decay data discussed in section 3 (i.e. mirror and non-mirror
data) gives the following 1o confidence intervals:”

V20 0.98564(23)
v2Ch —1.25700(44)
PF —1.2958(13)
pxe | _ | 1.60183(76) | (4.1)
PNa —0.7129(11)
pp —0.5383(21)
PAr —0.2838(25)
PK 0.5789(20)

with x2/dof=0.8 at the minimum and with the correlation matrix

1. -0.34 037 —-0.64 042 0.27 0.34 —-0.24
-0.34 1. -0.12 0.22 -0.14 —-0.09 —0.11 0.08
037 -0.12 1. -0.24 0.15 0.1 0.12 —-0.09
—-0.64 022 -024 1. -0.27 —-0.17 —-0.22 0.15
0.42 -0.14 0.15 -0.27 1. 0.11 0.14 -0.1
0.27 —-0.09 0.1 -0.17 0.11 1. 0.09 —-0.06
0.34 -0.11 0.12 -0.22 0.14 0.09 1. —-0.08
—-0.24 0.08 —-0.09 0.15 -0.1 —0.06 —0.08 1.

Since the Wilson coefficients in the Lee-Yang Lagrangian are dimensionful, it is more
transparent to display the corresponding confidence intervals in units of v2Gr = 1/v2,
where v = 246.219651(63) GeV [5]. It is remarkable that, within the SM scenario, both Cf
and C are independently measured with an accuracy approaching O(107%).

In addition to the results shown in eq. (4.1), there is another global minimum where
C"J/i 4 have the opposite sign. We work in the convention where V4 > 0, and thus such
solution with C‘J} < 0 is only possible in the presence of very large and very fine-tuned new

b

physics contributions, cf. eq. (2.3). We ignore this “shadow” minimum in this section, as
well as in the subsequent BSM fits (where the same argument holds flipping the signs of
all Wilson coefficients, C% — —C%).

Although the global quality of the fit is good (x2,/dof=27/35), its breakdown in
the various datasets reveals a quite heterogeneous situation. Superallowed decays, mirror
transitions and the remaining nuclear input have very low x?2/dof values (7/13, 2/6 and
3/8, respectively), whereas the neutron dataset has a large value (16/4).

Using the dictionary in eq. (2.3), the Wilson coefficients C"J/r and C’:{ can be related to

more fundamental parameters. In the SM scenario, from C‘i and C’X one can extract the

"For '°Na, since both a and F depend on p%,, the sign of the mixing parameter is not fixed by the data.
We use an input from shell model calculations to select the positive sign [13].
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Parameter Mirror Superallowed Neutron All but mirror Global

Vi 0.97424(95)  0.97367(28)  0.97368(56)  0.97367(25)  0.97370(25)

gorr - - 1.27530(55)  1.27531(45)  1.27529(45)
PNe 1.6007(21) - - - 1.60183(76)

Table 3. Values for the CKM element V4, the axial charge of the nucleon ¢4, and the mixing
ratio of *Ne, obtained from fits assuming the SM as the fundamental theory. The columns indicate
the different subsets of data used in the fits. The errors of g5 and V4 in the neutron column are
the nominal errors (i.e. not inflated a posteriori), so that they reflect the weight that the neutron
dataset has in the global fit, where no S factor is needed since xZ;./dof = 0.8. The same holds for
figure 1. Let us note for completeness that pion semileptonic decay gives V,,q = 0.9740(28) [66, 67].

CKM element V,4, and the axial coupling of the nucleon g4. The confidence intervals for
Cyf 4 in eq. (4.1) translate to

Vg = 0.97370(25), ¢ = 1.27529(45), (4.3)

with the correlation coefficient —0.29. To ease the comparison with previous extractions
we display the result for the quantity ¢5% = ga (1 + (A4 — AY) /2), which is simply

8 Using the recent determination Aé —AY =

denoted g4 in most of the past literature.
0.00407(8) [27] we obtain

ga = 1.27276(45). (4.4)

These results for ¢%7 and g4 are the most precise obtained so far. This is, to a large
extent, due to the inclusion of the recent accurate measurement of the S-asymmetry of the
neutron by the PERKEO-IIT experiment [55]. On the other hand, the values of V4 are
less precise than those presented in most of the previous surveys, see e.g. [65]. This is so
because we take into account the new sources of uncertainty in superallowed transitions
discussed in refs. [58, 59], cf. section 3.2. We remark that the V,4 value depends on the
inner radiative correction A}, cf. Eq. (2.3). The results in eq. (4.3) are obtained using the
Seng et al. evaluation: AY, = 0.02467(22) [24]. Using instead the Czarnecki et al. evaluation
AY, = 0.02426(32) [25] one finds V4 = 0.97390(27), which has a similar error as the result
in eq. (4.3), while the two central values differ by less than one standard deviation. The
dependence of V,4 on the different choices of radiative corrections is illustrated in figure 1
(right panel), which also shows the CKM-unitarity V4 value obtained using current PDG
values Vs = 0.2245(8) (S=2.0) and V,,; = 0.00382(24) (S=1.6) [5].

In figure 1 (left panel) and table 3 we show the confidence intervals for V4 and g4 ob-
tained using various subsets of the nuclear and neutron data. It is clear that the sensitivity
to V4 is dominated by the superallowed decays, while g4 is dominated by the neutron
data. The impact of the mirror decays on these bounds is negligible in the SM scenario,
although they represent valuable and nontrivial inputs that improve the robustness of the
Va4 extraction from beta decay, given they are sensitive to very different systematics. The

8The PDG determination, g4 = 1.2756(13) [5], is significantly less precise mainly because it does not
use the neutron lifetime, which is the most sensitive observable.
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17F 191\Ie 211\]a 29P 35Ar 37K
Ve 0.83(22) 0.9742(11) 0.9734(33) 0.951(43) 0.9749(39) 0.9750(26)

Table 4. Values of V,,4 obtained from each individual mirror transition.

error on V4 determined from the mirror data alone is currently 3.4 times larger than that
determined from the superallowed data. The former error has decreased by a factor of two
since the pioneering work of ref. [14].

Another tangible effect of the mirror data is the very precise extraction of the corre-
sponding mixing ratios p in eq. (4.1). These do not probe fundamental parameters, but may
be nevertheless interesting from the point of view of nuclear theory. In this regard, we note
that the errors on p are a factor of 2-4 smaller in the global fit, compared to the determina-
tion based on the mirror data only (due to significant correlations in the only-mirrors fit).
This is illustrated in table 3 by the comparison of the mixing ratio of 'Ne determined from
the mirror and global data. Finally we note that the mixing ratios p in eq. (4.1) are signifi-
cantly more precise than those obtained in ref. [13], mainly because of the improvement in
the Ft values and the f4/fy factors. Some of these inputs have shifted from their former
values, which is reflected in shifts in the extracted mixing ratios with respect to ref. [13].

In table 4 we also compare the sensitivity to V,4 of various mirror transitions taken
on its own. Currently, the determination using '“Ne is the most accurate one, dominating
the mirror-decays extraction, followed by those based on 3“K, ?'Na, and 3°Ar. For 2P, the
weaker sensitivity is due to a relatively large error in the correlation measurement. The
sensitivity of I"F looks abysmal, despite the fact that the correlation measurement has a
similar error as that of 2P. For '"F decay the experimentally measured [-asymmetry is
near the maximum of A regarded as a function of pp, which leads to a large uncertainty
on pr when only the input from '"F is used. For this reason the '"F transition is rarely
used in this context. However, for the sake of new physics searches the sensitivity of 1’F
and 2P will be comparable, therefore we keep the former input in the analysis.

4.2 Non-standard interactions involving left-handed neutrinos

We move to discussing constraints on physics beyond the SM. Before attacking the general
case, we first consider the scenario where the only non-zero Wilson coefficients in the Lee-
Yang Lagrangian of eq. (2.2) are C¥, X = V, A, S, T, P. Recall that Cy parametrize 4-
fermion interactions of proton, neutrons, electrons, and the right-handed electron neutrino.
Setting C'y = 0 thus corresponds to neglecting beta decays into the right-handed neutrino,
either because this degree of freedom is simply absent in nature, or because it acquires a
Majorana mass significantly larger than few MeV. We recall also that the Wilson coefficient
C’; does not affect S-decay observables at the leading order in the recoil velocity expansion,
thus it does not enter the fits. All in all, in this subsection we simultaneously fit 4 Wilson
coeflicients C’"; A,ST together with the 6 mixing ratios of mirror nuclei and the 3 nuisance
parameters in eq. (3.4).
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Figure 1. Left: comparison between the 1o confidence intervals for V,,4 extracted from various data
sets, assuming the SM scenario. The blue error bars show the determination based on the superal-
lowed, neutron, and mirror data. The green error bars display the four most precise determinations
from individual mirror transitions. The salmon band corresponds to the value in eq. (4.3) using all
data included in this analysis. Right: comparison between the V4 value obtained in this work from
superallowed data (violet band) and alternative extractions (black error bars) using different values
of the inner radiative correction A}fz and of the nuclear-structure dependent corrections dyg. The
first four error bars correspond to A¥% = 0.02361(38) [68] (MS'06), AY, = 0.02467(22) [24] (Seng
et al’18), AY = 0.02426(32) [25] (CMS'19), AY = 0.02477(24) [26] (SFGJ20), and A} =
0.02474(31) [27] (Hayen’20), and they do not take into account the nuclear-structure dependent
corrections pointed out in Seng et al’19 [58] and Gorchtein’19 [59] (cf. section 3.2), which are in-
cluded in the last two points. The V,4 value obtained from CKM unitarity using current PDG
values Vs = 0.2245(8) and V,,;, = 0.00382(24) [5] is shown in both panels (gray bands).

In this scenario we find the following 1o confidence intervals and the correlation matrix:

o 0.98571(41) 1. —0.62 0.80 0.65
+

2| Ch| _ | —125707(59) o, ~0.62 1. —049 —0.56 | (45)
ck 0.0001(10 080 —0.49 1. 0.59

)
C;f 0.0004(12) 0.65 —0.56 0.59 1.
These results deserve a number of comments:

e Nuclear observables depend on the Wilson coefficients in the Lee-Yang Lagrangian
in a non-linear way and thus the likelihood function we constructed is in general
non-Gaussian. Nevertheless, the central values, 1o errors, and the correlation matrix
displayed in eq. (4.5) fully characterize the likelihood in the region of the parameter
space compatible with the data. This is a consequence of two facts. One is that the
BSM Wilson coeflicients C;T interfere with the SM amplitudes, therefore they affect
nuclear observables already at the linear level. The other is that all the parameters
in eq. (4.5) are stringently constrained, at the per-mille level or better. These two
facts ensure that, near the maximum of the likelihood, x?> = —2log L can be very
well approximated by a quadratic form: x? ~ X2, + 3 (& — Zo)A™1(Z — %), where &

~16 —



is a 10-dimensional vector of C;g and mixing ratios p;, Ty is its central value, and A
is the error matrix.

The SM makes two predictions about the Wilson coefficients in eq. (4.5). One is that
scalar and tensor currents are absent: Cd = C;E = 0. The other is that C‘J} and
-Ct/ C’{ﬁ are respectively equal to V4 < 1 and to the axial charge of the nucleon g4
up to small radiative corrections. Both of these predictions are in perfect agreement
with the fit results in eq. (4.5). Thus, in this scenario, there is no slightest hint of
physics beyond the SM affecting the nuclear observables. It is remarkable that data
require C’; and C; to vanish within the per-mille precision.

In figure 2 we show the marginalized bounds on scalar and tensor coefficients using
different subsets of data. The plot shows the complementarity of the different subsets,
and the strong bounds obtained using only mirror decays. The constraints on the
scalar currents are dominated by the superallowed data: a non-zero C;“ would lead to
a non-universal shift of the Ft values, cf. eq. (2.9). We note that there are significant
correlations in this fit with ten free parameters that cannot be shown in a 2D plot.
These correlations explain, e.g., that the combination of neutron and superallowed
data, provides bounds almost as strong as the entire dataset. In other words, given
the input from the superallowed transitions, tensor currents are strongly constrained
by the neutron data, where C;f would affect the precisely measured 7,, and A,. We
will come back to this later (see table 5).

The neutron ellipse in figure 2 shows a mild tension with the other ellipses, but it
is not statistically significant in the global fit, where we find x2,, /dof < 1. It has
its origin in a few measurements (mainly a,, from aSPECT [15] and B,,) that are in
some tension with the most precise ones (4, and 7,). We will come back to this in
section 4.3.

Allowing for the possibility of per-mille level C;FT contributions to the nuclear ob-
servables somewhat relaxes the constraints on C"J} 4, compared to the constraints
obtained within the SM scenario.

In order to obtain eq. (4.5) we fit the four Wilson coefficients C3; together with the
six “polluted” mixing ratios p; for the mirror transitions used in the analysis, cf.
eq. (2.8). The results for p; are not displayed in eq. (4.5) because we do not consider
them to be of interest.

It is instructive to translate the results in eq. (4.5) into constraints on the parameters

of the quark-level effective Lagrangian in eq. (2.1). The assumption C'y = 0 translates

into é€x = 0 for all X, so that the free parameters are V,4 and ex, X = L,R,T,S.
Given the absence of right-handed neutrinos, eq. (2.1) is a part of the weak EFT (WEFT)
Lagrangian [69] valid between the hadronic scale and myy. At the latter scale it can be
matched to another EFT, called the SMEFT, whose degrees of freedom are those of the
SM. The matching equations are known at one loop [70], and the anomalous dimensions
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Figure 2. 1o constraints on scalar and tensor coefficients using different subsets of beta decay
data. The measurement of @(°He) does not exclude any portion of the region shown in this plot.
See appendix B for details about the various data sets.

describing the running of ex between the hadronic and myy scales in the WEFT have
also been written down [71]. Using those, the results below can be easily translated into
constraints on the Wilson coefficients in the SMEFT.

Since the data require |ex| < 1, we will work to linear order in ex. Then the dictionary
in eq. (2.3) reduces to

v, v,
O = 51+ Afgv, Ch~ =51+ Aftga(l - 2¢p),
Vad Vad
Cf ~ TungeTa C§ ~ 71;95657 (4.6)

where we defined the “polluted” CKM element Vud = Vud(l + €5, + eR). It is important
to realize that, using the nuclear data alone, it is not possible to disentangle the true
CKM element V,4 from the new physics corrections parameterized by er, + er. Indeed,
the data independently constrain four Wilson coeflicients C‘Jg AS.T which however depend
on five quark-level parameters V,4 and €1, g s 1, leaving one flat direction. Note that, for
er+er #0, V.. is not an element of a unitary matrix, and thus it is not tied by the unitarity
relation to Vs measured in kaon decays. Conversely, a conclusive proof that Vqu + V2 £1
would be an evidence for the existence of new physics, manifesting as ey, + eg # 0 in the
quark-level effective Lagrangian.® Furthermore, in the presence of new physics, the nuclear

%In reality the issue is slightly more complicated, because kaon decays also probe a “polluted” Vs rather
than the original CKM element V,,s. Thus, evidence for Vfd +V2 # 1 can be interpreted as new physics in
the ud sectors, or in the us sector, or both [72, 73].
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Parameter Mirror All but mirror Global
Vid 0.9744(36)  0.97369(46)  0.97377(41)
€s -0.002(10)  0.0000(11)  0.0001(10)
er 0.002(19)  0.0002(14)  0.0005(13)

Table 5. Comparison of the sensitivity of mirror and other data sets to the parameters of the
quark-level Lagrangian in eq. (2.1), in the scenario where all éx = 0.

data can no longer disentangle ga from effects of the new physics parameter er, which
encodes non-standard V+A interactions in the quark-level Lagrangian. Instead, a lattice
determination of g4 has to be used to disentangle g4 and eg [73, 74]. In this analysis we
will use the FLAG’19 average g4 = 1.251 + 0.033 [20]. With this additional lattice input
to the dictionary in eq. (4.6), the fit in eq. (4.5) translates into!'®

A

Ve 0.97377(41) 1. 0.01 0.77 0.62
R —0.009(13) 001 1. 0. O
_ = (4.7)
€s 0.0001(10) 0.77 0. 1. 0.59
er 0.0005(13) 062 0. 0.59 1.

Per-mille-level constraints on C’;T translate into per-mille-level constraints on egr
in the quark-level Lagrangian. On the other hand, for ep the constraint is only at the
percent level, due to the percent-level accuracy of the lattice determination of g4. We
note here that if, instead of the FLAG average, we use the CallLat determination g4 =
1.271 £ 0.013 [21] then we find eg = —0.0007(51) — an improvement by a factor of 2.5!
Future improvements of the lattice determination of g4 [75] will immediately translate into
more stringent constraints on the non-standard V+A currents encoded in eg.

Other processes are sensitive to the same effective operators, see ref. [4] for a detailed
review. For instance, assuming the so-called SMEFT as the underlying theory valid at
LHC scales, one can relate the Wilson coefficients of dimension-6 SMEFT operators to the
low-energy EFT parameters, and translate LHC constraints on the former into constraints
on e€x. Let us stress that this implicitly involves non-trivial assumptions that new physics
is heavier than a few TeV and that dimension-8 and higher SMEFT operators can be ne-
glected. Moreover, due to the humongous number of the SMEFT operators, LHC analyses
often involve simplifying assumptions that only a small subset of dimension-6 operators
is simultaneously present. Given these caveats, one can for example set bounds on egr
using high-energy pp — ev and pp — e*e™ processes [76]. Figure 3 shows the comparison
of the bounds obtained from beta decays in this work and the latest bounds from LHC
data [22] assuming two particular dimension-6 operators present at the TeV scale. It is
remarkable that the beta decay and the LHC constraints are comparable, which indicates

10We stress that er was defined in this work with a different normalization (by a factor of 4) than in
previous works, cf. eq. (2.1).
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Figure 3. 90% CL constraints on scalar and tensor coefficients obtained from beta decays in this
work (solid black line) and from LHC data (dashed blue and dotted red lines) [22]. We stress here
again that er is defined in this work with a different normalization (by a factor of 4) than in ref. [22].

that precision measurements of beta decays can effectively probe similarly high scales as
the LHC, even though they involve merely MeV energy transfers!

To close this subsection, we come back to the comparison of the constraining power
of the mirror transitions and other nuclear observables. In table 5 we compare the lo
confidence intervals obtained with and without including the mirror data. The mirror data
alone, without any other input, are capable of simultaneously constraining Vud, €S, €T,
together with the six relevant mixing ratios p. This shows that the mirror transitions can
potentially play an important role in probing new physics beyond the SM, in addition to
measuring the CKM element V4 within the SM scenario. However, much as in the SM case,
the impact of the mirror transitions is currently limited in the scenario with only left-handed
neutrinos. As anticipated above, the reason is that Vud, €s, €7 are already well constrained
by a combination of superallowed and neutron data, without leaving flat directions in the
parameter space. Compared to the superallowed and neutron data, the uncertainties of
correlation measurements in mirror transitions is still too large by a factor of few, therefore
mirror data does not improve the constraints in this scenario. Still, and much like in the
SM scenario, mirror decays improve the robustness of beta decay constraints since they
come from different experiments and are subject to different systematics.

4.3 Non-standard interactions involving left- and right-handed neutrinos

Finally, we discuss the constraints on the Wilson coeflicients of the Lee-Yang Lagrangian in
eq. (2.2) when all of them are allowed to be simultaneously present. In particular, the Wil-
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son coefficients C'y, which characterize the interaction strength of right-handed neutrinos,
are allowed to be non-zero. For the Wilson coefficients we find the 1o confidence intervals

o 0.98501( 1) v?|Cy| < 0.053
(+14) _
2 Ccy _ | sy v?|C;| < 0.063 (48)
cé —~0.0007*79) v?|C5| < 0.050
ci —~0.0010{"53) v?|Cy | € [0.072,0.099)]

Simultaneously with the 8 Wilson coefficients in eq. (4.8), we also fit the 6 mixing ratios p;
of the mirror nuclei. Thus, we perform a 14-parameter minimization of a highly non-linear
likelihood with over 40 distinct experimental inputs. To obtain the confidence intervals in
eq. (4.8), for each Wilson coefficient we construct a one-dimensional likelihood marginalized
over the 13 remaining parameters. In spite of these technical challenges, we obtain a smooth
likelihood for each Wilson coefficients and a stable fit. In fact, adding the mirror data im-
proves the stability, even though it necessitates including 6 additional free parameters (p;)
in the fit. This indicates that the mirror data are vital for lifting degeneracies in the space
of the Wilson coefficients C)ig. The marginalized likelihoods for some of the Wilson coeffi-
cients, with and without including the mirror data, are displayed in figure 4 and figure 5.
These results deserve also several comments:

e One should keep in mind that the likelihood, being highly non-Gaussian, con-
tains more than one global minimum. First, the confidence intervals displayed in
eq. (4.8) encompass two degenerate global minima of y? = —2logL, related by
Cy — —Cy [11, 12]. In addition, as discussed in section 4.1, we have the “shadow
minima” where C‘J} < 0, which we ignore. Finally, the likelihood contains several
shallow local minima with O(1) difference in x? compared to the global one, in close
vicinity in the parameter space to the global minima. These are responsible for the
wiggles in the marginalized likelihood for some Wilson coefficients like C:,Jf , (figure 4
right).

 Given that the likelihood is symmetric under Cy, — —C'y, the marginalized likelihood
functions for all C'y are always symmetric around zero: XIQnarg(C;() = X?narg(—C;(),
as can be seen in figure 5.

o For the Wilson coefficients C’} associated with left-handed neutrinos, the constraints
become O(2 — 3) weaker than in the C%-only fit (cf. eq. (4.5)). This is a limited
increase of uncertainties, given that we have introduced 4 additional free parameters
into the fit! The robustness of the constraints is an evidence of the power of the
precision data on beta decays.

o The results in eq. (4.8) provide model-independent constraints on the Wilson coeffi-
cients C'y associated with right-handed neutrinos. This is the first time such general
constraints have been extracted from nuclear observables while keeping all 8 Wilson
coefficients C’)j? in the fit. As expected, the constraints on C’y are much less stringent
than those on C’;g, since the former do no interfere with the SM contributions. As
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a consequence, they enter the nuclear observables only at the quadratic order (in
contrast to C, which enter at the linear order).

One consequence of the relaxed constraints is that the constraints on the CKM ele-
ment V.4 are also less stringent in the scenario with right-handed neutrinos. More
precisely, as in the previous scenario in section 4.2, we can only constrain the “pol-
luted” matrix element V4 = Vua(1 + €r, + €r). We find Vi = 0.97308Eﬂ?;) to be
compared with V.4 = 0.97370(25) in the SM, and Via = 0.97377(41) in the BSM

scenario with only left-handed neutrinos.

Unlike in the previous two subsections, the likelihood function for the Wilson coef-
ficients is highly non-Gaussian. As we mentioned above, Cy enter at the quadratic
order, and thus the marginalized likelihood for C'y cannot be approximated by a
quadratic function (e.g. in a fit with a single C'y, the x? would be a quartic poly-
nomial in C). The departure from Gaussianity is clearly visible in figure 5. As for
C’;, while they enter at the linear order, the asymmetric errors in eq. (4.8) demon-
strate that the marginalized likelihood for C’;g cannot be well approximated by a
quadratic function either. We remark however that these latter non-Gaussianities
are somewhat reduced due to the inclusion of the mirror decay data in the global fit
(figure 4). Because of the non-Gaussianities, we do not quote the correlation matrix
for this fit. Unlike in the Gaussian case, confidence intervals together with the cor-
relation matrix do not allow one to reconstruct a non-Gaussian likelihood. The full
likelihood is instead available in the numerical form, as a Mathematica code.

For the SM fit, and for the BSM fit with only left-handed neutrinos, the impact of the
mirror decay data was found to be negligible. The situation changes in the present
fit because the parameter space is enlarged to include the CY, pertinent to right-
handed neutrinos. Indeed, including the mirror data shrinks the confidence intervals
significantly, typically by an O(2) factor, as shown in table 6.

The results from the fit in eq. (4.8) show a striking preference for a non-zero value of
the new physics parameter C,. The significance of the anomaly is 3.2 o, given the
x? displayed in the right-panel of figure 5. This tension appears because non-zero
values of U}, allow one to improve the fit to the neutron data, especially to eliminate
the tension between the aSPECT measurement of a,, [15] and other inputs. Indeed,
removing this single measurement from the fit the “anomaly” is reduced to 1.80. The
mirror data are not an eminent player in this anomaly, however adding them to the
global fit slightly strengthens (by one unit of x?) the hint for new physics.

We close this section with a historical comment. One of the central questions in the

1950’s was whether the weak interactions were mediated by vector-axial or scalar-tensor

currents. After some initial confusion, experiments settled on the former possibility, paving

the way to the discovery of the SM. In fact, that conclusion has always hinged on simplifying

assumptions that only a couple of Wilson coefficients of the Lee-Yang Lagrangian were

present at the same time. The present analysis is the first complete and model-independent

- 29 —



Parameter C‘J} Cy C;r Cct cy, Oy Oy T

Improvement factor 2.8 28 1.6 23 18 1.7 1.0 2.0

Table 6. Improvement of the marginalized constraints on the Wilson coefficients of the Lee-Yang
effective Lagrangian in eq. (2.2), in the scenario where both left- and right-handed neutrinos are
present. The improvement factor is defined as the ratio between the widths of the 68% CL intervals
in the fit without and with the mirror data.

4y Y I 4 T I 7
3 3
32 32
| M | |
8.978 0.980 0.982 0.984 0.986 0 -0.010 -0.005 0.000 0.005 0.010
V2Cy, vicy

Figure 4. Marginalized Ax? = x? — x2,;, distributions for the Wilson coefficients Cy; (left) and
C7} (right), with (red) and without (blue) taking account the input from mirror beta decay.

4 | 1 I ]
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. o TR X7
-0.10 -0.05 0.00 0.05 0.10 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
V2Cy V2Cr

Figure 5. Marginalized Ax? = x? — x2,;, distributions for the Wilson coefficients Cy; (left) and
Cr (right), with (red) and without (blue) taking account the input from mirror beta decay.

demonstration that the weak interactions involving the lightest quarks are of the vector-
axial type. In contrast to the global fits performed in refs. [11, 12] the present work
includes also the extraction of the overall strength, keeping track of all correlations in a
consistent way. At this point in history, such an observation has only an anecdotal value.
Of more practical interest is that the present analysis provides the most up-to-date precise
quantitative limits on possible departures from the vector-axial picture. We find that scalar
and tensor currents associated with the left-hand neutrino have to be below a percent level
at 95% CL. On the other hand, corrections from scalar and tensor currents associated with
the right-hand neutrino can be larger, O(10)%.
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5 Conclusions and future directions

In this paper we have discussed the constraints from nuclear beta decays on the parameters
of the effective Lee-Yang Lagrangian describing the weak interactions between nucleons,
electrons, and neutrinos, paying special attention to the role played by mirror decays. The
Wilson coefficients of this Lagrangian carry precious information about physics occurring at
higher-energies compared to the nuclear scale. First, they are sensitive to the fundamental
SM parameters, specifically to the combination V,4/v? = V2G V4. Second, they are
affected by non-perturbative QCD entering via the nucleon charges gy 4,57, and also by
loop corrections which in part have to be evaluated in the non-perturbative regime as well.
Finally, the Wilson coefficient are sensitive to physics beyond the SM, that is to masses
and interaction strength of new hypothetical particles (Z’ bosons, leptoquarks, etc.) with
masses in the 1 GeV-100 TeV range. We constructed a global likelihood function, using the
latest experimental and theoretical input for a broad selection of allowed beta transitions.
This allows us to extract the most up-to-date constraints on the Wilson coefficients in the
Lee-Yang Lagrangian in (2.2).

Two hallmarks stand out in the present analysis as compared to previous works. One
is that we perform a completely general model-independent fit, allowing all the leading
order Wilson coefficients in the Lee-Yang Lagrangian to be simultaneously present. This
follows the lines of analyses in refs. [11, 12] but allowing in addition the extraction of the
overall interaction strength in a consistent fashion. Therefore, the results obtained in this
work can be applied to constrain generic new physics models that, at low energies, lead
to an arbitrary pattern of vector, axial, scalar, and tensor currents. Moreover, the present
results are valid for models with only left-handed neutrinos (as in the SM), as well as
for models with both left- and right-handed neutrinos in the low-energy spectrum. The
other hallmark is that we take into account measurements of half-lives and correlations
in mirror beta transitions. Previously, mirror transitions have been employed to extract
a value of the V,,4 matrix element in the SM scenario [14]. However, it is the first time
that they are used in a consistent and global way to constrain new physics beyond the
SM. In our analysis we include the data on beta decays of !"F, Ne, 2'Na, 2P, 3Ar,
and 7K. The distinguishing feature of these nuclei is that not only their half-life but also
some correlation parameter (a, A, or B) has been measured with a decent accuracy. This
allows one, simultaneously, to determine the mixing parameters p for these transition and
to constrain several new combinations of the Lee-Yang Wilson coefficients.

It is also worth stressing that the present analysis incorporates for the first time some
recent developments in non-mirror decays. They encompass theoretical aspects, such as
the inclusion of the nuclear-structure dependent corrections pointed out in refs. [24, 59],
and experimental developments, such as the PERKEO-III measurement of the neutron
beta asymmetry [55].

The results for the confidence intervals are given in egs. (4.1), (4.5), and (4.8), depend-
ing on the assumptions about the pattern of Wilson coefficients present in the Lagrangian.
For the SM scenario and the BSM scenario involving only left-handed neutrinos, the present
results supersede therefore those of ref. [4]. Eq. (4.1) assumes the SM as the underlying
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theory and thus the only Wilson coefficients present are C{ﬁ and C’j, as a consequence of
the V-A structure of the weak interactions. Eq. (4.5) assumes that the particle spectrum
at low energies of order 2 GeV is that predicted by the SM, in particular that right-handed
neutrinos are absent. However, it allows for generic new physics contributions, which man-
ifest as scalar and tensor currents parameterized by the Wilson coefficients C’g and sz .
Finally, eq. (4.8) is the most general scenario, as it allows for the presence of right-handed
neutrinos in the low-energy spectrum. Here, the relevant weak interactions are described by
8 Wilson coefficients: C‘JZ a,s,r characterizing the vector, axial, scalar, and tensor currents
with a left-handed neutrino, and Cy, 4 ¢ characterizing the same currents but with a right-
handed neutrino. In all these 3 scenarios we obtain a stable fit and stringent constraints
on the Wilson coefficients. At the quantitative level, our most important findings are:

o The relative uncertainty on C;> and C} is O(10~%) in the SM scenario. Via eq. (2.3)
it translates to an O(10~%) precision measurement of V,4 and g4. The uncertainty
on these parameters relaxes to O(1073) in the general new physics scenario;

« In the scenario with left-handed neutrinos the uncertainty on C§ and C; is O(1073)
in the units of 1/v?, where v ~ 246 GeV. This implies that nuclear observables are
sensitive to new particles with O(10) TeV masses and order one couplings to the SM,
or with O(100) TeV masses and maximally strong coupling to the SM. In the presence
of right-handed neutrinos these bounds are relaxed only by an O(2) factor;

« The uncertainty on the Wilson coefficients C'y characterizing weak interactions of the
right-handed neutrino is much larger, O(107!) in the units of 1/v%. That is because
the contributions from right-handed neutrinos to the nuclear observables enter only
at the quadratic level in C'.

e In the scenario with only left-handed neutrinos, the current data do not show any
hint of new physics effects, that is to stay, C’; and C’;f are compatible with zero
within 1o confidence level. On the other hand, in the general scenario the data show
a 3.20 indication for new physics manifesting via right-handed tensor currents with
|C7| ~ 0.1/v% That Wilson coefficient could be generated e.g. via a leptoquark
with the mass in the TeV range and O(1) couplings to the light quarks, electron
and right-handed neutrino. It is not clear, however, whether a phenomenologically
viable model of this kind can be constructed, given the constraints from direct and
Drell-Yan searches at the LHC [76].

The inclusion of mirror transitions in the global fit has little effect in the SM scenario
and in the BSM scenario with only left-handed neutrinos, where the precise data from the
superallowed and neutron decays dominate the final constraints. On the other hand, the
mirror transitions are wvital to lift approximate degeneracies in the parameter space of the
more general scenario with right-handed neutrinos. Here, the confidence intervals for the
Wilson coefficients shrink by a factor of two due to the inclusion of the mirror data. Inci-
dentally, the hint for a non-zero C7 is slightly enhanced (by one unit of x?) after including
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Measurement T Ne 2INa 2P HAr 37K

Aa =1073 1.3 1.2 16 14 16 1.3
AA =103 1.0 1.2 14 14 1.7 11
AA=1073 AFt/Ft=5x10"* 1.0 12 15 21 32 12
AA=10"1 1.4 31 21 15 1.8 14

AA=10"* AFt/Ft=5x10"* 15 38 38 38 39 34

Table 7. Potential improvements of the determination of the CKM matrix element V4 in the SM
using only mirror decays with respect to the current extraction, V™" = 0.97424(95). A given
row and column indicate the observable and transition, respectively, that is added to the current
dataset. We remind the reader that an improvement of a 3.4 (1.8) factor is required to reach the
current V4 extractions from superallowed (neutron) data.

the mirror data. All this demonstrates the potential importance of mirror transitions as a
means to search for new physics.

We close with a comment about the prospects for improving the constraints presented
in this work. As shown in table 1, past measurements of correlations in mirror decays are
typically at the 10~2 level, with the notable exception of A(*"K) which has a 3 x 1073
uncertainty. On the other hand, Ft values in mirror decays are much better known, with
typical uncertainties in the (0.5 — 1.8) x 1073 range. The expected sensitivity of improved
beta decay experiments, many of which involve mirror nuclei, was recently discussed in
ref. [77]. Our goal here is merely to establish a number of goalposts, to serve as a simple
reference for planning future experiments. Potential improvements of the V,,; determina-
tion from mirror decays are shown in table 7 for the SM scenario. We see for instance that
a new per-mille-accuracy A measurement in 3> Ar will shrink the error bars by a 1.7 factor,
producing a Vu@"’”"r extraction as precise as the current one from neutron decay. A more
significant improvement would require knowledge of some correlation and the correspond-
ing Ft value with an O(10™*) accuracy. Beyond the SM, the impact on mirror-only fits
will be far more consequential. As one can see in table 5, the existing mirror data provide
loose constraints on the SM and new physics parameters in the BSM scenario with only
left-handed neutrinos. Any new per-mille-level correlation measurement will help lifting
approximately flat directions in the parameter space, leading to a significant strengthening
of the mirror-only constraints. On the other hand, it is less trivial for the new mirror
measurements to make an impact in the global fit, where they have to compete with very
precise superallowed and neutron data. We would need an O(10~%)-level correlation mea-
surement for a lighter mirror nuclei (*"F or '?Ne) to have a non-negligible improvement in
the BSM bounds. Finally, in the general BSM scenario with right-handed neutrinos the
future mirror data will continue playing an outstanding role, whether in the mirror-only or
in the global fit. In this case, because of the many-dimensional parameter space and the
existence of multiple quasi-degenerate minima, any new per-mille level mirror measurement
will be invaluable for reducing the error bars on both the SM and new physics parameters.
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A Gamow-Teller decays

For completeness, in this appendix we summarize the theoretical expressions for the cor-
relation parameters in Gamow-Teller (GT) beta decays used in the global fit. We define

for = (C1)* + (CF) +(C1)* + (Cp)%. (A1)

The B-v correlation is then expressed by the Wilson coeflicient of the Lee-Yang Lagrangian
in eq. (2.2) as

1

agr = —=
éaraat 3

(CH? = (CFP +(Ca)? - (€. (A2

The expression for the S-asymmetry depends on relative spins of the initial (J) and final
(J?) state nuclei. For J' = J — 1 we have

fordor = #{(C7 - (C? - (€22 + (€ (A.3)

while for J' = J + 1 we have

A J _
fordcr = 2" { O - (€ - (€2 + (¢} (2.4)
Finally, the ratio of beta polarizations in pure Fermi and GT transitions is given by the
expression:
Dy (CF)* = (C3)* = (Cy)* +(C5)’

Par  (CV)? +(C4)? + (Cy)? + (Cg)? — 2{me/ Ee) r [CY C4 + Cy Cg]
O+ (Cr)* + (Ch) + (Cp)* = 2(me/ Ee) o [Ch Cp + Ca Cr ] (A5)
(CH)? = (CF)? = (C)? +(Cp)? o

B Data for non-mirror beta decays

In this section we collect the additional experimental values for observables used in the
analysis. The values for mirror beta decays are listed in table 1.

Table 8 lists the Ft values for the superallowed decays used in the fits. These are
all B transitions of the Fermi type between nuclei of spin 0 and positive parity. The Ft
values are copied from table XVI of ref. [60]. The central values take into account both
the ¢ correction and the effects pointed out in refs. [24, 59], however the errors do not
include the associated theoretical uncertainties as they are strongly correlated between the
decays. The fits carried out in the present work do take into account those correlated errors
following eq. (3.4). The (m./E.) values are calculated using eq. (2.6).
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Parent Ft [s] (me/Ee)
10¢C 3075.7 £ 4.4 0.619
140 3070.2 £ 1.9 0.438

2Mg 3076.2 £ 7.0 0.308
26mA] 3072.4+ 1.1 0.300
681 3075.4+5.7 0.264
341 3071.6 £ 1.8 0.234
MAr  3075.1+3.1 0.212
38mK 3072.94+2.0 0.213
3BCa  3077.8+6.2 0.195
428¢  3071.7£2.0 0.201
46y 3074.342.0 0.183
S0Mn 3071.1 £ 1.6 0.169
Co  30704+25 0.157
62Ga  3072.4+6.7 0.142
"Rb 3077 + 11 0.125

Table 8. Data from superallowed decays used in the fits [60].

Observable Value S factor (m./E.) References
T (8) 879.75(76) 1.9  0.655 [78-87]
A, —0.11958(21) 1.2 0.569  [5, 55, 88-92]
B, 0.9805(30) 0.591 93-96]
Ap —1.2686(47) 0.581 [97]
an ~0.10426(82) [15, 56, 57]
Gin —0.1090(41) 0.695 (98]

Table 9. Inputs from neutron decay used in the fits.
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The input from neutron decay used in the fits is shown in table 9. When multiple
references are given, the value is a Gaussian average of several experimental results. For
the neutron lifetime, due to mutually inconsistent measurements, the error is inflated by
the scale factor S = 1.9 following the standard PDG procedure [5].
latest PDG edition [5], we do not discard the beam measurements [79, 83] following the
arguments of ref. [34], since these arguments are valid only in the SM context. In fact,
as shown in figure 6, allowing for scalar and tensor currents in the effective Lagrangian,
the global fit actually predicts a central value of 7, closer to the beam than to the bottle
results [78, 80-82, 84-87], although compatible with both of them.

In the combination of the S-asymmetry measurements A, we inflate the error by

the scale factor S = 1.2, again following PDG [5]. For the 7, measurement, (m./E.) is

Contrary to the
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Figure 6. Neutron lifetime prediction in a global fit that includes all other measurements listed
in appendix B. Bottle measurements are favored in the SM fit (green band) but not in the BSM
scenario with only left-handed neutrinos (salmon band) (cf. section 4.2).

Parent Ji Jyf Type  Observable Value (me/Ee) Ref.
6He 0 1 QT/8” a —0.3308(30)  0.286  [99]
32Ar 0 0 F/B* a 0.9989(65)  0.210  [100]
BmK 0 0 F/p+ a 0.9981(48)  0.161  [101]
0Co 5 4 QGT/B A —1.014(20)  0.704  [102]
67Cu 3/2 5/2 GT/B~ A 0.587(14)  0.395  [103]
141y 1 0 GT/p~ A —0.994(14)  0.209  [104]
1o /¢ F-GT/pt Pp/Pgr  0.9996(37)  0.292  [105]
26 A1/30p F-GT/B8t Pp/Pgr  1.0030 (40)  0.216  [106]

Table 10. Data from correlation measurements in pure Fermi and pure Gamow-Teller decays used
in the fits.

calculated using eq. (2.6); for the remaining measurements we use the effective (m./Ee)
values provided in ref. [4], which take into account the experimental conditions.

Finally, the present analysis includes an input from various correlation measurements
in pure Fermi and pure Gamow-Teller decays. These are collected in table 10.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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