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ABSTRACT: In this work we investigate the implication of low-energy precision measure-
ments on the quark-lepton charged currents in general neutrino interactions with sterile
neutrinos in effective field theories. The physics in low-energy measurements is described
by the low-energy effective field theory extended with sterile neutrinos (LNEFT) defined
below the electroweak scale. We also take into account renormalization group running and
match the LNEFT onto the Standard Model (SM) effective field theory with sterile neu-
trinos (SMNEFT) to constrain new physics (NP) above the electroweak scale. The most
sensitive low-energy probes are from leptonic decays of pseudoscalar mesons and hadronic
tau lepton decays in terms of precise decay branching fractions, the lepton flavor uni-
versality and the Cabibbo-Kobayashi-Maskawa (CKM) unitarity. We also consider other
constraints including nuclear beta decay. The constraints on charged current operators
are generally stronger than the ones for quark-neutrino neutral current operators. We find
that the most stringent bounds on the NP scale of lepton-number-conserving and lepton-
number-violating operators in SMNEFT are 74 (110) TeV and 9.8 (13) TeV, respectively,
for the operators with down (strange) quark.
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1 Introduction

The absence of any signal for new physics (NP) beyond the Standard Model (BSM) at the
Large Hadron Collider (LHC) has sparked a renaissance in the search for the BSM physics at
low-energy experiments. The hints for BSM physics, however, may hide in deviations from
the SM in low-energy precision measurements. The precision era in neutrino physics sheds
light on possible new dynamical degrees of freedom such as right-handed (RH) neutrinos
and non-standard neutrino interactions. The results of low-energy precision measurements
can guide our direct search for NP in the neutrino sector at future high-energy colliders.
The effective field theory (EFT) below the electroweak (EW) scale can well describe
the physics in low-energy measurements and serves as a model-independent way to study
the implications for neutrino physics. The low-energy effective field theory (LEFT) is
an EFT defined below the electroweak scale Agw ~ 102GeV [1]. The LEFT respects
the unbroken gauge symmetries SU(3). X U(1)en after integrating out the Higgs boson h,



weak gauge bosons W, Z and the top quark ¢ in the SM. The LEFT extended by right-
handed neutrinos N is correspondingly named as LNEFT [2, 3]. In ref. [3] we constructed
the complete and independent operator basis for the LNEFT up to dimension-6' and
matched the quark-neutrino neutral current interactions in the LNEFT to the SM effective
field theory extended by RH neutrinos N (SMNEFT) [4] at the electroweak scale. The
SMNEFT respects the SM gauge group SU(3). x SU(2)1, x U(1)y and describes the physics
above the electroweak scale up to the NP scale. The full classification of the SMNEFT
operators up to dim-7 has been done in refs. [5-9].2 By studying the implication of low-
energy measurements for the neutral currents in LNEFT, we found that the most stringent
bound on the NP scale in SMNEFT is 1.5 TeV for the neutrino-quark operators [3]. We
note that, after the electroweak symmetry breaking, some SMNEFT operators yielding the
neutrino-quark neutral currents can also induce charged current operators in the LNEFT.
The charged current operators are made of a neutrino, a charged lepton, an up-type quark
and a down-type quark. More intriguingly, the relevant SMNEFT operators may be subject
to more stringent constraints due to the presence of charged leptons.

In this paper we investigate the implication of low-energy measurements on the
charged currents in LNEFT with both lepton-number-conserving (LNC) and lepton-
number-violating (LNV) operators. The most sensitive low-energy probes arise from the
weak leptonic decays of pseudoscalar mesons and hadronic tau lepton decays in terms of
precise decay branching ratios (BRs), the lepton flavor universality (LFU) in pseudoscalar
meson and tau lepton decays and the Cabibbo-Kobayashi-Maskawa (CKM) unitarity. We
also consider the constraint on charged currents in LNEFT from nuclear beta decay and
predict new contributions to weak decays of light vector mesons. Since the high scale NP
effect is usually parameterized in the SMNEFT, we then take into account renormalization
group (RG) running effect from the experimental scale to the EW scale and match the
LNEFT onto the SMNEFT to constrain the relevant NP scale.

The paper is outlined as follows. In section 2, we describe the general charged current
operators in the LNEFT basis. The LNEFT operators are then matched to the SMNEFT.
We give the analytical expressions for the low-energy constraints from the decay branching
fractions, the LF'U in pseudoscalar meson and tau lepton decays, the CKM unitarity and
nuclear beta decay in section 3. The numerical results are given in section 4. We also
discuss other relevant constraints and predict modification of weak decay rates of vector
mesons in section 5. Our conclusions are drawn in section 6. Some calculational details
are collected in the appendices.

2 General neutrino interactions with RH neutrinos

The main focus of this work is on low-energy precision measurements of charged current
processes involving neutrinos from the perspective of effective field theory. We in particular
consider leptonic decays of pseudoscalar mesons, hadronic tau lepton decays, the LFU in

! An independent set of operators at dim-6 in LNEFT was given in ref. [2].

2We would like to briefly mention that in recent years there has been progress in automatizing the
construction of operator bases. See e.g. ref. [10] for the recently developed Mathematica package GrIP and
references therein for other approaches.



pseudoscalar meson and tau lepton decays, the CKM unitarity and 8 decays. All those
observables are measured at the sub-GeV scale but generated by the W boson at the EW
scale and/or the possible heavy NP beyond the EW scale. Thus, it is suitable to work in
the framework of LNEFT defined below the electroweak scale Agw. Its dynamical degrees
of freedom include the five quarks (u,d, s, ¢,b), all charged leptons (e, 1, 7) and neutrinos
(Ve, vy, v7) in the SM and an arbitrary number of BSM RH neutrinos N. The power
counting of LNEFT is determined by both the NP scale Axp and the electroweak scale
Agw. The LNEFT consists of dim-3 fermion mass terms, dim-4 kinetic terms and higher
dimensional operators (’)g:jL)(d > 5) (dim-d) built out of those light fields and satisfies the
SU(3)e X U(1)em gauge symmetry. The LNEFT Lagrangian is

Linerr = La<a+ )Y CldL)(’) :jL) , (2.1)
i d>5

where C (dL) is the Wilson coefficient (WC) of operator (’)EdL). Generally, the Wilson coefficient

C’( L) scales as A"+4 4/AL s with integer n > 0. In appendix A we summarize the dim-6
operator basis involving RH neutrinos N in the LNEFT [3].

We assume the LNEFT is a low-energy version of the SMNEFT which is defined above
the electroweak scale. In the SMNEFT, the renormalizable SM Lagrangian is extended
by the RH neutrino sector and a tower of higher dimensional effective operators (’)Ed) with

increasing canonical dimension d > 5. The importance of these operators is measured by
the Wilson coefficients Ci(d) with decreasing relevance

LovnerT = Lsmin + Y Y ol (2.2)
i d>5

where Lgn4n is the renormalizable SM Lagrangian extended by RH neutrinos N. The
(d)

unknown Wilson coefficient C;™ encodes the heavy NP contribution and is associated with
an effective NP scale via Axp = (C’i(d))l/ (4=d)  For a given NP model, after integrating out
the new heavy states, it can be determined as the function of the parameters in the NP
model through matching and renormalization group running. In appendix B we collect the

relevant SMNEFT operators used in our analysis for the generic neutrino interactions.

2.1 General lepton-quark charged current operators in LNEFT basis

Denoting the SM left-handed neutrinos as v and the right-handed sterile neutrinos as N, the
dim-6 quark-lepton charged current operators with lepton number conservation are [1-3]

udm = (@py"dr)(CLyev) Oratvs = WrA"dr) (CLyuw) |
udm = (@rdy)(lrv) Obans = (@rdr)(Lry) ,
udzy = (@ro"dr) (Lo V) , (2.3)
udéNl = (@py"dr) (CryuNN) Onaena = (WY dr)(CrYuN)
udem = (uzdr)((LN) Ofdezvz (@rdr)(€LN)
Ofaen = (Wro* dr)(LLouwN) (2.4)



together with their hermitian conjugates. Here u; and d; stand for up-type quarks (u,c)
or down-type quarks (d, s, b) respectively, ¢; are charged leptons (e, i, T7), v; are active left-
handed (LH) neutrinos (ve,v,,v,), and N; are RH neutrinos. The quark fields and the
charged lepton fields are in the mass basis, while the LH and RH neutrino fields are in the
flavor basis. Both v; and N; carry lepton number L(v;) = L(N;) = +1. The flavors of the
two quarks and those of the two leptons in the above operators can be different although we
do not specify their flavor indexes here. The dim-6 quark-lepton charged current operators
which induce lepton number violation are

Ot = (o ur) () | Ot = ([dry"ur) ((Gv)
Ofutn = (drur)((Fv) Ot = (drur) ((Fv)
Ol = (dro* ur)((Copv) | (2.5)
Oguent = (dry ur)(¢ L%N) Oluena = (%’Y“UR)(@WN) )
Ofunt = (drur)((GN) Ofuna = (drur)((EN) |
Oy = (Ao ug) (5o, N) | (2.6)

together with their hermitian conjugates. In the above, charge conjugation of a fermion
field 1) is defined through ¢¢ = C@T with the charge conjugation matrix C' satisfying
CT = 0t = —C and C? = —1. Next, we can incorporate the RG running effect from
the experimental scale taken as the chiral symmetry breaking scale A, ~ 1GeV to the
electroweak scale Agw ~ mpy to match the LNEFT to the SMNEFT.

The RG equations for the Wilson coefficients of the charged currents in egs. (2.3)—(2.6)
from 1-loop QCD and QED corrections are [11]

d a 1% 1% 1% 1%
g CH =+ 35 QuQeCY | CY € {Cu Culia: - Caiiwt
d 04 1% Viprst ~V,prst ~V,prst ~V,prst
i CY =~ 34-QuQ.CY Ol € {Cus Cutit. Co . Clis
a « S S S S,
~3(5-QuQu+ 3oCr) €, Cf e {Ciims el ey e}
(6%
ha CS =3 (5= QuQu+ 35Cr ) CF + 120 (@2 - Q3) T,
d 1«
0T =+ (-(Q2 —2Q? —S(J)CT S @R -’ 2.7
with
S S,prst S, prst S, prst S,prst
cs E{ Cotit | | Cutia| | Casr | | Caimt } 28)
,prst | ,prst | ,prst | ,prs ’ .
¢ Cudll?u C’ud]l;N Cduzlzu C’duZtZN

where the electric charges @, = 2/3,Qq = —1/3 and Q. = —1 for the up-type quarks,
down-type quarks and charged leptons, respectively, Cr = gN 2 _1)/2N, with N. = 3 is
the second Casimir operator of SU(3), and a = 472r(a5 = %=) with e(gs) being the QED
(QCD) coupling constant. From the above RG equations we see the scalar-type operator



S T . . .
O aqer(N)1 and tensor operator quey( Ny mix under the QED correction. The solution of the

RG equations is given by

o ~3QuQe /b
Y () = | 2otz C ()
"o 3QaQe/be
Y () = mmngjj‘jﬂ Y (12) .
s Tas(p2) 1297 [ aem(up) ] 39n Qe
() = _as(m)} [aem(m)] () (2.9)

in terms of the Wilson coefficients at the scales p; and pe. We introduced the coefficient
b= —11+2/3ns from the RG equation of the QCD coupling with ny being the number
of active quark flavors between scales p and ps, and the corresponding coefficient b, =
> 3(Ne)iQ? = 4(3ng + 4ny, + ng)/9 from the RG equation of the QED coupling with
neu,d being the active number of leptons/up-type quarks/down-type quarks between the
two scales. For C¥ and CT, the coupled differential equations have no analytical solutions.
We take the scale p1 (p2) to be Ay ~ 1 GeV (Agw =~ my ), and use the 4-loop QCD
running implemented in RunDec [12] for a, with initial value as(mz) = 0.1179 and the
1-loop QED running result for o with initial value a(m.) = 1/137.036. After including
quark and lepton threshold effects, the numerical results are

CY(Ay) = LO1CY (Arw) , CK(Ay) = 1.01CK (Agw), C5(Ay) = 1.78C5 (Arw) ,
C9(Ay) = 1.78C% (Apw) — 2.90 x 107207 (Agw) ,
CT(Ay) = —5.16 x 1074C% (Agw) + 0.835CT (Agw) - (2.10)

We see the scalar Wilson coefficient C'° (A, ) defined at A, receives a relatively considerable
contribution from the tensor Wilson coefficient CT (Agw) defined at Agw via the mixing
in RG running. For the low-energy observables sensitive to scalar operators but not the
tensor operators, this mixing term is important to constrain the tensor Wilson coefficients
through the direct constraints on scalar Wilson coefficients.

2.2 Matching to the SMINEFT

SMNEFT describes NP which enters at a sufficiently high scale above the electroweak
scale. See appendix B for a complete list of SMNEFT operators involving RH neutrinos
N up to dim-7 and the relevant dim-6 and dim-7 operators without N. LNEFT should
be matched to SMNEFT at the electroweak scale u = myy in order to constrain NP. We
list the relevant tree-level matching conditions for the LNC and LNV cases in table 1, and
part of the matching results has also been given in refs. [1, 2, 13]. Here v = (v2Gp)~Y/? ~
246 GeV is the SM Higgs vacuum expectation value (vev), and V is the unitary matrix
transforming left-handed up-type quarks between flavor eigenstate v/, and mass eigenstate
ur, ie vy = VTur. We choose the basis, where the flavor and mass eigenstates of the
charged leptons, the left-handed down-type quarks and RH quarks are identical. Thus the
unitary matrix V is the CKM matrix.



Class Matching of the Wilson coefficients at the electroweak scale Agw
LNC | CUY = 2Var OO - B W Wl CUY = — 2 WL Wil
tv case | O3S = v, O Cots = Crogt’
L = V"
LNC | CUIR = = 5 Wil Wl Cuiis = Citve = o Wl W,
IN case | Coifiit = —Ci%oa+ $CTaon Cudine = VerCGun
Cuiin' = §Clign
LNV | Gt = 52 Wl (W es Oty = =35 + i WAl W s
v case | CTES — —0—%052;5 L Cotny = + Ve Couirm
CZL%“ = +%C§§£m2
LNV | Cpbel = — 5V CoNLr2 + %[Wq]pr[WMts Cadine = + 5 ChunLn + %[WR}W (Wiles
(N case | CoPrb — +%Vz*p052tzs§/eH 1 Colive = +%C(€gJSVEH
Caain' = —55VarCEiRen2

Table 1. The matching result of the LNEFT and SMNEFT at the electroweak scale Agw. The
corresponding operators associated with the above SMNEFT Wilson coefficients are collected in
appendix B.

In table 1, the modified coupling constants [W;],, of the W boson with various charged
currents are defined via the generalized charged current

Q- N
LD— %W-ﬂi ([Wq]prTIp'Yder + [WR]prTRp'YudRr + [I}Vl]prl/ip')’ugLr + [WN]perfY;LERT)

) — —
P2 pytu <[Wl]prugfyﬂem + [WN]percwﬁLr> +h.c., (2.11)

V2

where the terms in the first (second) line conserve (violate) lepton number. The dim-6 and
dim-7 SMNEFT interactions shift the coupling constants to take the following form

[(Walpr = Vr + Uzcg);px%r )

3),pr
Wilpr = 0pr + ”2C§{l) i
V3 pr
[Wl]pr = ﬁCLeHD )

1
[(WRlpr = 5”20%111 )

1
(WNlpr = 51)20%}\,6 )
3

v T
Wyl == 5 50k - (212)

From the definition above and table 1, we see the SM contribution enters the matching
only through the LNC operator OY,, | with Wilson coefficient C’ngg;ﬁy%M = —AL%FV;,T(SQB.
For the operators Oyuarn2, Oduve2, Oduena, the matching contribution from integrating out
the W boson is bilinear in terms of the SMNEFT dim-6 and dim-7 Wilson coefficients,
therefore, the contribution is doubly suppressed and can be neglected in the numerical

analysis.



3 Low-energy processes and relevant constraints

In this section we discuss the sensitivity of low-energy precision measurements to the
charged currents in LNEFT and give the analytical expressions for the constraints. We
consider decay branching fractions, the LFU and the CKM unitarity in leptonic decays of
pseudoscalar mesons and hadronic tau lepton decays. Below, we first present the general
expressions of the partial decay widths needed for the observables.

We restrict ourselves to 2-body decays and calculate the decay widths T'(M™ — £Tv)
and I'(t— — M~v) with M denoting a light meson. We denote the meson M as
M*(upd,) = M+ and M~ (u,d,) = M~ and it can be either a pseudoscalar meson P
or a vector meson V. For a pseudoscalar meson P, the transition matrix elements to
the vacuum state from the scalar, vector, and tensor quark currents are zero. The only
non-vanishing matrix elements are for pseudoscalar currents, axial-vector currents and the
anomaly matrix elements. The relevant decay constants for our study are [14, 15]

hp

0|gv*vs4' | P(p)) = ifpp* , 0|gvs¢'|P(p)) = —i———
(0lgy"v54'| P(p)) = ifpp (0lgvs4'|P(p)) ———

SNEEY
where fp is the decay constant of pseudoscalar P and, for different-flavor quarks q # ¢/,
hp = m2P fp with mp being the mass of P. The non-vanishing hadronic matrix elements
for a vector meson V' with momentum p and polarization vector e‘(/ can be parameterized
as [15, 16]

Olgy"d' [V (p)) =frmve, (0lgo"q' |V (p)) =i fi (ehpp” — efpt) (3.2)

where fi and f‘if are the vector and tensor form factors pertinent to the vector meson V,
and my is the mass of V. In the following we assume the limit of massless right-handed
neutrinos.

For the charged leptonic decay of a pseudoscalar meson P, from eqgs. (2.3), (2.4), we
obtain the following AL = 0 partial decay widths

2 212, 2 2

(mp —myg )*mg f 2
P l b/ P 1% 1% S S

» = 1Charx1 — Cuarxa — MxJIPea (Crarx1 — Crarx2)|

(3.3)

(Pt = ¢t Xg) =
( o ,3) 647rm?1’3

where X € {v, N} and we defined 7, = 1 and ny = —1. We do not show the flavor indices
of the Wilson coefficients explicitly for brevity. They are easily recognized in terms of
the quark content of the pseudoscalar meson PT and the flavors of charged lepton ¢ and
neutrino v/N (the same abbreviated convention is also implied in the following unless we
show them explicitly for specific observables). my, is the mass of the charged lepton ¢,
and Jpg, denotes the mass ratio

2
mp

M (M, +ma,)

Ipe, = (3.4)

The Wilson coefficients CKMUl with the same-lepton-flavor components can be split into

. . . Vipraaw Vpraa V.praa . Vpras .
the SM and NP contributions, i.e. C 5, = wdfvl SM T C’udéyleP with Cud(l/l,SM =



435 Vprdap. In the SM, only the flavor conserving transition P™ — (v, is allowed and
the decay width takes the form

L(Pt = Cfvy)sm =

mp

G|V, 2 f2mZ m m2 2
r p'é’jf fo P<1— g) (1+6p), (3.5)

where the flavor indices p, r in the CKM matrix correspond to the two quarks constituting
the meson and ép parameterizes radiative corrections. From egs. (2.5), (2.6), the AL = —2
partial decay widths with a final state anti-neutrino X € {7, N} are

2 212, 2 42

(m% —mj )*mj f 9
P 14 lod P 1% 1% S S

. = 1Cguex1 — Cauexa + 1xJIpPe (Cauex1 — Cauex2)

(3.6)

(Pt = ¢t Xg) =
( o 5) 647rm?1’3

For tau lepton decay into a pseudoscalar meson and a neutrino, we have the following
AL =0 and AL = —2 partial decay widths

_ _ (m2 —m?2)? f2 2
[(r7 — P~ Xp) = T;LTP‘ wiex1 — Cogoxca — x Jpr(Clhyxt — ngexz)} , (3.7)

_ 2
[(r7 — P~ Xp) = 1287Tm ‘CduKXl Chuexa +1x TP (Chuxy — Cdu€X2)’ , (3.8)

and the SM partial width is

167 m2

2 2,2,.3 2\ 2
T(r~ — P vr)su = GplVorl* fpmz <1 _ mP) (1+6,p), (3.9)

where 0,p describes radiative corrections. The partial decay widths of tau lepton decay
into a vector meson and a neutrino are

| vaex1 + Cugoxa2(fv)?(m2 + 2mi)) (3.10)

+4’Cq:fd£X|2(fV) (2m24+m?,)+6Re[(Clypx, +Co d@XQ)CgJZX]meVfo\:C]»

(m2 = m3)? 1

[(17—=V ™ Xp)= 3973 1|C(YueX1 + Chuoxal*(fv)?(m2 + 2m7)) (3.11)

+A|Cluox [P (FF)?(2m2+mi,) —6Re[(Clox +C(‘i/uZX2)CZl;TZX]meVfo$:| .

The partial width in the SM is

G2 - VT 2 2 2 2
T(r~ =V uy)sm = LIf”'(ﬁ/)%ﬂﬂv <1 + ) <1 - mg) . (312
8 2my,

The matrix elements of all above processes are collected in appendix C.

To evaluate the constraints on the LNEFT WCs from low-energy measurements, we
need to define a quantity for each observable in experiment and suppose a general observable
quantity Q below. We are able to assume that the experimental error 6 Qey;, and theoretical



error in the SM calculation dQgy are uncorrelated and thus simply use Gaussian error
propagation to obtain the uncertainty with respect to the SM prediction

1
Qex 0 Qex 2 5O 2|z Qgint'
exp

where ng(‘;t' and Q%eMnt' denote the central values of experimental measurement and theoret-

ical prediction, respectively. For the observable Q, we denote the NP contribution encoded
in the effective operators relative to SM prediction by ARg = % — 1 and demand that
Qexp _ Qg)ecgt :t(s (Qexp ) .

Qsm ~— Qgut- Qsm

% is compatible with the experimental result over the SM value
Then we have the constraint on the deviation ARg

+0 <gs’;§> : (3.14)

chnt .
exp
cent.
SM

|ARQ| <|1-—

Next we explore each observable in terms of LNEFT WCs and evaluate the corresponding
errors.

3.1 Decay branching ratios

The first observable is the decay branching fraction of pseudoscalar mesons and hadronic
tau lepton decays. The observable quantity is the partial decay width and the experimental
results of decay branching fractions are given in table 2. For the charged leptonic decay of
a pseudoscalar meson PT, we obtain the following partial decay width with respect to the
SM prediction

[(PT — ¢f +inv.)

1+A = , 3.15
Pl = "D (P+ = ¢ va)su (8.15)

~ Vpraa -1 Vpraa V,praa S,praa S,praa
Apg, =~ 2Re [(C dZul,SM) (C awiNe — Cudnn — Iree (Cognn — Cuann )

U U U U U

1 % 2
praf ViprafB S,pra S,pra
+ ‘CV,proza ‘2 Z ’Cudful - Cud€u2 B JPZQ (Cudfl/l B Cudéz& )
udlvl,SM!  B#a
1 v 2
prof V.prap S,prof S,praf
+ ‘CV,proza ‘2 Z CudZNl - Cud€N2 + pra (CudENl - CudENZ )
udlvl,SM B
1 Vo 2
rpaf3 Vyrpa S,rpaS S, rpaf
+ ‘CV,praa ‘2 Z Cduful T Ydulv2 + ']Pfa (Cduél/l T Ydulv2 )
udflv1l,SM B8
1 Vo 2
rpaf Virpaf8 S,rpaf S,rpaf
+ ‘CV,proaoz ‘2 Z Cdu€N1 - CduZNQ - ‘]Pga (CduKNl - CduZNQ ) ) (316)
udlv1,SM B8

where 3 labels the flavor of either active neutrino v or sterile neutrino V.
For pseudoscalar meson P = 7, K decay, the theoretical uncertainties are from both the
radiative correction factor §p and the decay constant fp. They are d; = 0.0176+0.0021 and
= 130.2+ 1.2 MeV for the pion and §x = 0.0107 £0.0021 and fx = 155.74+0.3 MeV for



Decay BR Decay BR
T — uty, | (99.98770 £ 0.00004)% || KT — uty, (63.56 +£0.11)%
7t = et | (1.230 £0.004) x 1074 || K+ — etv, | (1.582 £ 0.007) x 1075 at 90% CL
t o utp. | <1.5x1073 at 90% CL || Kt — utr, < 3.3 x107% at 90% CL
7t — utve. | <8.0x1073 at 90% CL || K+ — utv, < 4.0 x 1073 at 90% CL
T T, (10.82 £ 0.05)% =K, (6.96 & 0.10) x 1073
T = p vy | (252404)x1072 ||77 = K*u, (1.20 £ 0.07) x 1072

Table 2. The experimental decay branching fractions of the relevant leptonic decays of pseudoscalar
mesons and hadronic tau lepton decays [17].

the Kaon [17, 18]. The experimental uncertainties are from both the lifetime measurement
and the BRs in table 2. The lifetime of the charged pion and Kaon are 7.+ = 26.033£0.005
ns and 7+ = 12.38 4+ 0.02 ns, respectively [17]. For the lepton-number /flavor-conserving
(LNC/LFC) decays of 7™ and K™, the theoretical and experimental uncertainties together
with eq. (3.13), result in the following central values and errors for = and K decays

I Texp
— =0.963 +0.018 , = —1.005+0.019 ,
s SV,
Toxp Lo
e =0.9770 £ 0.0063 , 7, —1.0084 £ 0.0050 . (3.17)
T'&s | e
SM SM

In table 2 we also show the limits on the branching fractions of 7 and K decay into u*
and electron or anti-electron neutrino at the 90% confidence level (CL). The relevant data
were taken from the bubble chamber BEBC during the short baseline run of the CERN
SPS v and v wide band beams. No 7, excess has been found in v, — 7, and v, — 7,
transitions and thus bounds have been placed on these LFV and LNV decays [19]. We
use these bounds to constrain the p, e component in the WCs contributing to the relevant
processes. For LFV decays P — u'v, and LNV decays P* — uTi,, the partial decay
widths are

T P+ + . (m% B ) me CVprp,e CVprp,e J CSpr,e CS,prp,e 2 3.18

( — Ve) - 647rmP udlvl udlv2 PN( udlvl udlv2 ) ’ ( . )
. (mp—mp)?fEme s s 2

(P o) = e T e el v i - el 6ao)

For tau lepton decay into a pseudoscalar meson P~ and a neutrino, the deviation due
to NP is described by A, p

't~ — P~ +inv.)
F(Tﬁ — PfyT)SM

V,prrr Viprrr Viprrr S,pr7T S,pr7T
2Re [<ou;z:;1 )~ (Cobiiie = Codbiy” = Ter(Capr” = o) )|

Vpr‘rﬁ VprTB S,pr78 S,pr78
|CVpr7-7- Z ‘ udlvl udZVQ JPT(CudZVl CudZVQ )‘
udlvl SM ,8757—

1+ Ap =

(3.20)

A7'P

12
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1 v, y s
CVrTl _ VIS 4 g (CSPTTE _ oS

+W E : udfN1 udlN?2
udlv1,SM B
1 Vor 2
P78 Virptf S,rpr S,rpr
+W Z CdU@l/l B Cdu@l/Z + JPT(CduEVl - Cdu€u2 )
udlvl,SM B
1 Vi 2
Tp7f Vorpr 8 Syrprp SrprB
+ v > CoRi = Couhiy = Tpe(Coniiy — Coili)| - (3.21)
udlv1,SM B

In the SM calculation of tau lepton’s hadronic decay into a pseudoscalar meson and a
neutrino, the main theoretical uncertainties are from meson decay constants fp and higher
order corrections, i.e. 0, = 0.0192 £ 0.0024 and d,x = 0.0198 £+ 0.0031 [20—22]. The
experimental uncertainties are from the tau lepton lifetime 7.+ = (290.3 £+ 0.5) x 1076 ns
and the decay branching fractions in table 2. For P* = 7™, KT, the theoretical and

experimental uncertainties result in the following central values and errors

T TK
exp exp
o, 0.998 £0.019 , ok = 0.980 £ 0.015 . (3.22)
For tau lepton’s hadronic decay into a vector meson V', the deviation is given by
't~ -V~ +inv.)
1+ Ay = 3.23
+amv F(Tﬁ — VfuT)SM ( )
V.prrr — V.prr V.prrr T, prr
Ary >~ 2Re [(Cud}tzz,SM) 1(Cudzl?z7:1?—NP + Coina + Cudly TK;V)}
1 Vre8 | ~VipreB|2 Vrrs | ~VipreB |
t v (Gl e+ et + et
|Cudéu1,SM 3 B
1 Vit oVirprB|? | Vet oVirprs |
T (|cm? + cm? | + |cre? + cxrs])
udlv1,SM B
Ky Torr8|? | | ~Twrr8|? | ATeer|? | ATrers|?
NS (|ctel + |cum®| + el +|chr?l ) » 3.29)
udfv1,SM B

where we omit the interference terms among NP contributions but only keep the interfer-
ence terms containing SM part shown in the first line above. The two dimensionless factors
are defined as

TV — ’ - : .
fE(mZ + 2m2) VT fy(m2 + 2m?)
For V= = p=, K*~, the main theoretical uncertainties are from scalar and tensor decay

constants f,gT) and fI((T*) [16, 23]. In our analysis we use the numerical values for the
form factors given in ref. [16]: f, = (206 + 7)MeV, fI'(n = 1GeV) = (165 £ 9) MeV,
fre =2224+8MeV, and fL.(u=1GeV) = 185+ 10MeV. The experimental uncertainties
are from tau lifetime and the measured branching ratios [17]. We then obtain

I b
— 1.032 + 0.072 — 0.860 + 0.080 . 3.26
Tshi ’ Tk’ (3.26)
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Observable exp. SM theory
R, (1.2344 + 0.0030) x 10~ [24, 25] | (1.2352 + 0.0001) x 10~* [26]
Rfm (2.488 4-0.010) x 107° [27] (2.477 4 0.001) x 107° [26]
(9r/p)m 0.9958 + 0.0026 [28] 1
(9r/u)K 0.9879 4 0.0063 [28] 1

Table 3. LFU observables. Experimental measurements are summarized in the second column and
the SM prediction in the third column.

3.2 LFU in pseudoscalar meson and 7 lepton decays

For LFU in pseudoscalar meson decay, we define the observable as the ratio of the decay
widths [29]

p (P —e+inv.)
¢/t = T(P — p+inv.)

R ~RE s [1+Ape— Apy] (3.27)
where we have factorized out the NP corrections encoded in A py relative to the SM predic-
tion in the latter step. The experimental LFU measurement and the SM predictions of the
above ratio for P = m, K [26] are collected in table 3. We then obtain the combined error

RT ¢/
e/ _ 9994 4 0.0024 | IR _ 1,0044 + 0.0041 . (3.28)
L Rejusm

For LFU in tau lepton decay, we define the observable as [28]

F(T%P+inv.)2mpmi <1mi/m%>2

2
P — p+inv.)(1+6R,/p)m3 (3:29)

(Gr/u)p =

o/n)P I( 1 —m%/m2
with the radiative corrections being R/, = (0.16 & 0.14)% and 6R,/x = (0.90 £
0.22)% [20, 30, 31]. The factor 1 + dR,/p compensates the radiative corrections dp and
d-p in the SM partial widths and then (gf/y)P,SM = 1. Thus, the uncertainty of (gT/u)p
only comes from the experimental uncertainty, which are quoted in table 3. We can then

obtain for the ratio of the measured value with respect to the SM prediction

rjwmese _ ¢ 9955 10,0026, rjwkexe _ o o570 40,0063 (3.30)
(9r/u)m5M (9r/u) K SM
In the presence of NP contributions we find
1 1
(Gr/u)p =14 5Arp = SAP, (3.31)

and it thus depends on both A.p and Ap,,.

3.3 CKM unitarity

Furthermore, NP contributions in the neutrino sector [32, 35-37] may also affect the deter-
mination of the CKM matrix elements. Concretely, the NP contribution leads to a shift in
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Decay CKM

T — Kv |V.TE| = 0.2234 4 0.0015 [28]
o V™| = 0.2236 4 0.0015 [28]
T'(K—uv) K/mp)y

e |Vis/ ™| = 0.22535 4 0.00044 [32]

nuclear 8 (CMS) | [V2)|cus = 0.97389 + 0.00018 [33]

nuclear 3 (SGPR) | |V |sar = 0.97370 + 0.00014 [34]

Table 4. The CKM observables.
the extracted CKM matrix elements. From egs. (3.5), (3.15) and egs. (3.9), (3.20), we find
v o vE| (14 2 VIl vE (14 La 3.32
|p'r|—| p7‘| +§ PL ] |pr|—| pr| +§ TP | (3.32)
where V;ﬁ is the CKM matrix element in the SM Lagrangian, which satisfies the unitarity

condition. In particular, the decays 7 — Kv, I'(t — Kv)/T'(r — 7nv), and I'(K —
pv)/T(m — pv) are used to extract the CKM matrix element V,;. The relevant

1
Ve =VEI 1+ 380k ).
1 1
|V?;K/w| 2|Vu§| (1 + A — Am> ,
2 2
K/mp L 1 1
|Vus | :’Vus| 1+ §AKu - QATW . (333)

Experimentally, the CKM factors extracted from the above processes are shown in ta-
ble 4. The result in each case strongly depends on the unitarity assumption |V.X| =

\/ 1-— \Vu)fl 2 — |Vw|?> where X indicates the process used to extract V4. Assuming

V5] = 0.225 4+ 0.010 [32], we obtain for the ratios of the measured values of |V rel-
ative to the |V4|

K
Vit esp _ Vit " esp

’Vufg/W#|exp
7 0.993 4+ 0.045 ,
’Vus

s 1P 1,002 4 0.045 .
Vi

= 0.994 + 0.045 ,
Vi

(3.34)

We finally discuss super-allowed nuclear § decays, which probe the CKM element
|Viua|- In particular LNC vector operators with left-handed neutrinos v interfere with the
SM contribution and thus modify the extracted value |V,4| in 8 decays, which we denote
by ]Vu’%\. Denoting the Lagrangian value of |V,4| by |V5|, we obtain in LNEFT

Vud Vyud
‘Vuﬁd| 1= CudllfuieNP + Cudzzzse (3 35)
v 226 VE | ‘
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At the bottom of table 4 we quote the results for |V,4| extracted from g decay in two recent
analyses of Seng/Gorchtein/Ramsey-Musolf (SGR) [34] and Czarnecki/Marciano/Sirlin
(CMS) [33]. A comparison with the assumed Lagrangian value |V5| = /1 — (V£)2 =
0.9744 £ 0.0023 [32] results in

Vo lser [V loms
I~ z

= 0.9996 + 0.0024 . (3.36)

The results agree due to the larger error of the assumed Lagrangian value |V/5|.

3.4 [ decay

Another constraint on charged current operators comes from 5 decay [38, 39]. Recently
ref. [40] performed a fit to 8 decay for two cases with LNC interactions: in terms of
LEFT without right-handed neutrinos and LNEFT with LH neutrinos for the (axial-)vector
interactions and RH neutrinos for the scalar and tensor interactions. Here we present the
limits in terms of the LNEFT operator basis, which we introduced in section 2.1, and
reinterpret them for the LNV case. See appendix D for further details and a translation
to the operator basis used in ref. [40].

The first one is the case without RH neutrinos which is presented in section 4.4 of
ref. [40]. The authors place a constraint on the LNC quark-level Wilson coefficients with
LH neutrinos. In terms of the LNEFT operator basis these constraints on the Wilson
coefficients evaluated at the renormalization scale p = 2 GeV read

Z&icﬁfge = 0.002 £ 0.001 + 0.021 ,

\/§ S,udef3 S,udef3
e (Colias? + €)= 0.0014 £ 0.0020 £ 0.0003

U

2
40\[1/0337366 = —0.0007 + 0.0012 + 0.0001 , (3.37)
FVud

at 90% CL. In our latter numerical analysis, we will translate the limits on the Wilson
coefficients at the renormalization scale p = 2 GeV to limits on Wilson coefficients at the
scale A, using the RG equations in egs. (2.7).

As the scalar and tensor contribution do not interfere with the SM contribution C::ﬁgfe
in contrast to the contribution of the vector operator, the results can be directly translated
to constraints on LNV interactions of RH neutrinos

\/5 S,due* S,duefx*
e (Camine™ + CRihes™ ) = 0.0014 4 0.0020  0.0003,
V2

__YZ  oTdueB _ 0007 + 0.0012 = 0.0001 . 3.38
4GFVud dul N ( )

The second fit is discussed in section 4.5 of ref. [40] and involves LH neutrinos for the
vector and axial-vector interactions and RH neutrinos for the scalar and tensor interactions.
In particular, the authors placed constraints on the LNC scalar and tensor interactions of

— 14 —



RH neutrinos N. In terms of the LNEFT operator basis discussed in section 2.1, the
constraints read

\/5 T udef

\/§ S,udef3 S,udef3
(et + i) B

1oy (Cudini + Cuiins )| <0063, 0.006 <

<0.024  (3.39)

at 90% CL. Note that there is a preference for a non-vanishing tensor WC. We take a con-
servative approach and only take into account the upper bound, when deriving constraints.
Similarly to above, this can be translated to the case of LNV interaction of LH neutrinos v

\/i T,due3

ﬂ S,duef3 S,duef3
(Caie” + Cii’) 16 Vg Ciits

AG Vg \Zdutvl e )| < 0.063, 0.006 <

<0.024. (3.40)

We provide further details and in particular the matching to the operator basis in ref. [40]
in appendix D.

4 Numerical results

In this section, we present the experimental constraints on the Wilson coefficients in the
LNEFT and SMNEFT from the observables discussed in the previous section. We adopt
the above errors for each observable and follow eq. (3.14) to derive the constraints. In the
following we assume that the mass of the sterile neutrino is negligible and one operator
dominates at a time to constrain the Wilson coefficients.

In tables 5 and 6 we show the constraints on the Wilson coefficients of LNEFT from
the low-energy measurements in the limit of massless RH neutrinos. They correspond to
the down-type quark in the 4-fermion interaction being d and s, respectively. The last
column displays the lower limit on the energy scale in LNEFT ArngpT. In some cases the
relevant WC can be constrained by more than one observable in each class, and we only
show the strongest limit obtained from the corresponding observable. For instance, in the
decay BR class, C’Zj;f 1(2).Np Can be constrained by both 'K and T7K". We only give the
strongest limit obtained from I'"¥ in table 6. Generally The neutrino flavor 3 is arbitrary
in the two tables. In particular, the LNC fv coefficients have both the LFC and LFV
components and those in the LFC case have interference with the SM contribution. The
numbers outside (inside) of the round brackets indicate the LFV (LFC) cases with g # ¢
(8 =1). For 8 = e we also show the constraints from 7+ — p*7,. /v, in square brackets.
One can see that LFU provides the most stringent constraint for the vector and scalar
WCs. In addition tau lepton decay into vector meson and beta decay give sole bounds on
the £ = 7 and ¢ = e components of tensor WCs involving a down quark, respectively. For
the operators with strange quark, tau lepton decays also constrain the ¢ = 7 component
of both scalar and tensor WCs. The LNEFT cutoff scale for the charged current operators
with down (strange) quark is at least 500 (850) GeV.

As seen above, most of low-energy observables are insensitive to the tensor operators
but strongly depend on the scalar operators. Due to the RG mixing effect between the
two different types of operators in eq. (2.10), we can also set bounds on tensor operators
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Class | LNEFT WC decay BR LFU CKM unitarity B decay A NEFT = \C’,|ﬁ
[Gev*] rme, oo, 1, Te R (9r/)n AR A [GeV]
cyudes . (0.89)7.6 x 1076 (0.049)1.8 x 1076 (9.0) x 1078 - (45)7.5 x 102
CYudes (0.89)7.6 x 1076 (0.049)1.8 x 1076 (9.0) x 1078 74x10°7 | (4.5)1.2 x 108
Chiiontyxp | [1:3](0.39)5.0 x 1075 (0.049)1.8 x 106 | (1.5)9.9 x 107 - 8.9)(45)7.5 x 102
LNC | it (0.34)4.7 x 107 (0.22)3.8 x 1076 | (0.17)1.0 x 1075 - (21)5.1 x 107
tv case | Cottd (0.16)1.4 x 107° (0.087)3.2 x 10710 - 13x1077 | (34)5.6 x 10°*
Coiny [0.47](0.14)1.9 x 1077 (0.18)6.6 x 10~5 | (0.56)3.7 x 107 - [4.6](24)3.9 x 10°
Corior ) (0.21)2.9 x 1076 (0.14)2.4 x 1075 | (1.0)6.5 x 1076 - (27)6.5 x 10°
CTuded - - - 58 x 10-8 4.1 % 103
Cludr? (0.56)2.6 x 1076 - - - (13)6.2 x 10?
Chrinie) 7.6 % 1076 1.8 x 1076 - - 7.5 x 102
Chiiniioy 5.0 x 107 1.8 x 1070 9.9 x 1076 - 7.5 x 107
LNC | Cyiivila) 4.7 %1070 3.8 x 1076 1.0x 1075 - 5.1 x 102
(N case | Coi, 14 %1079 3.2x 10710 - 2.3 %1076 5.6 x 10*
Cltyy 1.9 %1077 6.6 x 1078 3.7x 1077 - 3.9 x 10°
Coiita 2.9 % 1076 2.4 % 1076 6.5 % 1076 - 6.5 x 10°
Cludes - - - 7.3 x 1077 1.1x10°
cludrs 2.6 x 1076 - - - 6.2 x 10
Clatnsty 7.6 x 107 1.8 x 1070 - - 7.5 x 10°
Chagne [2.9]5.0 x 1076 1.8 x 1076 9.9 x 1076 - 7.5 x 107
LNV | Chgns 4.7 %1076 3.8x 1076 1.0 x 1077 - 5.1 x 107
tv case | Coyiil 1.4 x 107 3.2 x 10710 - 2.3 %1076 5.6 x 101
Conn) [1.1]1.9 x 1077 6.6 x 1078 3.7 %1077 - 3.9 x 103
Cotor oy 2.9 x 107 2.4 x 1076 6.5x 1076 - 6.5 x 107
Chiued - - - 7.3 x 1077 1.1 x 103
Chudr? 2.6 x 1076 - - - 6.2 x 107
Coainiia) 7.6 x 107 1.8 x 1070 - - 7.5 x 107
Coniniioy 5.0 x 107 1.8 x 1070 9.9 x 1076 - 7.5 x 10
LNV | Chivila 4.7 %1076 3.8 x 1076 1.0x 1077 - 5.1 x 102
(N case | Ces 1.4 %1079 32x 10710 - 11x 1077 5.6 x 104
Chgntsy 1.9 x 1077 6.6 x 1078 3.7% 1077 - 3.9 x 10
Coniniia 2.9 x 107 2.4 x 1076 6.5x 1076 - 6.5 x 107
Clduch - - - 5.8 x 1078 41 x 103
Chudrd 2.6 x 1076 - - - 6.2 x 102

Table 5. Constraints on the Wilson coefficients of the dim-6 charged current operators involving a
down quark in the LNEFT. In the LNC {v case, the numbers outside (inside) of the curly bracket
indicate the LFV (LFC) cases with 8 # ¢ (8 = ¢). We also show the constraints for the case with
B =e from 77 — p*u,. /v, in table 2 by the numbers in square brackets.
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Class LNEFT WC decay BR LFU CKM unitarity ALNEFT = \Cﬂﬁ
[GeV4*d] rKe rKn prk prK* Rf/u’ (g‘r/u)K VuQK, uZK/ﬂ, ufg/w [GeV]
oty wp (0.11)1.3 x 1076 (0.32)6.9 x 107 - (5.6)1.2 x 10°

m‘jféwp [5.4](0.50)8.6 x 10~7 (0.32)6.9 x 107 (0.35)2.3 x 1076 | [1.4](5.6)1.2 x 103

LNC ijjg),Np (0.13)1.4 x 1076 (0.14)1.4 x 1076 (0.38)2.4 x 1076 (28)8.5 x 102

v case Cfﬁjﬁé) (0.22)2.5 x 10710 (0.063)1.4 x 1010 - (40)8.5 x 10*
fé;j*ff?) [2.2](0.21)3.6 x 1078 (0.13)2.8 x 1078 (1.4)9.4 x 1078 [6.7](28)5.9 x 103
Cj;;;i{f;) (0.91)9.7 x 1077 (0.096)1.0 x 1076 (0.26)1.7 x 1076 (3.3)1.0 x 103
clusTh (2.5)8.6 x 1077 - - (2.0)1.1 x 103
Chiixna) 1.3x 1076 6.9 x 1077 - 1.2 x 108
Chiinila) 8.6 x 1077 6.9 x 1077 2.3 x 1076 1.2 x 108
LNC | Cydily) 1.4 %1076 1.4x10°6 2.4 x 1076 8.5 x 102
(N case | Coily 2.5 x 10710 1.4 %1071 - 8.5 x 10*
Coitla) 3.6 x 1078 2.8 x 1078 9.4 x 1078 5.9 x 103
Coinila) 9.7x 1077 1.0 x 1076 1.7 % 1076 1.0 x 10°
cluert 8.6 x 1077 - - 1.1 x 108
Coamily 1.3 %1076 6.9 1077 - 1.2 % 10°
Hrar [5.9]8.6 x 1077 6.9x 1077 2.3 % 107 [1.3]1.2 x 10°
LNV Ca‘[;j;;jg) 1.4 %1076 1.4 %1076 2.4 %1076 8.5 x 102
tv case | Cpovily 2.5 x 10710 1.4 x 10710 - 8.5 x 10*
j;;’;f;g) [24]3.6x 1078 2.8 x 1078 9.4 x 1078 [6.4]5.9 x 10°
Cortay 9.7x 1077 1.0 x 1076 1.7 % 1076 1.0 x 10°
Chisurls 8.6 x 1077 - - 1.1x 103
Crinnva 1.3 %1076 6.9 1077 - 1.2 % 10°
Coinnitlay 8.6 x 1077 6.9 1077 2.3 % 107 1.2 % 10°
LNV | Gy 1.4 %1076 1.4 %1076 2.4 x 1070 8.5 x 102
(N case | Couilia 2.5 x 10710 1.4 x 10710 - 8.5 x 10*
Conitila 3.6 x 1078 2.8 x 1078 9.4 %1078 5.9 x 10°
Connia 9.7x 1077 1.0 %1076 1.7 % 1076 1.0 % 10°
Chaurs 8.6 x 1077 - - 1.1x 103
Table 6. Constraints on the Wilson coefficients of the dim-6 charged current operators involving

a strange quark in the LNEFT. In the LNC /v case, the numbers outside (inside) of the bracket
indicate the LFV (LFC) cases with 8 # ¢ (8 = £). The numbers in the square bracket indicate the
constraints for the case with 8 = e from 7" — p*7, /v, in table 2. In some cells, the relevant WC
can be constrained by more than one observables in the class, and we only show the strongest limit
obtained from the corresponding observable. For instance, in the decay BR class, CZ;Zf 1(2),Np Can

be constrained by both I'™X and I'"X", and we only give the strongest limit obtained from T'7X .
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‘ Class ‘LNEFT WwC

Limits

Apngrr = |Ci|7 | LNEFT WC

Limits

1
Apnerr = |Ci|72

LNC ¢Ludes (0.25)9.2 x 1079 (6.3)1.0 x 10* CLhusel (0.18)3.9 x 1079 (7.4)1.6 x 10*
v case | Cludub [1.3](0.052)1.9 x 106 | [8.6](44)7.3 x 102 |  Clyusnd [6.4](0.38)8.2 x 10~7 | [1.3](5.2)1.1 x 103
CLudrd (0.40)6.8 x 1075 (5.0)1.2 x 102 clusts (0.26)2.8 x 1075 (6.2)1.9 x 10
LNC CLudes 9.2 x 1079 1.0 x 10 Cluseh 3.9 x 1079 1.6 x 10
N case | CTudnd 1.9 x 1076 7.3 x 102 lontnid 8.2 x 1077 1.1x 10
cLudrs 6.8 x 1077 1.2 % 10° clusrd 2.8 x 1077 1.9 x 10°
LNV Ol e 9.2 x 1079 1.0 x 10 Clpeuch 3.9 x 1079 1.6 x 10
v case | Chdumd 1.9 x 1076 7.3 x 10 Chrsunb [7.0]8.2 x 1077 [1.2]1.1 x 103
chdur 6.8 x 1075 1.2 x 102 Chaurh 2.8 %1075 1.9 x 102
LNV Chduch 9.2 x 1079 1.0 x 10 Chrsueh 3.9 x 1079 1.6 x 104
(N case | CTdub 1.9 x 1076 7.3 x 10 Chsuub 8.2 x 1077 1110
chdurs 6.8 x 1077 1.2 x 10? Chaurt 2.8 x107° 1.9 x 102

Table 7. Constraints on the Wilson coefficients of the dim-6 charged tensor current operators in
LNEFT at the chiral symmetry breaking scale A, assuming that the tensor operator is generated
at the electroweak scale myy through the RG mixing effect with the scalar current operators. We
use the most stringent constraints on the Wilson coefficients of the dim-6 scalar current operators
in table 5 and table 6 and the RG equation in eq. (2.10) to obtain the results. The notation for
the square/round bracket is the same as table 5 and table 6. The grey cells imply the RG mixing
effect from scalar operators giving the most stringent limit for the relevant tensor Wilson coefficient
compared with the direct constraint from the observables in table 5 and table 6.

from the constraints on scalar operators. In table 7, we show the constraints on the
tensor WCs at the chiral symmetry breaking scale A, by choosing the strongest limits on
the scalar operators from tables 5 and 6. These constraints assume that only a tensor
operator is present at the electroweak scale Agw, which then induces both scalar and
tensor operators at the chiral symmetry breaking scale A, via RG running. The grey cells
imply that the RG mixing effect from scalar operators gives the most stringent limit for the
relevant tensor Wilson coefficient compared with the direct constraint from the observables
in tables 5 and 6.

Finally, we match the bounds on the LNEFT Wilson coefficients up to the SMNEFT
to constrain new physics above the electroweak scale and show the results in table 8.2 The
limits on new physics scale Axp are given in units of the SM Higgs vev v = (\@G F)*l/ 2~
246 GeV. One can see that, generally, the constraints on the NP scale for the operators
with a strange quark are more stringent than those with a down quark. This is because
of the enhancement by |V,4|/|Vus| in the SM contribution of pion LFU observations with
respect to that of Kaon. For the operators with down (strange) quark, the most stringent
constraints on the scales of dim-6 LNC and dim-7 LNV operators are 300 (460) v ~ 74
(110) TeV and 40 (53) v ~ 9.8 (13) TeV, respectively.

$We do not include running in the SMNEFT. See e.g. ref. [41] for a recent discussion of 1-loop running
of Higgs-neutrino operators in SMNEFT.

~ 18 —



Dim-6 LNC WC w2 Axp = |Ci|” 3 [v] | Dim-6 LNC WC w2 Axp = |Ci|” 3 [v]
[VadCEDP™ — Vea O™ 6P — VOl | (0.15)5.4 x 1072 (26) 4.3 (e 2.9 x 1073 18
Vad Ol — Vg O — Vgl | | [3.9(0.15)5.4 x 1072 | [5.1] (26) 4.3 - - -
Vad O — Vg ORI 587 — VO™ | (0.066)1.1 x 1071 (12) 3.0 . - .
Vad Ol |CPe (0.03)1.1 x 10~5 (18)3 x 10 [VaaCionle!| (0.18)6.7 x 10~* (230)39
WVadCio 1 1O [1.6](0.061)2.2 x 103 | [25](130)21 Vad G2 | 0.094)(0.0038)0.14 | [3.3](16)2.7
WVaaCho ™) 1O (0.48)8.2 x 1072 (14)3.5 Vaa O™ (0.041)0.19 (5.0) 2.3
[Via €2, | 0.11 3.0 |Cian| 0.11 3.0
[VaaCi | 0.11 3.0 |Cgtoe) 0.11 3.0
[VadCiel 0.23 2.1 i 0.23 2.1
IC b — SC5aow s [VeaCims 11x 107 300 ICoay] 5.3 % 1073 14
(CERga — $CLigNl [VeaCanX| 221078 21 [Chagn| L1 0.95
(CTNGa ~ $CTanls [VedCaun| 8210~ 35 [Cagn| L5 081
Dim-7 LNV WC D DimTINVWC | [ | Awe=|CiI 3]
|Vudcfzyn\v \VdeZgl\i?Hz + VudCR1| 0.15 1.9 \Cﬁi{;H\v |C$11LK?LH 0.15 1.9
VaaC bl IVaaContne + VaaCRpl 0.15 L9 ICoot 1 | Connti 0.15 L9
VaaC ol ViaConim + VuaCag | 0.32 15 oo 1|y 0.32 15
|C(§5Lﬁun ) V:dCSTfLH ) W;dcfgfwépmh ‘C;Cl;’\?ell‘ 1.5 x107° 40 \C;gfum\: \V;Llcéﬁffcm\ 9.4 x 1074 10
Cagim | Vol VeaCoueml: |Cagnen| | 32 x 1078 6.8 |Cao 2l ViiComiorra 0.20 1.7
|Cigtri s VeaComipul VaaCounem | |Cagnen! | 012 2.1 (Clgtpimals VeaCounenal | 027 L6
Dim-6 LNC WC | Axp = |Ci|™ 3 [v] | Dim-6 LNC WC | Anp = |G| 3 [v]
Vas O PN — Vo i 68 — Vi O 7| | (0.096)2.1 x 1072 (32) 6.9 ICH.l 1.9x 107 23
VasCi P41 Vo CP 60— Vo Ol ™| | [1.6](0.096)2.1 x 1072 | [7.9] (32) 6.9 B i .
[Vis O VOGP 697 — Vs O 7™ | (0.39)4.2 x 1072 (16) 4.9 N . .
WVas 2| | CPe2! (0.21)4.8 x 10~6 (22)4.6 x 107 Va0 (0.13)2.8 x 104 (280) 59
WVas G| o [7.5](0.44)9.5 x 10~ [37](150)32 VasCn 24| | [4.6](0.28)6.0 x 1072 | [4.6](19)4.1
Vas O™ JOp (0.31)3.3 x 102 (18)5.5 [VasClor ) (1.8)6.2 x 102 (7.4)4.0
[ViusChivel 0.041 49 |c2Pe | 0.041 49
Vs Ol | 0.041 49 [ermcl 0.041 49
[VasCornel 0.084 3.4 |c2ar | 0.084 3.4
ICiNod — SCoaion s [VasConn, 4.8 %1076 460 2] 0.0023 21
(Cta— O Ve Ci) 0510 » CEl 015
ICTod — SCTaon s [VasCorlin 3.3 x 1072 55 IC72 | 0.50 14
Dim-7 LNV WC v Axe = G5 [] Dim-7 LNV WC v Axe = |G 5[]
VasClenpls [VarColsa + VusCRial 5.9 x 1072 2.6 \Cﬁijﬂv ICo N 5.9 x 107 26
Vs Oty VA CER o + Vi Ot | [5.0]5.9 x 1072 [2.7]2.6 |2k | (ot 1 [5.0]5.9 x 1072 [2.7]2.6
VasCheppls ViConpam + VasCaal 0.12 20 |Ciaten s 1ChunLn 0.12 20
O3 VaConrrnls VaCauneml |Cionenl | 67107 53 |Cotal [ViCouNenal | 401074 u
|t VasColtul: VOl 1Caittenr | 120131078 | 05100 | |30 ol Vi Cluiberal | (72841072 | [2.4]2.3
Ciorpmb VesCoutrul VesCaunem | [Cagnen| | 4.7 x 1072 2.8 |Clotsmal [VisCounerral | 88 x 1072 2.2

Table 8. Constraints on SMNEFT operators at the electroweak scale. The top (bottom) half of
the table lists constraints for operators with a down (strange) quark. The notation for the brackets
follows tables 5 and 6. The generation of the quark fields on the Wilson coefficient is labeled
by the number 1, 2, 3 with the identification for the CKM elements: Vigi) = Vud(s), Voas) =

Ved(s)s Vaas) = Vags)-
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The constraints at the electroweak scale can be related to other scales using the renor-
malization group equations in SMNEFT [42-45]. Running from the electroweak scale to a
scale of O(10% TeV), the dominant contribution comes from QCD corrections which only
contribute to scalar and tensor quark current operators at 1-loop order. It however only
leads to a minor correction. For example the figure 2 in ref. [45] shows that the corrections
to scale of first-generation Wilson coefficients are usually below 10-20%. The only excep-
tion is the operator Ogy, o o Which is related to the tensor operator Ojq 1, o and receives
a correction of order 50% due to the combined effect of strong interactions and the large
top quark Yukawa coupling. Moreover, the operator mixing induced by Yukawa couplings
and electroweak corrections is negligible for light quarks, because it is suppressed by small
Yukawa couplings and electroweak gauge parameters.

5 Other constraints and vector meson decays

The dominant decay channels for light vector mesons are 2-body hadronic processes me-
diated by strong interactions, e.g. p — mm and K* — Kw. SM weak decays are highly
suppressed by the W boson exchange and have not been observed yet in low-energy exper-
iments. Any excess events would indicate the existence of NP beyond the SM. The general
LNC (LNV) partial decay widths of vector mesons V* = V¥ (u,d,) to a charged lepton ¢F
and a neutrino X (anti-neutrino X) with X € {v, N} are

P(VF 5 5 X5) = [ c dm+ch4X212fa+4|05dex|2<f$>2}, (5.1)

3
my

PV =5 Xg) = T [ |Cuex1 + Cauexal” Fi + 4Coux P (fF) } ) (5.2)

in the limit of massless charged leptons and neutrinos. Given the SM part in CV wdiv1> the

SM prediction for vector meson decay is T'(V*T — £Xv,)sm = FS’:" f&m$,, and thus the
branching ratios for the leptonic decay of p and K* within the SM are B(p™ — (T1) ~
4.5x107 13 and B(K*T — ¢*v;) ~ 1.4x10713. Taking into account the discussed constraints
on the NP vector and tensor WCs, we find that the allowed branching ratio for any NP
contribution to the leptonic decay of vector mesons is at least two orders of magnitude
smaller than the SM predictions. Hence, it is unlikely to observe the NP through the weak
decays of vector mesons.

The dim-7 SMNEFT operators matched in table 1 can also contribute to the neutri-
noless double beta decay (0v33) through the long distance mechanism mediated by light
neutrinos [46]. The authors of refs. [45, 47| considered the constraints on the dim-7 SMEFT
operators without RH neutrinos from the Ov 5. The most stringent bounds are set by the
experimental limit on the half-life of 36Xe [48], which translate into a lower bound on the
NP scale in our operator convention as [45, 47]

ee 1/3 ee ee —1/3
(Cc:llLlLLeH) 2 0(10 TGV) ’ {CLeHD7 CéluLLH’ CclléQLHl(Q)} 2/ 0(100 TGV) ) (53)

Compared with the low energy observables studied above, we see the Ov33 puts the most
stringent constraints on the ee lepton flavors. Such results imply the 0v58 could also con-
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strain the dim-7 SMNEFT operators involving RH neutrinos with a similar precision [49].
We leave a detailed study on the Ovf3S from the dim-7 SMNEFT operators involving RH
neutrinos in table 12 for future work.

Recently, the constraints on SMNEFT WCs from searches at the LHC and HERA
and sensitivities at future colliders have been studied in refs. [50-54]. In particular, the
authors of ref. [53] studied scalar and tensor operators with sterile neutrinos and recast the
recent ATLAS search [55] for a charged lepton and missing transverse momentum events.
Translated to our operator basis, the constraints on the scalar operators read

-3,,— 11 -3 _
IChp] < 5.0(0.88) x 107%v72 Coiiin] <5.8(1.3) x 1073072,
_3 _ 11 _3 _
ICiNGal < 5.2(0.92) x 107%v™2 Ol gal <6.0(1.4) x 1072072,
|Cisn| < 1.9(0.38) x 1072072 | |Cllagi| < 2.2(0.64) x 1072072, (5.4)

where the constraints outside of the brackets only use the transverse mass (mg) distribution
below 800 GeV, in order to ensure the validity of the effective field theory, while the con-
straints inside the brackets use the full m¢ distribution to place constraints. The strongest
(weakest) constraint is on [CH\K (|Cgcll22” 'v|) and corresponds to a lower bound on the NP
scale Anp > 25(140) TeV (Anp > 5.5(19) TeV). See ref. [53] for further details on current
collider constraints and sensitivities of future collider searches. As the final-state neutrino
is not detected, these constraints more generally apply to arbitrary final-state neutrinos
and antineutrinos. Hence the constraints in eq. (5.4) equally apply to a general neutrino
flavour 3, which is not necessarily equal to the flavour of the charged lepton. Moreover, the
constraints can be translated to LNV operators with LH neutrinos. We find the following

constraints for the dim-7 LNV SMNEFT operators

-3 — 11 —9,,—
Chr | € T1(1.2) x 1073073, (Coutpr < 8:2(1.9) x 1075077,
3 _ 11 =93,
CaotLm| < TA(L3) x 1075077 Cagrrm! < 85(1.9) x 1075077,
3 _ 11 —93,,—
Cagtpmsl < 3:4(0.68) x 107072, (Clos 1ol < 40(L1) x 107375 . (5.5)

The tensor operator has to satisfy the most stringent constraint. The strongest (weakest)

constraint is on ]CL%TL ol (]C;—;“L“ 7 71) and correponds to a lower bound on the NP scale
Anp > 1.6(2.8) TeV (Axp > 1.2(2.0) TeV). From table 8 we see the low energy observables
place more stringent constraints on the NP scale for the relevant Wilson coefficient than

the high energy LHC observables.

6 Conclusions

We investigate the constraints from low-energy precision measurements on the charged
currents in general neutrino interactions with RH neutrinos in effective field theories. The
interactions between the charged lepton, quarks and left-handed SM neutrinos and/or
right-handed neutrinos are first described by the LNEFT between the electroweak scale
and the chiral symmetry breaking scale. We consider the most sensitive low-energy probes
from the weak leptonic decays of pseudoscalar mesons and hadronic tau lepton decays.
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The experimental observables include precise decay branching ratios, the lepton flavor
universality in pseudoscalar meson and tau lepton decays and the CKM unitarity. We
also take into account the constraint on charged currents in LNEFT from nuclear beta
decay and predict the weak decays of light vector mesons. Finally, we include the one-loop
QCD/QED running for the LNEFT Wilson coefficients from chiral symmetry breaking
scale to the electroweak scale. The bounds on the LNEFT Wilson coefficients are then
matched up to the SMNEFT to constrain new physics above the electroweak scale.

We summarize our main conclusions in the following

e The LFU in pseudoscalar meson and tau lepton decays provides the most stringent
constraint on the vector and scalar WCs. The tau lepton decay into a vector meson
and a neutrino as well as nuclear beta decay also provide complementary bounds on
the tensor WCs with 7 or e charged lepton flavor. The LNEFT cutoff scale for the
charged current operators with down (strange) quark is at least 500 (850) GeV.

e The RG mixing effect between the scalar and tensor types of operators leads to
additional constraints on the tensor WCs based on the strong limits on the scalar
operators from low-energy measurements. For ¢ = e(7) tensor WCs, the RG mixing
effect induces more (less) severe constraints than the beta (tau lepton) decay. It also
provides complementary bounds on the ¢ = p tensor WCs.

e The constraints on the vector and tensor WCs in LNEFT set upper limits on the weak
decay branching fractions of light vector mesons. The allowed limit for leptonic decay
of vector mesons are at least two orders of magnitude lower than the SM predictions.

e The most stringent bounds on the NP scale of dim-6 LNC and dim-7 LNV operators
in SMNEFT are 74 (110) TeV and 9.8 (13) TeV, respectively, for the operators with
down (strange) quark.
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A The complete operator basis involving RH neutrinos NV in the LNEFT

For the convenience of the reader we make the connection to the LEFT operator basis in
ref. [1], which is defined as

L= L (A1)
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‘ Operator ‘ Specific form ‘ #(ng, nu, ns) ‘ Operator Specific form ‘ #(ng, nu, ns) ‘
(AL,AB) = (0, 0)
(TL)(ER) (FR)(ER)
Ohn () | @A ) NyN) | o Ofalon) () | Ty tr)(NpN) | 2
Olpa(=)(1) | @ ds) (W) | i Olnaleo)(H) | (@ de)(NyuN) | n2n
uNl( *)(H) | (@zy"ur)(NvuN) nan: Oln2(0)(H) | (@ry*ur)(NuN) | nin?
Ovaent () (@£ dr)(CryuN) 71f”~u (x ud/ZNQ( ) (@rY"dr)(CrVuN) ”%71’11 Ns
OYy (3x)(H) @y"v)(Nv,.N) nin? OX (x % xx)(H) | (Ny*N)(Nv,.N) inl(ne + 1)
(LR)(LR) (RL)(LR)
Opyn1(*) (Crtr)(PN) nins Oy n2(%) (trlL)(VN) nins
OZT,,N(*) (bro*lr)(WouwN) 71/%71,5
OF,n1 (%) (dodr)(WN) njns O na(%) (drdr)(VN) nins
OdTVN(*) (dpo*”dr)(PouwN) n"}m
Onyl(*) (uLur)(@N) nynins 05, na (%) (urur)(@N) nynans
OLn () (@zo" ur)(@ou N) | nynins
OfdgNl(*) (ﬁdﬁ)(EN) ni‘;nuns OstNZ(*) (ﬁdL)(EN) ni‘nuns
O:‘TMN(*) (ugo" dR)(EO'H,,N) n?»n,,l,n,,
O3y (%) (ZN)(WN) é?LfILS(",fnS +1)
(AL,AB) = (2, 0)
(LL)(RR) (RR)(RR)
O/uNl(*) (KL’Y”ZL) 'YHN) ”:/"”'s O/uNQ(*) (KR’YMKR)(VC%LN) ”'7‘”5‘
OduNl (*) (drA*dr) (v9y,N) nin. Oz (%) (dry"dr) (VoY N) | nin.
Ouuni() (@Y ur)(WCyuN) | nyming Ouyna(¥) (@R ur) (WEuN) | nyning
Olfuen (%) (deyur) (7. N) ninuns Oluena(*) (@ry"ur)((§7uN) | njnun,
Ol (%) @) (¥ N) 303 (g + )ns OXun (%% ) (NY*N)YWCyuN) | gngmi(ns +1)

Table 9. Dim-6 operator basis involving RH neutrinos N in LNEFT. Here all operators are non-
hermitian expect those with a (H) in the first sector. The number of x after each operator indicates
the number of the RH neutrinos involved in the same operator.

with operators O; as defined in

VLL

Qg = @" EL)(dL%t“L)
Oyi = (PlR)(drur) |
OVl = (WO R) (dryuur) |
Opidn = (WOL)(drug) |

VLR

Opigu = @71 (dr7uur) Ot = (wtr)(dLug) ,
Ol = (ot Lr) (dLowunr)

OVl = (O tr)(dryuur) . O = (WCtr)(dpur) |
Ofiil = (WCo b1 (dpouur) . (A.2)

The mapping of the subset of the operators in our basis, which maps to the operators above

is given by
oV ( LV,LL) *
udlvl — vldu

S,RL\*
Cud@V? (leﬁdu )

1% _ v V,RL
Cduéul - L]/Kdu
S _ 1S,LR
Cduéu2 - Ly(du

The full list of independent LNEFT

cY
cor

\%
CduKVQ

T
Cduéu

=L
_T.LL

V,LR\*
udlv2 — (Lugdu )

T,RR\*
udly — (Luédu )

V,RR
vldu

vldu

S.RR\*
Cud@z/l (Lugdu )
S 1 S,LL
Cduﬁul - Lyﬁdu

(A.3)

operators with at least one RH neutrino N at

dim-6 was constructed in refs. [2, 3] and is repeated in tables 9 and 10, where in the third
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Operator ‘ Specific form ‘ #(ng, nu, ng) Operator ‘ Specific form ‘ #(ng, nu, ng)
(LR)(LR) (RL)(LR)
Ofi(x) | (ztn)(NON) L2na(ne +1) | Ofva(et) | @alo)(NON) | inZna(ne + 1)
OF (%) (CLo*tRr)(NCouN) | $njn.(n. —1)
OSwi(x4) | (@zdr)(NON) Lna(ne 1) | Ofale) | (@ad)(NON) | TnZna(n, + 1)
OFy (%) (Ao dr)(NCouN) | $nin.(n. — 1)
OF 1 (3%) (@rur)(NCN) ingns(ns +1) Ofna(x%) | @RuL)(NCN) | ining(ng+1)
OTF\ (5%) (@ro* ur)(NCouwN) | $nin(n. —1)
Ofuzm(*) (a )(ZCN) 71{7”(177& OgulNQ(*) (EUL)(KIC%N) ”3 NuTs
OF on (%) (dro* uR)(Z%(TW,N) ninuns (RL)(RL)
o N (xx* UN)(NYN sngns(ns — 1 Now (% Nv)(Cv tng(nt — 1)ns
OS NC l‘ ; 2 OS C l‘ ; ;
(AL,AB) = (4, 0)
TR)(R) (RL)(TR)
OF (% % %%) \ (NCN)(NCN) \ Ln2(n2-1) O5 (%) \ (vCv)(NCN) \ Lng(ns + Uns(ns + 1)
(AL, AB) = (1, —1)
(®R)(EFR) TR)(IR)
Ot () | @ )@, N) | . OZua(7) | @d)@N) | i,
(RL)(LR)
Ofisuni(*) | (drdf) (@ N) | 3ns(ns = D
(ALAB) = (1, 1)
(TL)(ER) TR)(IR)
OYuuns(*) | (@5 dr)(W§yuN) | ninun. OVaans(®) | WGdr)@GN) | ninun,
(RL)(ZR)
Ofina(%) | @m(m) \ ?nf(nffl)num
Total # = 2331|529 + 2304|5223 + 84/5=4 + 252|521, + 252|522 = 5223, (nf, 1, ns) = (3, 2, 3
!

Table 10. Continuation of table 9.

and sixth columns in each table we also show the independent number of operators with
flavors being considered (the sterile neutrinos with ng flavors, the up-type quarks with the
total flavors nm, = 2, the remaining fermions have n; = 3 flavors). All those operators
are classified in terms of the net number of the SM global baryon and lepton quantum
numbers.

B The SMINEFT operator basis at dim-6 and dim-7

Besides the SMEFT operators at dim-6 [5] and dim-7 [6, 8], the SMNEFT also includes ad-
ditional operators involving RH SM singlet fermions N. These operators with RH neutrino
N are classified in ref. [9] and repeated in table 11 at dim-6 and table 12 at dim-7. For
the dim-7 operators, by using the Fierz transformations here, we have rearranged some of
the four-fermion operators given in ref. [9] to have clear flavor symmetry and quark-lepton
current structure. In addition, for the operators involving gauge field strength tensors,
we accompany a corresponding gauge coupling constant for each involved field strength
tensor. Besides the operator basis involving RH neutrinos IV in table 11 and table 12, in
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2 H3(+h.c.) (LR)(LR)(+h.c.) (LL)(RR)
OLNH (LN)H(H'H) OLNLe (LN)e(Le) OLn (Ly*L)(Nv,N)
Y?H?D(+h.c.) OLNQa (LN)e(Qd) Ogn (@ Q)(NyuN)
Onn(H) | Ny N)(H'iD, H) OLagn (Zd)<(QN) (AL,AB) = (4, 0)
Onne (NAke)(HiD, H) (RR)(RR) Onnwy | (NON)(NON)
V2HX (+h.c.) ONN (Ny#N)(N~,N) (AL,AB) = (1, 1)
Ong 91(Louy N)HBH Ocn @"e)(N7uN) | Ogean | €ijeaps (@ QE)(ATN)
Onw 92(Loyu N)r! HW v Oun (wy*u)(NvuN) OuddN €apo (uGds)(dS N)
(LR)(RL)(+h.c.) Oan (dyd) (Ny,N)
Oqunt | (Qu)(NL) Ogune(the) | (@ u)(Nrue)

Table 11. The basis of dim-6 operators involving RH neutrino N in SMNEFT [8], where «, 3, o
and ¢, j are SU(3)¢ and SU(2), indices, respectively.

NyH3D Ny3D N2p2H
Onp1 | €;(NCy, LY (EDPH)YHYH) | Oonrrp eij(a«/#zv)(ﬁiﬁm) OLNen (LN)(NCe)H
Onia | ej(NCy LYHI(HNDPH) | Ogunep | (@yuu)(NCiDre) | Ourni Hi(eL)(NON)
N H2D? Oguntp| (QiD,u)(NCY L) | Ognar (QN)(NCd)H
Onep | ej(NODre)(H'DHHI) | Ougnip |eiy(di D Q) (N L) | Ougun HY(@Q)(NCN)
NyH?X N2¢2D Oonur (QN)(NCu)H
Onew |ga(er!)ij(NCotve e)HHNWL, | Onp | (LyuL )(ch‘?“N) OugNH H(@Q)(NON)
NUHDX Oonp (QWQ)(NW?HN) N3H
Onrp1| g1€;(NCY*LY(D"H)B,, | Ounp (y.e)(NCi DEN) | Opyna (LN)(NCN)H
OnLB2 q]eij(WwLi)(DVHJ)B Owvp | (@u)(NCi9 N) |Oniym AT (NL)(NCN)
Oniwi |ga(erD)i; (NOy# YD HOYWL | Oanp | (dyd)(NCi G #N) B: N¢3D & Ny3H
Owpwa|ga(er’) (N L) (D" HI)W], N'D Ounap | €apo (@aruN)(dsi DdS)
N°H' Owwp | (NuN)(NTi'T*N) | Oanap |sape(@aruN)(@isi D QS,)
Onn ‘ (NCN)(H'H)? Ny*H Ognan | €ijéapo(QiaN)(dsdS) H
N2H?D? Orniu |€(LyL)(NCAFLYHY | Ognon | €ij€apo(QiaN)(Q;5Q5 ) H
OnHD1 (WauN)(HTﬁH) Oqnrmt |€5(QuQ)(NCAP L) HI | OgNudn €apo(QuN)(WpdS)H
ONHD2 (NCN)(D,H)!D'H Oonrmz |6 (Qy.Q) (NCAHLI)H N2X?2
N2H?X Ounr | € (@,6)(NCYFLYHI | Onpy a1 (NCN)B,,, B
Onup | 91(N%ouN)(HTH)B™ Oanrn | €j(dyud)(NCYHLYHI | Onpe a1(NCN)By, B
Ongw gg(WUWN)(HTTIH)WI‘“’ OuNLH elj(u’yﬂu)(W’y DHI | Onwi OLQ(WN)WIVWI“V
Ouunrr | €j(dyu)(NCYHLYVHT | Onr as(NCN)W L, Winw
Ougnen | €;(dQ)(NCe)HI | Onen az(NON)G,GAm
Oquner1 (Qu)(NCe)H Ona2 az(NON)GA,GAw
Ogunena| (Qou)(NCote)H

Table 12. The basis of dim-7 operators involving RH neutrino N in SMNEFT, where all of the

operators are non-hermitian with the net global quantum number |AL — AB| = 2. Here g123
are the gauge coupling constants for the gauge groups U(1)y,SU(2),SU(3)¢, respectively, and
= g7 /(4n).
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our matching calculation we also need the following relevant SMEFT dim-6 operators

0% = (' DLH)(Ir'y L) , 0% — (H'DLH)(Qr'+"Q)

Ottua = i(H D, H)(uy"d) , o<3) (L, L) (Qv"r'Q)

Oredy = (Le)(dQ) . 0533u=< e)e(@Qu) .

02), = (Louwe)e(@Qat"u) , (B.1)

and also dim-7 operators [45]
Orep = eijemn(LC’i'Yy,e)Hj(Hm’L'DMHn) ,
OgonLi = €ij€mn(dQ')(LEIL™ H™ Oguren = €ij(dyuu) (LE ) HY
Odqrims = €ijemn(d0wQ") (LI L™ H™ . Og,p g = €j(Qu)(LOLYHY . (B.2)
C The decay matrix elements of meson and tau lepton

For P*(u,d,) — £fv/N, we find the following AL = 0 hadron-level amplitudes

M(PT = Llvg) = —*fP< vl — C&?VQ)TV?PLUZ'F
—m(%dzul Cfé}yz)UTP RUGH (C.1)
M(PT — L{Ng) = - fP( wdINT ~ C&?N2>WpPRW+
+m(cudZNl Cg;ENZ)WPLUZ+ ; (C.2)
where p# denotes the momentum of the meson. The AL = —2 amplitudes for P*(u,d,) —
(XD/N are

_ i o0
M(PT = Lo75) = =5 [P (C(me - C}ﬁtm)”ﬁ?PL”D
__impfp
2(Mu, +ma,)

_ i "o
M(PT — I Ng) = —5fr (C%em - C%mz)WCJrVPR”N

__imbfp
2(mup +mg,)

+ <C§u€u1 - Célgu&/Q)vg—PLvﬁ ) (C?’)

(C§u4N1 - Cguem)UﬁPRUN : (C.4)

For V*(upd,) — €tv/N, the LNC hadron-level matrix elements with AL = 0 are

MVT = gi”ﬁ) (C don t C;/d?w) fvmy ey, Progs
+iC dfufv(f}\ﬁpxu/ — €0 Py ) U0 Prug+ (C.5)
M(VT = LNg) = (Cudzm + C}L/d?zvz) fvmy e, uny* Prog+

+iCh g IV (et — € Pl Yun o Progs - (C.6)
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The LNV matrix elements with AL = —2 for V™ (u,d,) — (T0/N are
_ 1 —
M(V+ - @Vﬁ) = 5 (Cz‘iiwul + Cz‘igtézﬂ) fvm\/ﬁ’(/%qﬁupwp
HiChua FV (DY — V)0l oy PLos (C.7)
~ 1 .
M(VF = L5Ng) = B (C;z/uzm + C%ezvz) Jfvmyevg v, Prug
+7’Cgu€Nf\,1/j(€/‘L/pVV - E\V/pl(/)vl?-‘—o'uyPRUN . (08)

For 7= — P~ (uyd,)v/N, the LNC hadron-level matrix elements with AL = 0 are

M(T_ — P_Vﬁ) 7fP (Oudéul C’}L/;%I/Z)uil/]ﬂPLUT_

. Zmpr )(C

2( + ma, CE;EVQ)TVPRU’T_ ’ (CQ)

udlvl
M(17 = P"Ng) = *fP <CudzzN1 C;/(i?m)WpPR“T*

im7 Ip * _—

+2(m—]i|—md) (CudENl Cfdem)uNPL“T‘ ) (C.10)
Up T

For 7= — P~ (u,d,)7/N, the LNV hadron-level matrix elements with AL = —2 are

_ L 1 —
M(t™ = P ig) = S fp (Cc‘szul - Cé@eyz)ugﬂpwv

2
02
impfp —
£ (Cdsuful - CdSUKVQ)uf— Prug , (Cll)

+
2(my,, +my,)

B - )
M(17 — P™Ng) = §fP (Cc‘z/uem Cduem) ~pProy
(C.12)

-2
imp fp < S s ) c
C -C u-_Prvuy .
2(mup +mdr) dulN1 dul N2 T RUN

For 7= — V™ (upd,)v/N, the LNC hadron-level matrix elements with AL = 0 are

M(r™ = V) = (C it + Cliun ) fmv e T, Pru.—
ud@us (6\/ pV - GVV*pL‘;)uiyo'MVPRqu s
M(r7 = V7 Ng) = (CudZNl +C deNz) fvmy el uny, Pru, -

px v vk, O\ ——
udZNfV (6\/ by — €&y pV)UNUuVPLUT— .

(C.13)

(C.14)

For 7= — V= (u,d, )7/ N, the LNV hadron-level matrix elements with AL = —2 are

_ __ 1 * O
M(T — V VB) = 5(0(‘12&11 + CCZLZVQ) fvmvel‘t/ ’U,S_"}/MPLUD

—iCoho, [E (DY — e piuC o Pruy (C.15)
o1 —
M(r7 = V" Ng) = §<Cc‘l/uZN1 + Cz‘i/uENQ) JvmyeSuC 4" Prug
_ch;wa‘T/—‘(el‘j*p% - GVV*pl\j')uf—UuVPRUN . (016)
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D (3 decay

Recently the authors of ref. [40] studied 5 decay. We use their result and translate it to
the full LNEFT operator basis. In this section, we collect the relevant matrix elements
and report the translation to the operator basis used in ref. [40]. The neutron-to-proton
transition can be parameterized as [40, 56, 57]

(p(pp)[uyud|n(pn tp(Pp) gV Yutn (Pn) + O(q/Mn) ,

(pn)) = Up(pp)
(p(pp) [t ysdin(pn)) = tp(pp)ga7uY5Un(Pn) + O(a/Mn) |
(p(pp)lad|n(p,)) = p(pp)gsun(pn) + O /MF)
(p(pp)|@ysd|n(pn)) = @p(pp)gprsun(pa) + O(¢* /MF) ,
(p(pp)|uowd|n(pn)) = Up(Pp)growmun(pn) + O(q/Mn) (D.1)

where the 4-momentum ¢ = p,, — p, denotes the difference between the 4-momenta of the
neutron and proton and My = M,, = M, denotes the nucleon mass. The numerical values
of the nuclear form factors are [40]

gv =1, ga=1278(33), gr=0987(55), gg=1.02(11), gp=349(9). (D.2)

The nucleon-level AL = 0 amplitudes are

_ 1
M(n — pl,vs) = 5 (Cudeul +C d@,ﬂ)gvup%unug Y Pruy
1 —_ ——
9 (OXdeu1 - CXCMVZ)QAUP%LV5UTLU£—7H Prug
<Cud£u1 + CEd@z)QSﬂpunWPLUp

1 -— —
D) (Cfdeul - C{?deu2> gPUpY5Unty— PrLug

+C 40, 9T U0 s U, Ug= o™ Prvg (D.3)
M(n — ply Ng) = (Cudem + CzﬁeNz)gvﬂpwunWWPRvN
<Cud£N1 CXdem)gAﬂp’Yu%“nW’YuP RUN
(CudéNl +C dZN2>gSupunuZ Pruy

1 —_— ——
t5 (ngéNl - Cfdmz) gpUpY5UnTiy— PRUY

+CL N 9T oy, T PRuy (D.4)
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The AL = 2 amplitudes are
M(n - pe; l//B) (Cduéul + Cc‘l/z';zd)gvﬂp’yﬂunuiy’yupllu?*
—(chs  —cvr 7 A Prul
dutvl — Cduow2 | GAUp Y Vs UnUy Y L U)—
<Cdueu1 + Cg;zuz) gsﬂpunUTPRugC—
(Oduéul C§JZV2)9P’DJP75UHU7VPRU[C7
+Cdu€VgTapo-,ul/un uiuo'“yPRugC— ; (D5)
M(n — plyNg) = (Cduuvl + Cﬁem)gvﬂpwunWWPRWq
cYr i+ oY a unuNy* Prub-
dufN1 dutN2 | GAUp Y VsUnUNTY" LTRUy
Cyny + Co UyuntnN Pru$
dufN1 dutN2 | 9SUpUnUN LLUy—
C CS* - v P C
dwtN1 — Ydwen2 | 9PUpYsUnUN LLUp—
+Cdu€NgTapU,ul/un WUW’PLU@C— . (D.6)

In the main part of the text we translate the bounds in sections 4.4 and 4.5 of ref. [40] to
our operator basis. The first case without RH neutrinos, which is discussed in section 4.4,
assumes for the Lee-Yang effective couplings [58] C] = Cj, i.e. there are no couplings to
right-handed neutrinos. The second fit, which is presented in section 4.5, involves LH
neutrinos for the vector and axial-vector interactions and RH neutrinos for the scalar and
tensor interactions, i.e. Cf, = Cy, €'y = Cy, Cy = —Cg, C}, = —Cp. The LNEFT Wilson
coefficients introduced in section 2.1 are related to the Lee-Yang effective couplings as

follows
e LNC v case:
<Cudéu1 +C le/Q)gV =Cy =Cy, Z(Cudfyl CXdéz&)QA =-Cy=-C},
1 1
1 <C{fd1zu1 +C deu2>98 =Cs=Cg, 1 (Cudzul CfdeVQ)gP =Cp=Cp,
CudﬁVgT - 7CT = 50’% 5 (D?)
e LNC N case:
1 1
1 (CX«MNl +C dem)gv =Cy =-Cy, 1 (Cq‘fdem - CXdZNQ)QA =Ca=-C),
1 1
Z(CSdZNl + C5d£N2>QS =Cs = —Ciq > 1 <CsdeN1 - Cfdzm)gP =Cp= —C/p ,
1 1
CudthgT 2CT = —50/ ; (D.8)
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e LNV v case:

* 1
(Cduful + CC‘Z,LZV2>gV =-—Cy = C</ > Z (Cdu&/l Cduéu2> =-Ca= 01,4 )
* 1
<Cdu€1/1 + CgusZ)gS =Cs = _0{9 > 4 (Oduéul Cdu@uZ)gP =Cp= _033 )
1 X 1 1
5 Cauewgr = —5Cr = 5CF (D.9)
e LNV N case:
Vx / 1 Vi /
(Cduem + CduﬁN2>gV =—Cyv =-Cy, 1 <Cdu€N1 CduzNz)gA =Ca=0Ch,
S'x / 1 S'x S'x /
(Cdqul + Cdu€N2>gS =Cs = CS ) Z(CduZNl — CduZNQ)gP =Cp= CP ,
1 1
CdueNgT §CT = —§C/T . (D.10)

Hence we find for the relevant quark-level Wilson coefficients used in ref. [40] in the first fit

€V+€§/+5A+€f4 6S:§S+€g 6P:5P+§'P ET:€T+5}
Agv 494 29s 29p 897

€ER —

9

(D.11)

where the Lee-Yang couplings C; are redefined as C; = (GrVy,q/v2)C;. The relevant
quark-level Wilson coefficients in the second fit are
Cs—C. Cr—C,
fg =5 _—5 ep=—L T (D.12)
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