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We consider lepton-flavor violation in strangeness changing (|AS| = 1) semileptonic t-lepton decays
arising from new physics encoded in a standard model effective Lagrangian. Its invariance under the
standard model gauge group entails the relevance of other processes which can serve as complementary
probes of the new physics operators. We show in particular that for some of them the bounds implied by
current data on the rare kaon decays involving a neutrino pair, K — wvv, are stronger than the existing

limits from direct searches for lepton-flavor-violating semileptonic T decays. We discuss additional
processes affected by the same operators and find that certain leptonic charged-meson decays also
provide stricter constraints on a few more of them. Upcoming results of ongoing experiments such as
Belle II and NA62 will further test the new physics parameter space.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Interactions manifesting lepton-flavor violation (LFV) do not oc-
cur in the standard model (SM) with zero neutrino mass but are
relatively common in new physics (NP) scenarios. There is a re-
newed interest in studying LFV for both theoretical and experi-
mental reasons. On the theoretical side, the so-called ‘B-physics
anomalies’ constitute suggestive evidence for lepton-flavor univer-
sality violation [1]. Model building to account for them often gives
rise to LFV as well. On the experimental side, there are a number
of ongoing and forthcoming efforts that will improve upon the ex-
isting limits on LFV. Amongst them are LHCb [1], BESIII [2], Belle
11 [3], and COMET [4].

In a recent paper [5] we have investigated the case of LFV in
strangeness-changing (|AS| = 1) hyperon and kaon decays, where
an initial strange (anti)quark decays. In the present paper we turn
our attention to t-lepton decay where the strange quark (or an-
tiquark) appears in the final state along with a down antiquark
(or quark) and an electron or muon. This kind of semileptonic
transition has been addressed extensively in the past [6-15], be-
sides its strangeness-conserving counterpart [7-27], under various
NP contexts.

Following our earlier work [5], here we adopt a model-
independent approach that starts from the most general effective
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Lagrangian involving dimension-six operators which respect the
SM gauge symmetry and can generate |AS| =1 tau-flavor-violating
interactions. The resulting operators also contribute to other pro-
cesses, in particular to ones where the lepton flavor is carried by
a neutrino. We explore the impact of these operators at tree level
on various low-energy processes and map the constraints that can
be extracted from the data available at the moment. We find that
the so-called golden rare kaon decays, K — mvv, impose bounds
on a number of the operators that are stricter by up to two or-
ders of magnitude than the limits from direct searches for LFV
in semileptonic T decay. Likewise, certain leptonic charged-meson
decays also provide stronger restrictions on a few more of the op-
erators. The KOTO and NAG2 experiments [28] can further tighten
the constraints from K — wvv in the near future, and Belle II after
achieving an integrated luminosity of 50 ab~! may improve upon
the current limits on t couplings exhibiting LFV by as much as an
order of magnitude [3].

1. Effective Lagrangian

The most general effective Lagrangian constructed from SM
fields, including an elementary Higgs, and invariant under the SM
gauge group exists in the literature [29,30]. The part of this La-
grangian containing the operators Q, pertinent to our discussion
can be written as
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Lup =77 [2 iCL””QL’”+(Cé!*y93"y+ﬂ-c->], (1)
NP L k=1

where Ayp stands for a heavy mass scale associated with the NP
~ g are in general complex, and the

interactions, the coefficients C;'m’
family indices i, j,x, y =1, 2,3 are implicitly summed over. Explic-
itly,

oM =qya;kyyly, QY =Ty ra; Ly,

Xy _ o 5 ijxy _ o T
Q'3' =d;yd; ey, ey, QA}' =d;yd;lyyly,
oY =gy e vey, ofY =le;dyq,. (2)
The notation is standard and detailed in Ref. [5]. For convenience,
we work in the mass basis of the down-type fermions, where

¥
q =P, Zj (VCI(M)U Uj , li =P, (ZJ (u"MNS)ijvj) ,
D, E;

e;=PrE, d; = PpD, (3)

with Vexw (Upmns) being the Cabibbo-Kobayashi-Maskawa quark
(Pontecorvo-Maki-Nakagawa-Sakata neutrino) mixing matrix. All
the fields appearing in Eq. (3) are thus mass eigenstates. The part
of Lyp containing the operators responsible for |AS| =1 semilep-
tonic T+ — ¢F transitions, with £ = £y ; =e, i, can then be ex-
pressed as

6,6/ 2

1 EyT A BT TE, o TE,
Lwd 7 2 > (@ oo™ + He, (4)

NP k=1 n=1

where Cfnr(rEn) _ C;2n3(123n) and Qlfnr(rEn) _ Q1122n3(123n) for & =
1....5, g’nf(fEn) _ 6’3312(3"12). QEnr(rE,.) _ Qn312(3n12)

3n21(n321 E,T(TE,) 3n21(n321
CGn n )*’ and QG/n n) _ Q6n (n )T'

E,T(TE,) _
' 6/ -

2. Amplitudes and rates
2.1. |AS| =1 semileptonic t decays

We treat first T decay into a charged lepton ¢ plus a pseu-
doscalar meson P or a vector meson V, on which there are direct
search data. For t~ — ¢£7P and 7~ — ¢~V the amplitudes have
the general forms, respectively,

Mo _ep =iﬁl(8£ +Vs Pﬁ)“r» (5)
Moy =ﬂe¢v(V€ +s Af/)“rv (6)
which lead to the decay rates

K12 . )

Feoep = 167 m3
x {[(m +m)? —m3]|sp[?
+[m —=mp? —m3][P5[*).
P = K12 (mz, m%,zmzv)

167 m3 m?,
X {[f((m%, ms, m%/) - Gmrmem%/]w\l; ’2

[’ )+ Gmm,my 45 . )

where K(x,y,2) = (x — y — 2)> —4yz and K(x,y,2) = (x — y)* +
(x + y)z — 222,

For T~ — ¢~ Ks the hadronic matrix elements which do not
vanish are

(K[dy"yss|o) = (K°[sy"ysd|0) = if pg.
(K°|dyss|0) = (K°|Sysd|0) =B, fy. (8)

where f) is the kaon decay constant and B, = mio/(md—e—ms). Ap-
plying them to the operators in Eq. (4) for the amplitude in Eq. (5),
with the approximation +/2 Ks = K° — K we get

~ <% P ~*
Slo—f (my —my) (Ve —V7,) + By (Ser +570)
ks = Jk 5 ,
42 A%,
~ ~% ~ ~%
¢ (m, +m,)(—A, + A7) + By (Bpr — F7)
PKs = f)( «/— 2 s (9)
42 A
where
I R
R
< XY XY
Sxy=C — Ces >
= XY XY
Pyy=C5 +Cg - (10)

Similarly, for = — ¢~ K*?, ¢~ K*© the nonzero mesonic matrix el-
ements are

(K*0ldy"s[0) = (K*°[sy"d|0) = e ¢ fy= Mycs, (11)

where eg+ and fy. are, respectively, the polarization vector and
decay constant of K*. Hence from Egs. (4) and (6) follow

Ve — S M AL — S My
K*0 — 4Aﬁp Lt K*0 — 4A%IP LT
fres Mys Fies Myes
‘;_(*0 _JK 21( Vi, ’AZE*O _Jx 2K 2%, (12)
4A5p 4 A5
with

_ XY XY XY XY XY
Vxy=—C1 —C — G =0 —CG,

Agy= + S —cf ) — 2t (13)

Clearly, T* — ¢*K*0, ¢* K* can access only the coupling combi-

nations Vyr r¢ and Ar r¢, while ¥ — ¢*Ks cannot probe them.
We turn now to the three-body modes T~ — £~ 7 *KF, on

which empirical information also exists. The relevant hadronic ma-
trix elements in this case are given by

(m=K*|dy"s|0) = —(m*K~|sy"d|0) = f, (p% — p}) — f_ 4",
(r~K™*|ds|0)= (7T K~[sd|0) = B, f,,
N
(’jZ

where f, and f; denote form factors which are functions of G2,

fo=(fo—Ff4) , (14)

. A?
- 2 2 2 K
q=DPx +Px>»  Akg =Mg+ —Mzy, BO:W' (15)
Accordingly, the amplitude for T~ — ¢~ ~K* is
Mo pn—k+ :az(sﬁﬂﬁ +Vs Pfrlﬁ)“r (16)
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where
Ve B f S
1 _ T 0J0"er
SJrK+ - [_2f+p1< + (f+ - ff)(mr - mﬁ)] 41\%1’ + 4A%P ’
(17)
B, fo P
73[_ — 2 _ m +m + 070 KT,
T-K+ [ f+125,< (f -f- )( )]4/\12@ 4A%p
(18)
: _ T t _ _ 5 _ LT t _ _ g
with S,, = —cg" — cgf = —Py; and P, = —cg" + Cgf = —S,;. Its
differential rate is then
1/2,1/2
dFr»én*K* — )“rZ n+1<+‘fo’
ds 2563 m3 Ad,
2 A 365 4 A, 6,8 ||Veel?
X [|:)‘n+1<+ | £ T| |2A_3 + Akr B 16
0
N |:A I |2 A +36.5 4, )‘rﬁ+6—§:| |A¢r|?
atK+ 1)+ 2 A K 23
3|f,|° 83 s 16
A2 B A o
+ % Re('u+ G_ Ay Py —[L_Gy Vi SZ‘E)
[32
+ 168 % (64 1Sec)* +6_1Pecl?) . (19)
where
§=¢°, hxy = K(m%, m,$),
6.=0% -5, AL =m;£m,. (20)

The differential rate of T~ — £~ 7K~ is also given by Eq. (19)
but with (Vyz, A¢z, S¢r, Per) changed to (Vi¢, Are, —S7¢, Pre). We
observe that, unlike T — ¢K*0, ¢ K*0, these three-body modes are
sensitive to all the operators with parity-even quark parts.

2.2. Other modes

The required SU(2)-gauge-invariance of QS and Q7° in
Eq. (4) implies that some of these operators involve left-handed
quark and/or lepton doublets and therefore can influence addi-
tional processes. The related couplings are summarized in Ap-
pendix A and can generate transitions with one or two neutrinos.
Here we discuss the extra modes which may offer complementary
restrictions on the couplings.

m Kt - n*tvv and K — 7%

The operators in Eq. (4) with a pair of left-handed lepton dou-
blets provide the (ds)(Pgvy) interaction listed in Table 2, as well
as its vy, counterpart. Since they have neutrino-flavor combi-
nations that are different from those in the SM amplitudes, the
former have no interference with latter and cause the K — mvv
rates to exceed their SM values, as the neutrinos are not detected.
The resulting modifications ABg+ and ABk, to the SM branching
fractions can be inferred from Eqgs. (9)-(10) in Ref. [31] to be

K
ABy: =BK* = mrvn)g=—5 37 (Wil +We?),
{=e, L

0, - KL
ABy, =B(Kp — 7°vD), = o § W, — W,
l=e,u

e

w.. ~9700( 1Y
XY — A

) (" =+ ), (22)

where [32] £, =5.17 x 107! and x; =2.23 x 1071,

NP

mt > a%and 77— £ p°

These are induced by the (uu)(€7) couplings in Table 2 from
the operators with a pair of left-handed quark doublets. The per-
tinent mesonic matrix elements are (7°|uy7ysu|0) = if, pi /2
and (p°|y"u|0) =&} f,m,/~/2, where Fr(py s the pion (p me-
son) decay constant and €p is the p polarization vector. The
T — {1, £p rates have, respectively, the forms in Eq. (7) with

if vV
¢ _ Ym¥ud us us lT Va4 ‘T
Sio= (c1 -5+ )(m,—m@),

4[1\
ifV
¢ _ Jmud”us us 144 LT Lt
Plo= 403 A2, (c1 -5 —cs )(m,-{-m@),
—fom,V,4Vis
VZ :%(Ch Ch—l—Ch),
p0 4\/—[\ 1 2 5
fom V. V*
Vi =21 ud ”S<cff—cgr—c§7> (23)
42 A%,

These are suppressed by the CKM factor |V 4V 5| >~ 0.22 compared
to their counterparts in Egs. (9) and (12).

mJ/Y—£FTE

Like the preceding case, Eq. (4) includes the (EC)(ZT) interac-
tion, listed in Table 2, which brings about the charmonium decay
J/¥ — =TT and is also suppressed by |V4Vcs| >~ 0.22. With m,
neglected, the rate of this mode is

f]/,/, |Vcdvcs|

r
192w AS

Tttt = (m] My —Mm ) (Zm]/w—i-m )

Py

x (|7 = e [* + |e& ). (24)
where the J/v decay constant f]/‘/, is defined by (O[cy“c|J/v¥) =
s’jN/ f]/w m . which involves the ]/ polarization vector &jy.

The rate of J/¢ — £77
by cf.

~ equals Iy, ,-;+ but with cﬁ’ replaced

m Pt ¢ty

The couplings in the last four rows of Table 2 or the anal-
ogous couplings with ¢ and 7 interchanged can affect the SM-
dominated leptonic decay Pt — ¢Tv of a charged pseudoscalar
meson P ~ ub, where U=u,c and D =d,s. The biggest impact
comes from the (pseudo)scalar operators, which are not subject to
helicity suppression, with ¢ = e, in which case the SM amplitude is
the most helicity-suppressed. With only ng,')re being present, we
derive the modification AT'p+_, .+, to the SM rate of PT — eTv
for P=m,K, D, D to be [5]

&pf 2

AT = , (25)
Pr=e™v T 6am A4, (my 4+ mp)2

é = 66 V:sv CK = Cgt* VLTd’ éD = C6 V:sv

éD —CG/T* :d’ (26)
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with the P decay constant f,, being defined by (0pysu|PT) =
i fpm%) /(my + mp) and the lepton masses ignored. Note that there
is no interference with the SM contribution as the neutrino is of
the wrong flavor [6]. -

It is worth pointing out here that among the operators Q" ¢
in Eq. (2) there are those not relevant to ds¢t interactions which
can in general also influence some of the others listed in Ta-
ble 2, particularly the ones involving up-type quarks. For exam-
ple, Q1113 in our mass basis, specified by Eq. (3), contributes to
(itu, iic) (e, Devy) couplings.' In dealing with the constraints from
the preceding extra processes, we will ignore these other opera-
tors. One may regard this as an additional model assumption, or
basis dependence, implicit in our analysis.

3. Numerical results
3.1. |AS| =1 semileptonic t decays

We treat the two-body modes with the amplitude terms in
Egs. (9) and (12) and the decay rates in Eq. (7). The required de-
cay constants are f, =155.6(4) MeV [33] and f. =206(6) MeV,
the latter having been extracted from the data on 7~ — vK*~
under the assumptions of isospin symmetry and no NP in this
channel.? In the calculation of rates in this section, we use the
central values of hadron masses supplied by Ref. [33] and, when
occur, quark masses at a renormalization scale of 2 GeV, namely
(my, mg, ms) = (2.2,4.7,95) MeV [33] and m¢ = 1.1 GeV.3

Thus, we arrive at the branching fractions

B(t~ — e Ks) = 3.2[|\7€T — 0, + 1.4 G +55))

’

L . 107 Gev*
+ |Aer - Aie —-14 (Per - Pie)|2] A4

NP
B — 1K) = [3:2[0,0 — V1, 415 (5,0 + 55,0

+3.1|A,,; — &,

e
o 107 Gev*
SR @)
ANP
8 4
B(T_ — e_K*O) =1.1 (|Ver|2 + |Aet|z)w’
NP
8 4
B(r = 1K) = (10 P 12130 P) g, (28)
NP

and those for 7~ — ¢~ K*0, which are the same as the ones in
Eq. (28) but with the subscript £t changed to 7£. To evaluate the
three-body case with Eq. (19), we need the w K form-factors f,
and f, as functions of 3. Assuming isospin symmetry, we adopt the
7~ Ks invariant-mass spectrum which has been extracted from the
study of T~ — v~ K5 by the Belle Collaboration [35].# Thus, after

1 Moreover, there are operators [29,30] not listed in Eq. (2), such as Qﬁln =
u_,.y”uj ﬁynly which contribute to these same couplings.

2 We have employed B(t~ — vK*~) = 0.0120(7) and mgs- = 895.5(8) MeV
from [33]. For Vs and the other CKM matrix elements needed in our numeri-
cal work, we adopt the results of [34] with the latest updates available at http://
ckmfitter.in2p3.fr.

3 The latter has been rescaled from mc(m¢) = 1.275 GeV [33].

4 We have picked the K¢ mass spectrum in the K (800) + K*(892) + K*(1410)
model determined by Belle [35], with the parameters listed in their Table 3. We
fix the normalization of the resulting f, () and f,(5) such that using them in the
branching fraction of T~ — v~ K° in the SM [14] yields the central value, 0.808%,
of the corresponding Belle result [35].

integrating the differential rate over (my+ + mg+)? <§ < (n; —
mg)?, we obtain for £ =e,

B(t~—e n K= [7.2 (|v€,r >+ ’Aef|2)

+85 (|See|* + [ec )
107 Gev*4
ARp

’

+2.7 Re(A:T Por — Vir se,)]
Bt~ = k) =65 Ve[ +7.7 |Ac [ + 108

2
+6.6]Pyc|” +23Re(8) Pyc )

. 107 GeVv*
_BORe(Vl,LT S”’T)]Tﬁp (29)

As already mentioned, B(t~ — ¢~ TK™) is equal to B(t~ —
L=~ KT) except the subscript £7 of the couplings is replaced
with t£ and a minus sign is added to S¢,.

From Egs. (27)-(29), we notice that these modes do not all
probe the same set of couplings and hence are complementary in
their sensitivity to the NP contributions. The existing experimental
limits [at 90% confidence level (CL)] for these decays are [33]

Bt~ — e Ks)<2.6x 1078,

Bt~ — u Ks) <2.3x 1078, (30)
Bt~ —e K" <3.2x1078,

Bt~ — n K*% <59x1078,

B(t~ —e K <3.4x1078,

Bt~ — u K <7.0x1078, (31)
Bt~ —e m KT)<3.1x1078,

Bt~ > pu m KT)<45x1078,

Bt~ —e mTK™)<3.7x1078,

Bt —pu wtK™)<86x1078, (32)

We note that the T — ¢K*0, ¢ K** numbers in Eq. (31) come from
searches by Belle [36,37] which selected K*® and K*° candidates
from 7w FK* pairs with invariant-masses around the K*(892) mass.
Since, on the other hand, the wK pair in each of the T — ¢rFK*
modes proceeds in principle from all possible resonant contribu-
tions [K*(892) and its heavier counterparts] as well as nonreso-
nant ones, the limits in Eq. (32), from a separate Belle search [38],
can reasonably be assumed to have no correlation with the v —
2K*9, ¢’ K*0 ones.

3.2. Other modes

The K — mvv modes are sensitive to cffz’ff according to
Egs. (21)-(22). In view of the SM predictions B(K+ — wtvv) =
(8.5719) x 107" and B(K; — 7%vi) = (3.275:1) x 101! [39] and
the data B(K* — wTvv) = 1.7(1.1) x 1071° [33] and B(K; —
70D) < 3.0 x 107 at 90% CL [40], we impose ABy+ < 2.7 x
1071% and ABg, < 3.0 x 1072 at 90% CL on the NP contributions
in Eq. (21). The ABk+ bound is clearly stricter than the ABg,
one and translates into |W;; r¢| < 3.9. Improvement on this bound
from NAG62 is expected in the near future.

The |AS| =0 decays T — ¢7° ¢p° can potentially probe

(ol as Eq. (23) indicates. The needed decay constants are

€125
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The strongest upper-bound on each of the coefficients ¢,
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f1f . .
1*2 if only one of them is nonzero at a time

and the processes which provide the constraints. Note that the lepton-flavor index (£ or f;) can be
carried by the neutrino.

k

Lepton flavor indices (£ £2)

1 Tev
Upper bound on |}’ fz|( )

Process
Anp

1,2,0or4 er,|uT,.Te, Or T 40x 1074 Kt —>atuvd
3or5 et 0.012 T~ —e K*0
3or5s Te 0.012 T~ —e K*
3or5 754 0.017 Y
3or5 T 0.018 7 = K
6 et 0.014 T —e Kt
6 Te 1.9x 1073 7t —ety

6/ et 1.3x 1074 K+ —etv

6/ Te 0.015 T~ e wtK™
6 or 6/ Wt 0.014 T~ —> u Ks

6 or 6/ T 0.023 T > u K"

fr =130.2(1.7) MeV [33] and f, =210.5(4) MeV, the latter hav-
ing been extracted from the data on 7~ — vp~ assuming isospin
symmetry and no NP in this channel.> We then get

106 Gev*
B~ e m®) =25 (e — o5 [P+ |57 )
A
NP
106 GeV*
B~ - pu ) =24(|cf" -7 |cg“|2)T, (33)
NP
Bt~ — e p%) = 59( c&T|” + & )106Gev4
— = - 2 - 4
At
B~ = pup” = (27[efT — 4T+ e[
106 Gev*
+31]efT — T - T ) S (34)
ANP

The numerical factors in Egs. (33) and (34) are smaller than those
of the |[AS| =1 modes in Sect. 3.1 partly because of the afore-
mentioned CKM suppression factor, |V,qVus|? =~ 0.048. Comparing
Egs. (33) and (34) to the existing data at 90% CL [33]

Bt~ —>e 7% <8.0x1078,
Bt~ > u 1% <1.1x1077,
Bt~ —e p% <1.8x1078,

Bt~ = pu p%<12x1077, (35)

£*p0 are stronger than
from t* — ¢*70. However, at present they are not competitive
to K — vy and the |AS| =1 t-decays in bounding these coeffi-
cients. Neither are other |AS| =0 semileptonic channels, such as
T L, w,atT7).

The same coefficients contribute to J/y — ¢*t¥. Using f]/w =

we see that limits on C%T[ from 7+ —

407(5) MeV extracted from the measured J/y — ete™ rate [33],
we find
4 GeVv4
BUMW = TH =44 (|7 -+ [l )A—4 (36)
NP

from Eq. (24) and the same expression for B(J/¥ — £tt~) but
with cﬁ replaced by ck[ From direct searches, B(J/¥ — e*1F) <

8.3x1076 and B(J/¥ — u*tF) < 2.0x 107 both at 90% CL [33].

It follows that these modes are far less sensitive to cffz’rsz than all

5 We have employed B(t~ — vp~) = 0.2549(9) and m,- =775.11 MeV from
[33].

the v and K decays discussed above, although future quests for
J /¥ — £XTF by BESIIl may improve upon the current branching-
fraction limits by up to two orders of magnitude [41].

Unlike the other decays addressed in this subsection, Pt —
eTv for P =m,K,D,D; can probe the (pseudo)scalar couplings
cff ™ and Cu L according to Egs. (25)-(26). The empirical limits,

at 90% CL, on NP effects in these modes are

Bt —etv) <6.6x 1077,
BKt —etv) <12 x 1077,
B(D" —etv) <8.8 x 1078,

B(Df - eTv) <83 x 107>, (37)

where the numbers in the first two lines correspond to the 90%-CL
ranges of the errors in the observed values B(rt — eTv) =
(1.23040.004) x 10~* and B(K+ — etv) = (1.5824+0.007) x 10>
[33]. For numerical comparison with Eq. (37), we adopt f, =
211.9 MeV and fDS =249 MeV [33] besides the f_ , numbers
quoted earlier.

3.3. Constraints on cﬁr Tt

We entertain the possibility that only one of the coefficients
cﬁ”e is nonzero at a time. In this case, after comparing the cal-
culated branching fractions and their experimental data described
in the preceding two subsections, we collect in Table 1 the best
upper-bound, and the process supplying the corresponding con-
straint, on each coefficient. Evidently, K — wTvv and 7+, K+ —
etv produce the strongest restrictions to date on a number of
these couplings. If NA62 reaches its goal of testing the SM predic-
tion with 10% precision [28], the bound from K+ — 7T v in Ta-
ble 1 will be improved by roughly a factor of 4. The bounds derived
from lepton-flavor-violating t decays may be lowered as much
as 10 times by Belle II, which aims at reducing their branching-
fraction limits by 2 orders of magnitude with its expected full
dataset [3].

4. Conclusions

We have outlined the existing constraints on LFV in |AS| =1
semileptonic 7 decays. To do this, we first parametrized the NP
responsible for LFV with all the dimension-six operators in the ef-
fective Lagrangian that respects the gauge symmetry of the SM and
is appropriate for an elementary Higgs. We subsequently computed
all the |AS| =1 semileptonic T decays with an electron or muon
plus one or two mesons in the final state that have been searched
for. We finally extracted the constraints on the parameters of the



Table 2
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Feynman rules from Ly in Eq. (4). In the second column, each entry is to be furnished with an overall
factor A;‘,z and with the spinors of the fermions in the first column, Vup, = (VCKM)U. from Eq. (3), and

we have defined L, =y, P,

R, =v,Pg. L=P,, and R= Py. Since the neutrinos are nearly massless

and not detected in decays, we display their weak eigenstates Vg, = > j(Z/lpMNS) v in the first column.

ijJ

Flavor structure Feynman rule

it + 5L, ®LT +c§’R ®RM + TR, ®LT + £ L, @R + T L@ R+ c{TRQ T

- c“)L ®LT+cf L, ®RT]

£
L,®L" +cf L, ®R"]

(ds)(lr) (c

(ds)(Deve) (c§ —c“)L QLM+ c§ R, ®L"

(i) (€) ViV (47

(iic) (€7) ViV [(eff —c2 )L, ®L" +ctTL, ®R"]
(cu)(f7) Ve Vi [(cff —c2 )L, ®L" + 7L, ®R"]
@(fr) VeV [ — )L,

(i1u) (Deve) vudv;;s( +c“)L ®L’7

(iic) (Deve) V4V (c “+c )L,®L"

(cu)(Devr) Vo Vs (c1 +c“)L ®L"

(€c)(Vevr) vcdvgg( T+ cf7)L,eLn

(du) (D7) Vi (26571, ®LT + cfT LR R)

(dc) (D7) Vi (257 L,®L +cfT L R)

(is) (€vr) Vg (2657L, QLT + T R® T)

(©s)(Cvr) Vg (ZCgfL QLT +cf R® )

effective Lagrangian using the current 90%-CL upper limits on their
respective rates.

Noticing that the gauge symmetry of the SM relates these T de-
cay modes to other processes, we then studied those other modes.
We found that the golden rare kaon decay K+ — m v places the
most stringent constraint available on several of the NP couplings
and that this can be further improved by the expected NA62 re-
sults in the near future. Moreover, the measured 7™ — e™v and
KT — eTv rates imply the strictest limits to date on a couple other
of the NP couplings. Our numerical findings are summarized in Ta-
ble 1.
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Appendix A. Feynman rules

The various four-fermion couplings with (2quark)(2lepton) fla-
vor structures arising from the operators Q,ff in Eq. (4) with
¢ =e,n are collected in Table 2. Those with the lepton flavors
interchanged, (2quark)(7¢) and (2quark)(v;v,), are readily obtain-
able from the corresponding entries in the table by making the
change c,< — ck The Hermitian conjugates of all these couplings
are additional ones with the quarks interchanged.
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