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1 Introduction

The Standard Model (SM) has a unique way of incorporating CP violation (CPV) and sup-
pressing flavour changing neutral currents (FCNCs) in the quark sector. In particular, the
lightness of the first two generations and the suppressed mixing with the third generation
severely suppress FCNC transitions involving only the first two generation quarks. This
is manifest in particular in processes which are characterized by so called hard GIM, such
as those involving CPV. In fact, no significant deviations from the SM predictions related
to strangeness () and charm (C) flavour violation have been observed in experiments to
date, placing stringent limits on possible beyond the SM (BSM) effects in these sectors.



On the other hand, observed hints of deviations from SM predictions in semileptonic
AB =1 processes (both in b — sup FCNCs and in particular in b — c7v charged current
(CC) mediated semileptonic b-hadron decays), still await experimental clarification, and
have triggered many studies throughout the last decade (see e.g. refs. [1, 2]). Intriguingly,
the most straightforward and successful BSM proposals addressing the AB = 1 FCNC and
CC observables introduce new interactions of left-handed quarks (and leptons) [3-10], which
imply novel flavour breaking sources (besides SM Yukawas) of the U(3)¢g flavour symmetry,
respected by the SM gauge interactions. This already motivated a reconsideration of BSM
effects in (rare) (semi)leptonic decays of kaons [11, 12], D-mesons [13-17], B-mesons [18]
and also top quarks [19].

Experimentally, there has been recent progress in the search for rare AC = 1 leptonic
D% — = [20] decay as well as the analysis of non-resonant regions of the differential rate
for D* — 7t p~ [21] by the LHCb collaboration. BESIII collaboration has also recently
reported results from a first dedicated search for D — 7% decay [22]. Similarly, new
results have been recently reported on semileptonic AS = 1 transitions in both charged [23,
24] and neutral [25] kaon decays by the NA62 and KOTO collaborations, respectively.
Further significant improvements in these measurements and searches are expected from
these and the next generation of flavour experiments [26].

Motivated by these developments, we investigate the interplay of possible NP effects
in semileptonic CC and FCNC transitions involving purely left-handed first- and second-
generation quarks. In particular, it has been shown previously [27] that the peculiar struc-
ture of U(3)qg breaking in the SM implies that possible BSM sources of CPV in this sector
affect rare charm and kaon decays in a universal way (see also ref. [28]). We demonstrate
how and when existing bounds on CPV in rare semileptonic K meson decays severely
constrain the possible size of the corresponding effects in charm decays, and vice-versa.
Employing the covariant parametrization of flavour conversion developed in refs. [28-30]
we constrain the unique new CPV parameter whose effect cannot be tuned by adjusting
the alignment angle of BSM flavour breaking to down-quark or up-quark basis. Further-
more, we derive robust model-independent bounds on BSM affecting either charm or kaon
semileptonic decays, and discuss the interplay between CC and FCNC transitions. Fi-
nally, we study the increasingly important constraints posed by the experimental studies
of high-pr semileptonic processes at the LHC pp — fv(£17¢7) [31-33].

The remainder of the paper is structured as follows: in section 2 we review the basic el-
ements of the SM effective theory (SMEFT) of flavour conversion including CPV within the
first two generations of left-handed quarks. We apply this framework to (rare) semileptonic
K and D meson decays in section 3. Sections 4 and 5 contain the detailed discussion of the
relevant observables connecting and constraining the semileptonic AC' = 1 and AS =1
FCNC processes s — dvv and ¢ — ul*¢~, and s — d¢*¢~ and ¢ — uvi, respectively.
We explain the interplay between the two sectors in high-pr collider experiments in sec-
tion 6 and discuss the additional correlations introduced by the inclusion of CC processes
in section 7. Section 8 contains our main results and projections, while we present our
conclusions and prospects for future experiments in section 9.



2 Framework

We are interested in BSM effects in semileptonic transitions involving exclusively left-
handed quarks of first two generations. Working within the SM effective field theory
(SMEFT) [34] valid below a heavy new physics (NP) threshold scale A, we thus supplement
the SM Lagrangian by local semileptonic effective operators with left-chiral quarks®

3.0 ) x10 _
LSMEFT D %(QNHUGQ]')(LM“%LD + %(Qi%@j)(LM“LZ) . (2.1)

Here Q); is the i-th generation left-handed quark doublet, which we write in the down-
quark mass basis as Q; = (u};,dr;)T. The up-quark fields in this basis are related to their

mass eigenstates via the CKM matrix V as u, = V3

iuj. For leptons we choose the charged
lepton mass basis: L; = (U;iVLj,K i), where U is the PMNS matrix. Pauli matrices
c% a = 1,2,3, act in the SU(2); space. We assume in eq. (2.1) that lepton flavour
is conserved, whereas the BSM quark flavour conversion is parametrized by Hermitian

matrices X (10, X3 The resulting Lagrangian containing FCNCs reads

1 _ _ _ _
Lroxe = 35Xy | (Wn? P) (77, PLv) + (din* Prod;) (P, Prt)|
1
A2

(2.2)

+ 5 X5 (@A P (@ PLb) + (A" Prdy) (77, Puv)]

where Pry = (14 75)/2. Above, we have introduced the matrices X*) = X1 + x(3)
and suppressed explicit lepton flavour index for clarity. On the other hand, the charged
currents stemming from eq. (2.1) are only due to the X )

1 3),_ -
Loo = 55 2X P (" Prd;) 6y, PLv) + hec.. (2.3)
Next we focus exclusively on the first two generations and use the fact that any two-
dimensional hermitian matrix can be decomposed in terms of the identity and Pauli ma-
trices. Note that in isolating the first two generations in the following we are neglecting
possible additional BSM effects due to mixing with the third quark generation. However,
the resulting modifications of our results are in general severely suppressed due the hier-
archical structure of the SM quark Yukawas. See ref. [27] for in depth discussion on this
point. We can write
+ + +
X5 = AB 6+ B (o), (2.4)

where A and ¢, are real. It is only the traceless part (c,) that plays a role in FCNC
processes. In contrast, A’s contribute to flavour-diagonal neutral currents as well as to
charged current processes via X ®):

2X ) = (A = X)gy; + (efP — ) (0%)s5 (2.5)

! Additional SMEFT operators modifying W and Z couplings can also modify semileptonic processes
and are constrained by precision measurements of on-shell massive weak vector bosons at LEP [35-37]. For
analysis of NP in W/Z couplings to fermions see [38-41].
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Notice that a unique parameter, ¢, ', encodes CP violation, while the remaining three
couplings are real. The traceless part of the coupling matrix offers an intuitive geometrical
interpretation [30] since it spans a 3-dimensional space. Each traceless hermitian matrix A
is equivalent to a real 3-dimensional vector a via the mapping A = a - o. Scalar and cross
product between vectors a, b (corresponding to matrices A = a -0, B = b- o) are defined
via matrix operations as

a-b= %Tr[AB], axb= ;[A,B], (2.6)
and allow for interpretation in terms of lengths, angles and volumes.

Our analysis is based on the SM flavour group for the first two quark generations
F =U(2)gxU(2)y xU(2)p where @, U and D stand for quarks doublets, up-type singlets
and down-type singlets, respectively [28, 30]. The group F is broken within the SM only
by the Yukawa interactions. To better understand the resulting pattern of flavour and CP
violation in and beyond the SM, we promote Y, and Yy to spurions that transform under F
as (2,2,1) and (2, 1, 2), respectively. In order to construct F-invariant terms we furthermore
define the spurions Y, Y,/ and YdeT . They belong to the (3@ 1,1, 1) representation of F.
Since the traces of these matrices do not affect flavour-changing processes, it is useful to

remove them and work with traceless parts:
1
Aua= (Y, YT )y, where My = M — SItrM . (2.7)

Both A, 4 belong to the adjoint representation of U(2)g. Without loss of generality, we can
choose to work in a basis with diagonal down-quark Yukawa couplings, Yy = diag(yq, ys),
whereas Y,, = Vokmdiag(yy, ye). There is no CP violation in the SM with two generations,
leading to Vogn being just a rotation matrix with the Cabibbo angle .. Inserting Y,, and

Y, we get:
2,2
Ag = %ag, (2.8)
v 0 Yo — Y
Ay =V (;‘ e VT = %( — cos(20.)o3 + sin(200)01>. (2.9)

For later convenience, we introduce normalised vectors

Ag = —o3, (2.10)
Ay, = —cos(20.)o3 + sin(26,)071 (2.11)

which are shown in figure 1. These two basis vectors present two special directions in
the coupling space of X, since alignment of X along one of them, X o A, 4, implies no
FCNCs in up-type or down-type quarks, respectively. However, BSM couplings can also
span the orthogonal direction along 9. The most general form of X that includes this
CPV direction can thus be written as Xy = aA, + BA; + i’y[flu,fld]. In the remainder
of this paper, we shall use cylindrical coordinates cg, cy, and 64, which are related to the



cartesian ones as ¢; = cgsinfy, cg = —crcosfy and co = ¢;. The most general form of X
then reads

X =M +cgsinfyo1+cros —crcosbyog. (2.12)

We conclude this section by commenting on the approximations taken in the two generation
limit of the SM. Within the full three-generation SM (as well as in minimally flavour
violating (MFV) NP scenarios [42]) CPV effects in flavour changing processes among the
first two generations are not strictly vanishing, but are nonetheless severely suppressed
by small CKM mixing with the third generation. Within our framework, such suppressed
effects would lead to A, 4 acquiring small components in the oo direction in flavour space.
The NP flavour alignment limit with either up- or down-type quark mass basis would then
imply alignment of NP and SM CPV phases as well. In our analysis we are neglecting
these subleading, suppressed CPV effects of NP and are thus effectively probing (CPV)
NP effects beyond MFV.

3 Aligning BSM flavour structures with AS = 1 and AC = 1 constraints

We first focus on the allowed size of the CP-even ¢ and CP-odd c¢j couplings depending

()

on the alignment angle 64. At low energies, the X'*) matrices map onto parameters of the

effective Lagrangian

(=) (=)

Zag_1, = _ ZAP—q -
£y = Aiil (dy"s)(Pryuve) + %(ULV“CL)(ZLVMLH (3.1)
1ot s
+ A2_1 (dey"sp)(lryulr) + A2_1 (ury"er)(wrLyuvr) +hee.,

written in the fermion mass basis. The magnitudes ]z(AiS):l , |Z(Ai62:1\ can be geometrically

expressed in a manifestly basis-independent form:

~ 2
A = 1X 9 x Ag] = /(6 sin 05) + ()2, (3.2)
+ 2 +) . +)1)2 +
2 = 1X®) x A, = \/(cg%)sm(wc —05) "+ ()2, (3.3)

For \z(ig):l |, the above form can be understood in the down-quark basis where Ag is propor-

. (+) (+) L ) 3
tional to o3. Then, 2, ¢_, corresponds to X5, whose size is given by \/(CR sin04)? + CI‘(:E)‘

This is exactly the length of the orthogonal component of X&) to A, obtained by the
cross-product [30]. The analogous argument holds for ‘Z(Aic),zl‘ when we analyse it in the
up-quark mass basis. On the other hand, the CP-violating imaginary part is universal since
it is normal to the Ay — A, plane and thus insensitive to rotations in the 1 — 3 plane:

Adx,flu>

+ + +
S(z5e) = SN2 ) =9 (X“E) A A = ). (3.4)
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Figure 1. Schematic of possible NP contributions to AS = 1 and AC = 1 FCNC semilep-
tonic processes in the two-generation limit of SM. CP conserving magnitudes of NP contributions
(lzac=1l, |zas=1]) depend on the alignment angle §;. CPV NP contributions (cy) are independent
of 4. See text for details.

If we rely only on the CP-even experimental upper bounds, namely if we know only
upper bounds [z\¢_, | and |2y 5_; |, we can minimise the effect in rare kaon decays when 64
is small since X, in this case, is aligned towards the down-quark mass basis. Conversely, we
get a minimal effect in D meson decays at an angle 65 = 20.. At small §; (down-alignment)
we thus expect AC = 1 constraints to dominate, whereas for §; ~ 20, (up-alignment) the
AS = 1 processes become more important. In between the two regimes lies an optimal

value of angle ¢ at which the constraints on |X| stemming from |zx&_;| and [238_;
coincide numerically, i.e. when |zas=1/2ac=1] = [2xe_11/|2ra0—1] = Texp- Assuming that

the alignment angle is in the range 0 < 6, < 26, we find

CQRTgxp sin(46.)/v/2 — \/—20%(0% + c%) (rgxp — 1) + 2T§chR sin? 26,

V2 {c] (rgxp 1) + chr2,, cos?(20,) — c%]

tan 0 = (3.5)

In the regime of large CPV, |cr| > cg, there is no solution for 8%, since the effect of 6,
is rendered unimportant. The optimal alignment in the CP-conserving limit with ¢; = 0

reads
Texp Sin 20,

_ 3.6
a=0" ] + Texp €OS 20, (3.6)

tan 6|

3.1 Matching to weak effective theory

At low energies, we rely on the weak effective theory (WET) and use standard conventions
for the Hamiltonian governing AC = 1 transitions

4G m _
Mt = ARG (5 CACIOA 4 ORI e, (3)
1=9,10



where the SMEFT NP effects are imprinted upon the following set of dimension-6 operators:

05 =" = (wyuPre)(ty0),  OLS=" = (wyuPre) (e Prve) | (3.8)
Oﬁ)(’; U= (@y,Prec) (' ys¢) .

For AS =1 transitions, we conversely employ

4G _ A
HES! = TQFO;:( >GRO + CRFTIORST) + b (3.10)
i=9,10

The operators for the down-quark sector have the same structure as those for the up-quark
sector; they differ in a simple replacements of u — d and ¢ — s. Here, £ = e, or 7. We
will separate the contribution of SM and NP to the Wilson coefficients:

C;=CM 4 ONP (3.11)

The left-handed SMEFT operator structure that we consider in eq. (2.2) results in the rela-
tion CYF = —CRNF for charged-lepton operators. After matching X (=) SMEFT coefficients
onto the WET Wilson coefficients, we find

s — dvv : CLA“S LNP _ 27 Z2 {CEDL ) sin (9( ) Z'C(I)} ; (3.12)
Qem
2
culte—:  CROTLNP — _oACSINP a:m 22{4% Vsin(67) — 26,) — z‘c(;)},
(3.13)

whereas the low-energy coefficients from X () are

2
s—dlte C'QAS LNP —ClAOS L XQ {cg) sin 0((;) - icg+)} , (3.14)
Qem
2
C— uvv: CLAS LNP aﬂ XQ {cg) sm(@éﬂ —20.) — ic(1+)} . (3.15)
em

The presented Wilson coefficients indicate how the CP conserving NP contributions to
charm and kaon physics are related via the Cabibbo rotation and its interplay with the
alignment angle. In the remainder of the paper we study current constraints on X ()
and X (), as parameterised by CSE), Héi) and cgi). The presence of cgi) without any 6,4
dependence implies the flavour universal character of the CPV parameters.

In our numerical studies we set the scale to A = 1TeV, thus all the presented bounds

on cg s should be understood as bounds on (TeV/A)%cp 1(A).2

4 s — dvi and ¢ — ubte~

The elements of the X(7) matrix, parametrised by cg{), Ql(i_), cg_) enter in the amplitudes
for s — dvv and ¢ — ul*¢~ processes. The branching ratio for K — wvv is rather well de-

termined and probing the SM short-distance contribution. However, in rare charm meson

2The renormalization group running effects of the left-handed semileptonic operators are negligible [43].



Observable Exp. constraint Reference
B(K+ — ntuvi) (1.142648) x 10710 | [37] ([23, 44])
B(DY — ete™) <79x1078 [45]
B(DT — ntete™) <1.1x1076 [21]
B(D® — ptp) <3.1x107° [20]
B(D" — ntptp™) <6.7x1078 [46]

pp — eTe” HighPT [47]
pp — pt T HighPT [47]
pp — 7T HighPT [47]

Table 1. Experimental constraints employed as contraints on X(~) couplings. Upper bounds are
given at 90% CL.

decays proceeding via ¢ — ufT/¢~ transition, the sensitivity to short distance SM contri-
butions is reduced due to effective GIM mechanism. In addition, the larger phase space
available in D meson decays leads to large long-distance contributions due intermediate
kaon and pion rescattering effects. The ensuing bounds on z(A_C)Yzl are thus comparably not

(-) )* 5

as constraining as the ones on 2, ¢_; from s — dvv. The optimal alignment angle Oc(l_ S

expected to be small. In table 1 we list the relevant experimental inputs for X ().

4.1 Kt — ntvp and K; — 7vi

+

The differential branching ratio for K* — 7T vi can be written as

as
dg?

Ghoem
307275m3 T s

(K* — 7 wp) = (14 Agy) N2 (m2 mAgoy, %) f1kon(@)|CES P,
(4.1)
where the Wilson coefficient C,,, contains the SM short-distance contribution as well as

the contribution of X ()

AS—1 _ AAS=LSM | ~AS=INP _ 2QAXE+NXy) | 2m0? () ) (o
Cr,” =01, +Cr,, = SnZd. - cp ' sinf,; ' —ic :
(4.2)

The SM contributions have been carefully analysed by several authors [48-52]. Here,
Aq = VgsVad, Xi denotes the virtual top-quark contribution, and X, the charm-quark
contribution. The electromagnetic correction Agy ~ —0.3% was calculated in ref. [53].
The charm contribution has a mild sensitivity to the lepton flavour, and we take the
following values for the Inami-Lim functions

X, = 1.464(17), XS~ XF=1.04(3) x 1073, X7 =0.70(2) x 1073. (4.3)

The uncertainty of X; has been estimated in refs. [49, 54, 55], whereas the uncertainty
of X. was recently discussed in ref. [48]. For the K — m form factors, we employ lattice
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Figure 2. Left: constraints in the plane of cé} sin 9@;1) and CE}) due to the measured B(K+ —

7Tvi). These constraints are valid for any lepton flavour £ = e, u, 7. Right: weakest constraints in

the plane of 02_1% and sin Hg,_d), which occur for 02_1) ~ 0.4 x 1074

results [56]. We neglect long-distance contributions since it has been shown that they are
subleading in this decay [57, 58]. Current experimental bound on this process is driven by
the NA62 measurement [23], whereas the world average is B(K+ — 7tvp) = (1.1475:39) x
10719 [37].

On the other hand, the amplitude for the K — 7°vi decay is sensitive exclusively to
CP-odd effects, leading to the branching fraction

BB (s Ovm) = — OO s 2y 2 () S5 e
dq? 15367m°m3 Tk, ™ UKD +,K—m L ) .
where

2 X, Im\ 22
AS=1y __ t t (=)
%(CL’” )= sin?0,  QemA2 Ly

(4.5)

Using the current 90% C.L. experimental bound B(K; — 7'vi) < 3.0 x 1079 [59], we
derive the constraint —6.3 x 1074 < CE_I) < 5.6 x 1074, for all ¢, which is weaker than the
corresponding bound one obtains from K+ — ntvw (see figure 2)

—28x107* <l <35x 1074, (4.6)
Note that the bounds on c(T’_I) differ minutely due to m, effects in the loops.

4.2 DY — ¢t¢~ and DT — wtete—

In the SM, the branching ratio for DY — p* ™ is dominated by long-distance contributions
of the DY — v*4* intermediate state. However, the relation B(D® — utp~) ~ 2.7 x 1075 x



B(D° — ~v) [60] and the upper bound B(D® — ~7) < 8.5 x 10~7 [61] guarantee that

the SM long-distance branching fraction is < 107!, far below the current experimental

upper bound, B(D® — pTp~) < 3.1 x 1079 [20]. Similar conclusion also holds for D? —
~ [60, 62]. The short-distance contribution to the branching ratio is given by [13]

G%a2,,
B(D® — ¢t = 1671:3I‘ mpm fhy/1 — 4m3/m3 |CRC=! (4.7)

where we can safely neglect SM contributions to C’AC:1 On the other hand, the differential
branching ratio of D — ¢/~ is sensitive to both vector C5*¢=! and axial C{HC=! Wilson
coefficients

dB GhaZ,
g (D = T = e B Nl i )L = i fa? (TD() + IR ()
(4.8)

where axial and vector lepton current contributions are

Dy 2 AC=12 2/ 2 2 2 2 4mz mj
Zi(q") = |Cip —| <f+(q JA(g 7mD7m7r)(1 - e )+6q (mD m ) fo( )>7
I(¢°) = |G L@@ mb m3) (1+ 2qm€) +.n, (4.9)

and \(z,y,2) = (z +y + 2)2 — 4(xy + yz + zz). Our results coincide with the ones given
in ref. [53]. The expression (4.8) can be employed also for DY — 7%*¢~ albeit with an
additional factor 1/2. The limit extraction on short-distance NP for Dt — 7H/T/¢~ is
more complicated due to diverse resonant long-distance contributions (indicated by ellipsis
in eq. (4.9)). One solution is to integrate over the high-¢® phase-space portion which is
free of those contributions (if appropriate bounds exist, like e.g. for DT — 7™~ [46]),
or integrating over the whole kinematic region together with parametrizing the dominant
long-distance contributions in terms of Breit-Wigner resonances [63]. A careful analysis
taking the latter approach was done in ref. [31], from where we take the resulting limits on
CBG7.

We have checked that the limit from D° — = branching fraction is stronger than
the one coming from D — 7" u™ 1, whereas the opposite is true for modes with electrons.
Explicitly, in the case of muons, they read

el sin(0), ) = 26.) —ic, | < 24 x 1072 (4.10)
Due to the limits coming from the branching ratio for K* — 7t that are ~ 1074 for
both cgf) and cg) sin 9&7), see figure 2, we can simplify eq. (4.10) as

’ (-) (-) ’ < 2.4 x 1072

€08, sn20. 0.055. (4.11)

Similarly, for electrons we find

c;_]% cos 92:1) ‘ < 0.43. (4.12)

~10 -



Observable Exp. constraint Reference
B(K — ete™) (93‘;) x 10712 37] ([64])
B(Kp — ptp) (6.84 +£0.11) x 1079 | [37] ([65])
B(K[ — mYte™) <28x 10710 [37]
B(Kp — n%utp™) <38x10710 [37] ([66])
B(D°® — 7%w) <21x10™* [22]

pp — eTe” HighPT [47]
pp — ptpT HighPT [47]
pp — 7T HighPT [47]

Table 2. Experimental constraints employed as contraints on X () couplings. Upper bounds are
given at 90% CL.

5 s—d¢te and ¢ — uvi

The elements of the X () matrix enter in the amplitudes for s — d¢t¢~ and ¢ — uvv pro-
cesses. In the charm sector, there exists a single bound on the branching ratio B(D — wvv)
obtained recently by BESIII, which is still well above the GIM suppressed SM prediction.
In contrast there already exist numerous experimental probes of the strange sector — the
branching ratios B(Kj s — £1¢7), as well as semileptonic decays i.e. K — ml0t{™.
The kaon observables with charged leptons however receive sizable long-distance non-
perturbative SM contributions and thus suffer from larger theoretical uncertainties. This
renders the HighPT constraints on the (+) sector to be even more important than in the
case of (—) couplings. We list the relevant experimental inputs for X (+) in table 2.

51 Kj; — w%1t¢ and K; — ¢1¢~

The rare semileptonic decay Kj — 7%¢T¢~ is sensitive to CP-odd short distance effects,
parameterized by c§+). However, the SM amplitude is dominated by long-distance dy-
namics. One has contributions from indirect CPV (K, — Kg transition followed by
Ks — 720t ¢7), as well as CP-conserving long-distance Ky, — 70+ 2y* — 7% ¢~ [67-69).
Within our framework, the short-distance contribution of NP to vector and axial-vector

coefficients is of the form [70]:

B(Kp — nutp™) = (1.09 (w3, + 2.32w? ) + 2.63wry|as| + 3.36 lag|* +5.2) x 10712,

(5.1)
B(Kp — mVete™) = (4.62 (w2, +w?,) £ 11.3wry|ag| + 14.5|ag|?) x 10712, (5.2)
with:
v? (+)
s 5.3
Wi =Yy em A2 Im )\ ‘r o (5-3)
2
v
Wia = YA+ gy (5.4)

2 Qe A2Im M\, ‘1

- 11 -



Here y;y = 0.735, y74 = —0.700 [71], |ag| = 1.20 £ 0.20 [72]. Notice the ambiguity due
to the unknown sign of the interference term between wyy and |ag|. Experimental bounds
for both lepton flavours

B(Kp = 7utp™) <38 x1071[66], B(Kp — nlete™) <2.8x107[37], (5.5)

are given at 90% CL and are an order of magnitude above the SM prediction, as can be
seen when we comparing them to the respective SM predictions:

1.4179:28) 5 10711 ; + sign
B(K: — 704t _ ( 0.26 ’ , 5.6
(Kp = mu i )su = {(0 9570-22) x 107! ; — sign (5.6)
3.5470%) x 1071 ; + sign
B(K Octe™ ( 0-82 ’ . 5.7
(Kp = mee sm = {(1 56+0:62) 5 10711 ; — sign (5:7)

The + and — signs correspond to the sign chosen in the interference term in egs. (5.1)
and (5.2). Since the SM prediction is an order of magnitude below the current experimental
limits, we approximate the likelihood by neglecting the SM contributions in the fit. This
enables us to derive directly the constraints®

m[ct?]| <2x 107, [Im[c}7)]| <4 x 1074 (5.8)

52 Kp— £te-

This decay mode is also dominated by long-distance SM contributions. We explore the
information coming from the K; — pu™p~ and K; — eTe™ decays as already consid-
ered in refs. [70, 73] (see also [74] for explicit analytic expressions). In our analysis we
employ the lattice QCD result for the decay constant (0|5v*y5d|K°(p)) = ifxp" with
fx = 0.1557 GeV [75]. The branching ratio is then given by

B(Kp — (+07) = Fo‘em fremuem3\J1 — 4m? fm3 [R5~ 1\ , (5.9)

where

CIAOS 1 CAS 1SM+CAS 1,NP

(5.10)

v? () i p(H) AELW
= —27 [ Re(\y7a) + Re(Aeye) — 5o A2CR b 9, | + sinZ Oy
em

Notice that this process is sensitive only to CP conserving parameters cg) and 0((;). The
factor of 2w comes from the different conventions for the effective Hamiltonian relative
o [70]. Here, the long-distance two-photon intermediate state contribution has a relative
sign ambiguity and is currently estimated as [76, 77]:

A | =1.98 x 107(0.71 £ 0.15 + 1.0 — 5.214) , (5.11)
A5 | =1.98 x 107%(31.91 £0.22 £ 1.0 — 21.614) . (5.12)

3In addition, we have checked explicitly using results of ref. [70], that the limits from Kg — £7£~ are
weaker compared to Ky — w/l/.
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The resulting SM predictions for the branching fractions are B(Ky — ptu~) = (7.64 +
0.73) x 1079 [73], and B(K[ — ete™) = (9.040.5) x 10712 [78]. Both theoretical estimates
are comparable to the experimentally measured values [37]:

B(Kp — ptp™)®P = (6.84 £0.11) x 1072, (5.13)
B(Kp — ete™)™P =976 x 10712, (5.14)

53 D9 — 7x0%ui

The differential branching fraction of this decay mode depends only on the C’LAg:l coeffi-
cient:

a5
dg?

_ G%a? _
(D = 7%p) = oo mer 222 mi, %) £ pn(a?) |CR0

2
—3072m°m T po ‘

(5.15)
The above expression corresponds to a final state with a specific neutrino flavour in the
final state. Measurable branching fraction is obtained by summing over all three neutrino
flavours [15].# In our setup exactly one Wilson coefficient C’E?V contains a BSM contribution,
while remaining flavours are purely SM. The form factor f (¢?) in eq. (5.15) is obtained
from the form factor of charged transition Dt — 7, scaling it by 1/v/2 due to the
isospin wavefunction of the 7% state. We employ the form factor obtained using lattice
QCD [80]. On the experimental side, there is a single upper limit result due to BESIII,
B(D° — 7%v) < 2.1 x 10~ at 90% CL [22]. This bound currently results in a relatively
weak constraint that cuts away large values of |cé}3 sin(@é;) —260.)| < 3. It is however not
competitive with the charged current constraints from LHC high-pr tails and measurements
of CKM elements, shown in figure 4.

6 High-pr limits

An important set of limits arise when one confronts the measured cross sections of pp —
¢~ at the LHC against the theoretical predictions in the SM complemented by neutral
current effective interactions in eq. (2.2). Extracting the bounds from high-energy pp —
¢+¢~ processes is more involved due to contributions both from the up- and down-quarks.
Summing over quark flavours found in the proton, we have the following set of interactions
contributing incoherently to the neutral-current cross section:

Tmax TSh d
Ohigh—pr 32/ dr 144‘; X

Tmin

_ _ 2 _ _ 2
{Eug (/\(_) —CS,% )008(290—9((1 ))+FSM7W) + Loz ()\(_)4—0% )cos(290—0[(1 ))+FSM,ua)

2 2
+Lyq (/\(+) —cg) cos 96(;) +FSM,dJ) +Lss ()\(+) —|—cg) cos&t(;r) +FSM,dJ) (6.1)

+(LuetLen) () 5in(20.—05)) +(e7)2) +(Last L) (el sindf ) +(c)?) ],

“For constraints stemming from B. — Bvi see [79].
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together with other interactions which are unaffected by the SMEFT operators. Here,
Fg\ 4 denote the corresponding SM contributions, which are due to the v and Z s-channel

processes
Que? 92w 97,407
F _ 2 — + 5
SM,uu (p ) p2 p2 — m2Z + imZFZ ;
2 - _
9y Quqe 97,4 9z7,00
Fonad (p°) = (6.2)

P pPP—mL+imgly’
where g, 7 = 2mTZ(T]“? — Qysin’ Oy ) are the Z couplings to the fermions [81] and p* = § =
T Shad, v/Shad = 13 TeV. Finally, £,; denotes the luminosity function

Lda

L = Laalroe) = [ foleos ) falr ). (63)

T

Note that we ignore SM contributions to the FCNCs, since they are suppressed by a loop
factor and GIM. The latter is very effective at high energies resulting in negligible SM
effects on the cross section. We employ the HighPT package [32, 47] based on ATLAS [82]
and CMS [83] measurements of pp — ¢/, in order to find bounds from high-py LHC data
on our SMEFT parameter space.

It is evident from eq. (6.1) that the weakest bounds on c(_),H((i_) will occur if we
set cg) = c§+) = 0. Furthermore, our bounds are derived by marginalizing over the

trace parameters A(&). The results of the marginalization procedure can be understood
in advance; \(*) will pick up a value such that deT(L’dJ(/\H) + FSM,ch)2 + Los(AF) 4

FSM,dJ)z) = 0. On the other hand, A7) needs to be A(7) ~ cg)cos 20, to reduce the
dominant uu contribution, however, the limit will eventually be saturated through the cc,
uc and uc initial states. The same arguments apply if we are interested in the weakest
bounds on cg), Ggﬂ.

() g

will shrink the allowed space in the plus region, and vice versa. Indeed the bounds will

The bounds in both sectors are correlated, so setting a non-zero value to c

be applied separately for the (—) and the (+) sector assuming that couplings (+) are zero
when deriving bounds on (F).

7 Charged currents at low energies and at high-pr

In the previous sections we have studied ¢(t) and ¢(=) separately and independently of
each other. Such approach is strictly valid only if ¢(*) = ¢(=) and there is no further
effect in charged currents, see eq. (2.3). The Lagrangian that governs the semileptonic
charged-current contributions at low energies can be written as:

Gr _ ~
Leec = EVig-(ui'yu(l —v5)d;) (" (1 — v5)vg) + hec., (7.1)
where Vlﬁ =Vi; + AVZ»E»K) represents the NP modified effective CKM coupling. Individual

() gl

lepton-specific CKM modifications depend on cp 7, , 0. as well as on the trace param-

eters A as can be seen in eq. (A.1). These modifications are subject to strong constraints
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from tree-level probes of CKM elements, such as superallowed [ decays, and semileptonic
K, D and 7 decays. Note that we can completely remove the dependence on the trace

parameter A% by considering the following combinations of effective CKM elements:
2
v . ) . _
Vi + V= e {cg) sin (HC + 9§+)) — cg,% ) sin (90 + 9& ))] , (7.2a)

2
Vi —vi = % [—cg) cos (HC + 9((;)) + ¢4 cos (90 + 9&_)) +1 (c§+) - cg_)> sin «90] .
(7.2b)
In the following we omit the ¢; terms since they do not interfere with the SM and their size

is severely constrained by neutral current processes. By squaring and summing egs. (7.2)
we can even eliminate the dependence on the Cabibbo angle:

(VE+VE) 4+ (Ve - va) = (1)4 ()" + (c)” = 2¢l ety cos (657 - eg,>)(} .)
7.3

For completeness we also state the remaining two combinations

Ve — Vc@ v? @] (sin 0.
(Vfd v )T 21+ F)\ cost, ) (7.4)

These relations are free of neutral current parameters (cg, ¢y, 03) and can be inverted to

determine the Cabibbo angle and the trace parameter:

Vqu — ‘/c{i LZ)\(?),K) ~ (VUZS — V::{l)Q + (Vuéd + ‘4:?9)2 —4
Vig+ Ve A 8 '

tan 0, = (7.5)
Experimental information on Vé has to be extracted from lepton specific processes. We
will impose as experimental constraints super-allowed 8 decay, charged pion, kaon, 7 and
charm decays. We detail the experimental inputs of charged-current processes and the
extraction procedure in appendix A.

As for the high-py constraints, analogous expressions to eq. (6.1) hold for charged
currents processes (pp — ) which bound the parameter space only in the ¢®) = () —
1)) /2 direction (see figure 5). Since the neutral current constraints allow for larger effects
in ¢ than in ¢(=) the charged current constraints are relevant only for ¢(1).

8 Results

Our main results in terms of current experimental constraints on the X () components are
summarized in egs. (4.6) and (5.8) for the flavour universal CPV contributions, as well as
in figures 3 and 4 for the CP conserving effects.

In figure 3 we present the combined fit to the most relevant experimental constraints on
the (—) operators with electrons (upper plot), muons (middle plot) and taus (lower plot).
We observe that away from the down-quark mass basis alignment limit (Hé;i) ~ 0) the con-
straints are completely dominated by the NA62 measurement of B(K+ — 77 vi) (marked
with black dashed lines). Thus future planned improvements in this measurement [84] are
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expected to have an important effect on all three lepton-specific operators. The nontrivial
behavior of the (green shaded) 68% CL regions of the global fit is also due to the possible
interferences between the SM and NP contributions to this decay. Interestingly, and as
first pointed out in ref. [31], the constraints in the charm sector are currently dominated
by Drell-Yan measurements at the LHC (marked with full black lines), with the exception
of muonic operators, where the current best constraint is given by the LHCb upper bound
on B(D® — ptp~) [20] (marked in black dotted line). In light of this, future improvements
in the search for this rare decay by both LHCb and Bellell [85] are thus highly antici-
pated (projections shown in blue dotted line). For electron operators current bounds from
high-pr and rare D — meTe™ measurements are comparable. Future measurements of the
later decays by LHCDb and Bellell, especially away from the long-distance resonance peaks
in the eTe™ invariant mass spectrum, could potentially improve this bound considerably.
Finally, since all low energy decay channels for tauonic operators are closed, any future
improvements in this sector will necessarily rely on precise (HL)LHC measurements of the
pp — 77 spectrum. Currently, the high-pr experiments allow us to set a limit on the CP
violating phase for the tau. The weakest derived bound at 95 % CL reads:

tm[c{?)]] < 0.15. (8.1)

In figure 4 we present the combined fit to the most relevant experimental constraints
on the (+) operators with electrons (upper plot), muons (middle plot) and taus (lower
plot). In this case we observe that away from the down-quark mass basis alignment limit
the constraints in the electron and muon sectors are dominated by K — T/~ decay
rate measurements (marked with dashed black lines). Therefore it is important that in
the future, a combined analysis of K — ¢¢ decays [74] could possibly go beyond the
current sensitivity. Again high-pp Drell-Yan production measurements (marked with black

(+)

full lines) are most restrictive close to 6[&

)

constraints dominate over the whole Oitl range. Interestingly, the almost flat behavior of

these constraints with 9%)

~ 0. In the case of tauonic operators, LHC

is a result of the non-trivial interplay between flavour changing
(5d and ds) and flavour conserving (dd and 5s) initial state contributions which exhibit
opposite behavior, combined with the marginalization over the trace contributions ()\(+)),
see eq. (6.1).

To be competitive with the high-ppr constraints, the current experimental bound on
B(D" — 7%w) (not shown, see section 5.3) would have to be improved by 3 orders of
magnitude. It is also important to note that at present, neutral current constraints are
already stringent enough to make possible effects in charged current transitions negligible.

9 Conclusions

We considered the effects of BSM physics in rare semileptonic AC = 1 and AS = 1
processes mediated by purely left-handed quark and lepton operators. Restricting the dis-
cussion to the two light quark generations allowed us to parametrize possible BSM effects
in quark flavour space in terms of Hermitian matrices (X) of dimension two, parametrized
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Figure 3. Bounds on the (—) operators. The imaginary part (for all three lepton generations)
was taken to be Ct(Z_I) ~ 0.4 x 1074, for which the bounds on cé_Pg sin QE_d) from K™ — nTvi are the
weakest. The green and yellow shaded regions correspond to 68% CL and 95% CL allowed regions

of the global fit. The HighPT bounds were derived under the assumption that cg;% = CE’J}) =0.
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Figure 4. Constraints on cg) and 0;+)
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by three real and one imaginary coefficient. In addition, weak isospin singlet and triplet
operator contributions are split into two distinct phenomenological sectors: one is char-
acterized by effective BSM couplings X(~) and contributes to s — dvi and ¢ — wlte(~
transitions. On the other hand ¢ — uvv and s — d¢¢~ processes can receive contributions
from effective X () couplings. A distinct feature that emerges in such a framework is that
beyond the SM there exists a single universal source of CP violation, parametrized by as
single CP-violating coefficient for each ((—) and (4)) sector.

To determine the allowed parameter space, in the (—) sector we considered exclusive
decays D — wl™¢=, D — (T4~ and K — wviv. The K; — 7 vi decay amplitude is
CP violating and the existing upper bound on the corresponding decay rate from KOTO
directly constrains CPV in this sector. In practice however, the decay rate K™ — v
is currently more sensitive and already constrains the CPV contribution in X (=) to below
~ 107%. The same CP-violating coefficient contributes also to charm meson decays. How-
ever, the lack of high-precision measurements in rare charm semileptonic decays currently
precludes any competitive CPV probes in this sector. In the X (+) sector, the decay modes
Ki — 7% ¢~ and K; — ¢T¢~ dominate the low energy constraints.

Importantly, low energy data from exclusive K and D decays is complemented by
constraints from high-py processes pp — ¢/~ at the LHC. In the case of electrons, these
bounds are currently competitive with the existing data on the rates of DT — wTeTe™ (for
X)) and K, — ete™ (for X(1)). They also dominate the constraints in the X () sector
for tau leptons. Interestingly, flavour conserving and flavour changing neutral currents
contribute to pp — ¢T¢~ in a complementary way, allowing to completely constrain both
X&) parameter spaces using only high-pr data.

The presence of weak isospin triplet operators in the effective Lagrangian implies that
charged current processes might receive BSM contributions as well. Therefore, our analysis
considered constraints from super-allowed beta decays, from (semi)leptonic kaon decays
used in the extraction of the CKM matrix element Vs, as well as from charged current-
induced (semi)leptonic decays of charmed mesons. We found that these constraints are
more pronounced in the X () sector, where they currently supersede the ones coming from
the FCNC process D — wvr. They are however not competitive with high-pr constraints.

In the future, improved bounds on BSM physics entering D and K rare semileptonic
decays are expected from high precision measurements of both charm decay rates (DT —
atet¢=, D — ¢t¢~ and D — 7wvi), as well as kaon decay rates (K+ — ntvi, K; — 7%
and K° — ptp™). At the same time, future precision measurements of high p processes
pp — £~ at (HL)LHC, especially in the tau sector, could further illuminate and constrain
possible BSM physics in strange and charm semileptonic processes.
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A Lepton-specific CKM elements

The lepton-specific modifications of the CKM elements of eq. (7.1) are:

1 1 - -
(A2/v2)AVu(§) = +26B9 cosh,. — icg) cos <c9c + 96(l+)> + 5653 ) cos (Qc + 0((1 ))

; (A.1a)
+ 3 sin 6, (cgﬂ — cg_)> ,
(A2/0?)AVEO = £ 2ABDsin g, + cg) sin (HC + 0§l+)) - lcg) sin (90 + Gc(f))
Z. 2 2 (A.1b)
— 50089 ( (+) cg_)) ,
(Az/vz)AVCg) = -ABDsing, + chr) sin (Hc + GL(;F)) — %cg{) sin (HC + Gc(l_))
. (A.1lc)
+ %Coaﬁ ( (+) cgf)) ,
(A2/v2)AVC(f) = +7B9 cos b, + lcg) cos (06 + HC(IJF)) — lcgpj) cos (Qc + 92_))
2 2 (A.1d)

- %sin 0. (CYF) — cg_)> ,

As we do not assume lepton flavour universality, it is necessary to extract constraints

separately for each lepton flavour.

Al VY

For electrons, we use the measured value of the superallowed 8 decay, which limits the
parameter space in the direction of C¢,. Using the results presented in [39, 86], and the
derived matching conditions, we have:

2 1., - )
Vel = ud+A2 (A“”»e) cos b, —5(;5;) cos (0 +65") +§C%)COS (6. + 6 )))
A2
_ 20844323)s (42)
— Ft(1+AY)

where Ft = 3072(2)s and A}, = 0.02426(32) [87].°
In order to limit this CKM element for muons and taus, we use the following LFU
ratio [89]:

2
N(r~ =7 v VI m3 (1 —m2/m2
/= péﬂ—:ﬂ—yﬂ; - <w§> 2mm? (( m3 jm )) (1+0R7,) (A.3)

where 0RT, == (0.16 £ 0.14)% is the ratio of radiative corrections [90]. When deriving
limits, we consider only one lepton-specific contribution at a time, while keeping the other

CKM element fixed at the SM value.
The theoretical prediction can be compared to the ratio of measured decays:

RT) = 0.9962 4 0.0027 (A.4)

®Other measurements for these values exist as well, see e.g. [88]. We choose the ones with larger

uncertainties.
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A2 V£

We employ the precisely determined LFU ratios in kaon decays, namely:

K~ —ev)
K _
Re/,u F(K_ - ,U_V) > (A5)
I'(r— - K v)
K _
By (K- = u )’ (4.6)

and adapt the same approach as previously. The ratio in eq. (A.5) is used in our fits to limit
V&, and V£, whereas eq. (A.6) is used to limit V,J,. In case NP is present only in electrons,
the experimental value in eq. (A.5) can be compared to our theoretical prediction:

K (exp) 2
/ v +) . + ). - ) s )
RzleM) —1= 2 [cg% ) sin (9; ) 4 QC) — ¢ sin (9& )+ 96) + 2XB9 sin 90} /sm O,
e/
(A.7)
with similar expressions for the other two lepton generations. Here:
RE®®) = (2.488+0010) x 1077, REE™ = (2477+£0.001) x 107°. (A8)

A.3 chi and Vc‘;

HFLAV [91] gives world-average lepton-specific measurements (bounds) on V%" and V7
from the branching ratios D™ — ¢*v and D — ¢*v. As the bounds on electron-specific

e e
cdr Vcs

n-etv and D — K~ etv, for which the NP-dependent branching ratios read:

coefficients are very weak, we use other charm decays instead, in particular D —

aB
dti(DO —>P€+V) =

GQF‘Vce/P mg ? 2 2 mg 2 2 mg 2 242
?m(l_q2> VAL, )<2+q2)A+3foDﬁp(q ) (mp = mp)” ).

Here A = A\(m%),m%,q?) and P = 7~ (¢ = d) or K~ (¢’ = s). The momentum transfer

squared can take values in the range m? < ¢*> < (mp — mp)?. We can compare the
integrated branching ratios with the experimental values:

BEP)(DO 5 77 et ) = (2.91 +£0.04) x 1073,

A.10
BEeP) (DY — K~eTv) = (3.549 + 0.026) x 1072, (4.10)

A.4 Limits

We summarize our results in the table 3.
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Open Access.

CKM Element | Measurement/Experiment | Derived value
ol Superallowed § decay 0.9736 + 0.0002
e Ve, RE, (NP ine) 0.2255 4 0.0004
G DY — ety —0.235 £ 0.008
Ve DY — K-etv 0.98 +0.04
v 7, (NP in p) 0.9781 4 0.0027
" VA Rf,, (NP in p) 0.2245 + 0.0005
vh Dt — ptv (HFLAV) —0.225 4+ 0.007
Ve D} — ptv (HFLAV) 0.97 4 0.02
5 R7,, (NP in 1) 0.9707 £ 0.0026
T 748 RE, (NP inT) 0.222 4 0.002
g Dt — 7+v (HFLAV) —0.25 +0.03
78 D} — 7tv (HFLAV) 0.98 4 0.02

Table 3. Experimental input used to limit the lepton-specific CKM contributions.
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