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Abstract We perform a global analysis of the bounds from
charged lepton flavour violating observables to new physics.
We parametrize generic new physics through the effective
field theory formalism and perform global fits beyond the
common one-operator-at-a-time analyses to investigate how
much present data is able to constrain the full parameter
space. We particularly focus on leptonic and semileptonic
operators with light quarks, identifying unbounded flat direc-
tions, detailing how many are present and which operators
are involved. The analysis is performed in the general LEFT
formalism, which contains all possible low-energy effec-
tive operators relevant for lepton flavour violation, as well
as in more restricted scenarios, when operators come from
a SMEFT completion. We find that flat directions play no
role in the fully leptonic four-fermion operators. Conversely,
they significantly hinder the ability to derive global bounds
on semileptonic operators, with several flat or at least very
poorly constrained directions preventing to fully constrain
the parameter space. These results are particularly affected
by the proper inclusion of uncertainties in the parameters
describing ; — e conversion, which decrease the number of
well-constrained directions in operator space when treated
as nuisance parameters in the fit. While present data is able
to provide global constraints on all operators only in the
more restricted scenarios we investigated, very strong cor-
relations among the parameters must exist to avoid conflict
with the different observables. We provide correlation matri-
ces approximating our full results as a useful tool to compare
present data with particular UV completions.
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1 Introduction

The effective field theory (EFT) formalism constitutes an
extremely useful tool to parametrize new physics beyond the
Standard Model (SM) of particle physics and to derive model-
independent constrains on its existence. In particular, when
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the new particles and interactions of the theory beyond the
SM are characterized by a mass scale that is not yet achievable
in our present searches, it is very natural to integrate these
new heavy degrees of freedom out of the theory. Then, their
indirect effects at low energies are instead represented by
a tower of effective operators of dimension larger than 4
involving the light degrees of freedom and suppressed by
corresponding powers of the heavy mass scale through their
Wilson coefficients.

Among all the observables testing the validity of the SM
and probing for new physics, flavour changing processes
are extremely suppressed in the SM due to the Glashow—
Tliopoulus—Maiani (GIM) mechanism [1] and, as such, pro-
vide one of our best windows to explore the physics beyond.
This fact is particularly true for charged lepton flavour vio-
lating (cLFV) processes, where the GIM cancellation is con-
trolled by the negligibly small neutrino masses. Taken at face
value, processes such as © — ey or u — e conversion in
nuclei are constraining the mass scale characterizing flavour-
changing d = 6 effective operators to A > 10° TeV [2,3],
far beyond the reach of collider searches.

The SMEFT [4,5], that is the EFT that can be built with
the SM particle content and respecting its symmetries, is
characterized by a very large number of operators, particu-
larly when a general flavour structure allowing for flavour
violation is allowed. In this scenario, 2499 parameters are
necessary to describe the SMEFT at d = 6 [6], the lowest
dimension inducing cLFV transitions. Given the complexity
of the problem, one of two common simplifying assumptions
is usually made when studying the constraints existing in the
EFT operators. The first is to keep only terms linear in the
Wilson coefficients of the effective operators, that is, keeping
only the interference with the SM contributions [7-9]. This
approach allows to perform comprehensive global fits and
identify possible flat directions that may avoid constraints.
On the other hand, this approach is not appropriate when deal-
ing with processes that are not possible or very suppressed in
the SM, such as charged lepton flavour changing processes.
In these cases a common simplification is to consider only
one operator at a time [10-27]. While this allows for a very
straightforward derivation of constraints for the correspond-
ing Wilson coefficients, these bounds may be regarded as too
aggressive, since they will miss any possible flat directions
between the different effective operators contributing to a
given observable.

In this work we explore this issue beyond the one-operator-
at-a-time approach aiming to investigate what is the present
status of the constraints that can be placed on effective oper-
ators violating charged lepton flavour. We perform a global
analysis of both low-energy EFT (LEFT) and SMEFT frame-
works, extending previous results for the LEFT p — e sec-
tor [28,29] and SMEFT t — ¢ sector [30,31]. As a simplify-
ing first step, for the operators that contribute to cLFV with
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an hadronic component, we do not consider flavour change
in the quark sector and we focus only on interactions with
the lighter quarks (u, d and s), relevant for the most impor-
tant observables. Moreover, we will derive constraints on the
Wilson coefficients of effective operators directly at the low-
energy scale relevant for the observables.

In Sect. 2 we first list the LEFT operators that may con-
tribute to the cLFV observables and discuss how the match-
ing with the SMEFT affects how many independent oper-
ators may appear in total. In Sect. 3 we describe the fully
leptonic cLFV observables and conclude that, in this case,
the one-at-a-time approach would be equivalent to a more
elaborate global fit involving several operators. In Sect. 4 we
describe the relevant observables constraining semileptonic
operators and detail how many independent combinations
can be probed, highlighting the importance of nuclear uncer-
tainties when exploring the y — e sector. In Sect. 5 we discuss
if any semileptonic LEFT operators are already constrained
by present data when cancellations among different opera-
tors are allowed and discuss the existence of flat directions. In
Sect. 6 we study how these results are affected by the match-
ing to the SMEFT. In Sect. 7 we make the final simplifying
assumption of considering only first generation quarks in the
interactions and discuss the conditions under which bounds
for all operators may be derived. We summarize our results
and present our conclusions in Sect. 8. Finally, we provide
the details of our analysis as well as the correlation matri-
ces in the appendices, so our global constrains can be easily
incorporated to particular UV-complete scenarios.

2 EFT framework

In the SMEFT, the SM is extended with a tower of new
operators, each of them constructed with the SM particle
content and respecting its symmetries, but suppressed with
inverse powers of the scale A at which the new degrees of
freedom are expected,

1
Lsmerr = Lsv+ Y =3 CnOn. €]

n>4

with C,, the Wilson coefficients (WCs) associated to each of
the dim-n effective operators. At lowest order, cLFV observ-
ables are introduced at dimension 6 by dipole, lepton-Higgs
and 4-fermion operators, as summarized in Table 1 in the
Warsaw basis [5].

On the other hand, the most relevant observables to con-
strain charged lepton flavour change are decays of light
mesons and charged leptons. As such, the appropriate EFT
to describe these low-energy processes is the LEFT [32],
sometimes also referred to as WEFT or WET, built from
the particle content of the SM minus the heavy degrees of
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Table 1 Dimension-6 SMEFT operators relevant for cLFV processes,
with flavour indices «, 8, y, 8. Q and L are quark and lepton SU (2)1,
doublets (a,b = 1,2, I = 1,2,3 SU(2); indices and 7/ the Pauli
matrices), while u, d and e are up, down quark and lepton singlets. H

denotes the Higgs doublet with H+D,‘: H= HT(DMH) — (DMH)TH,
and B, and W}{v are the U(1)y and SU (2) field strengths, respec-
tively

2g2¢ operators

1 = = 3 - =
O‘(fq),otﬂVS (LayuLp)(Qyy* Qs) OI(Zq),otﬁyB (Layut Le)(Qyy*t! 0s)
Otu,apys (LavuLp) iy y*us) Ovd. apys (LayuLp)(dyyHds)
Oeu,aﬁyﬁ (& Vueﬂ)(ﬁy yHus) Oed,otﬂyB (an/teﬂ)(dy yHhds)
Oqe,zxﬁyS (QayﬂQﬁ)(éy V;LES) Oledq,aﬂyﬁ (Loteﬂ)(dy QB)

1 = = 3 = =
Of e apys (Laep)ean(Qbus) O iy (L&0uvep)ean(Qh o us)
4¢ operators Dipole operators
O@(,aﬂy& (I:aVuLﬂ)(I:y y#Ls) OeW.aﬂ (I:aalweﬂ)leW,ﬁy
Oee,aﬂy& (eq Vueﬂ)(éy ytes) OeB,aﬂ (I:aalweﬁ)HBuv
Oee,aﬂys (Lay/LLB)(éy V“eé)

Lepton-Higgs operators
g - P =g -
O} (H'i'D ,H)(Loyy"Lg) O up (H'i'D LH)(Lay"t'Lg)
L _ - .
OHe.ap (H'i D H)(@ay"ep) OcHap (LoegH)(H'H)

freedom (top, Higgs, W and Z) and respecting the unbroken
QED and QCD symmetries. The lowest order cLFV operator
in the LEFT is the dimension-5 dipole operator,

dim—5
LLEFT

V2 _
— Z C;Z (er,o

afp

Weg,)Fuy + hec. 2)

At dimension 6, the operators of interest would be 4-fermion
operators containing (at least) two charged leptons,

dim—6 y8Yy yBYy
Ligrr 2 ﬂX+ 2 Z copx Oupx -
v, X, Y

22 aﬂX

q,x,Y

3

where v = («/ZG F)_l/ 2 with GFr the Fermi constant,
and the sums run over the quarks ¢, the lepton chiralities
X,Y = L, R and the Lorentz structures x = V, A, S, P, T
for quarks and y = V, § for leptons. The lepton flavour
indices «, B, y,8 = e, u, T are again assumed to be LFV
(at least) in the «-B sector, while the quark sector will be
assumed to be flavour diagonal and composed only of u, d
and s quarks, as discussed in the introduction. We will also
assume all WCs to be real.

The operators of our LEFT basis are listed in Table 2, taken
from Ref. [32] but with small modifications'. In particular,

V,yéR V,y8éL

! Notice that we consider o, wpL and O, wR (9 as two differ-
ent operators, since the former/latter introduces a left/rlght cLFV cur-
rent. This will be relevant, for instance, when matching to the SMEFT.

v, aﬁR

we choose a basis with definite chirality for the charged lep-
tons, since chirality flips are suppressed by their mass and
can be largely neglected, but separating vector from axial
and scalar from pseudoscalar structures for the quark bilin-
ears, since in this way it is most straightforward to connect
each operator with decays of and into pseudoscalar or vec-
tor mesons, as well as with spin independent or dependent
contributions to ;& — e conversion in nuclei.

When these LEFT operators are matched to the SMEFT,
the SU(2) structure imposes non-trivial correlations and
constraints altering the counting of relevant independent
operators [32]. In particular, the scalar and tensor structures
are much simpler, since several of them are not generated
by the SMEFT at d = 6 (they are QED invariant, but not
U(1)y invariant), and those that are generated match to a
single operator.” More precisely,

yzSRS
copr =0, 4)
2
S uP v_ (1) aBuu
(xﬂR afR — 2A2 Lequ ’
2

PRy - v (3) afuu 5
ClﬁR - _21\2 Lequ ’ (5)
AS  _ _dP v’ apuu ar _ 6
CapR = “CapR = 577 “tedq Copr =0 (6)

2 Notice that, these relations will hold matching the two theories at the
electroweak scale. We neglect the modifications that may come from
running down to the low scale relevant for the observables.
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Table 2

included the d = 5 dipole operator

The list of relevant d = 6 LEFT operators for processes with charged lepton flavour violation (¢ # f) extracted from Ref. [32]. Also

Leptonic Up-quarks Down-quarks

orar’ (@Lay"erp)@LyvueLs) o, (@yutt) @Lay™eLp) o, (dyud)@Lay"eLp)

oL’ (@Ray"eRp) @Ry ViueRS) o, (@yuysu)@ray™erp) o4, (Ayuysd)@Lay*erp)
orar” (@Lay"eLp) @Ry Vuers) ol (@@y,) (Ra Y eRp) ol (dyud)(@ray™erp)

orar” (@Rav"erp) (@Ly ViueLs) ol (@Y y5)(@Ray" erp) ol (Y vsd)@ray*erp)
ol (eLaerp)(@Lyers) +h.c. oL () (@raerp) + hoc. o (dd)(@Laerp) +h.c.

Dipole oggR (itysu)(€Laerp) + h.c. oggR (dysd)(érqerp) +h.c.

Ogg (eLao™ erg) Fyuy + h.c. oggR (10,0 u)(La0™V erp) + h.c. o;’gR (doywd) (Ereo™erp) + h.c.
Consequently, the scalar and tensorial LEFT sector is much _ ( % _ % s )[C(l) + C(3)] ’ (15)

more general than that of the SMEFT. In Sect.6, we will
make use of this feature to further restrict our global analysis
after presenting the status for the LEFT framework.

Conversely, and in contrast to the scalar and tensor oper-
ators, the 4-fermion vector and axial operators generally
receive contributions from two SMEFT counterparts. Indeed,
not only the 4-fermion SMEFT operators coupling two lep-
ton currents are present, but also operators inducing a cou-
pling between a (flavour changing) lepton current and the
Z boson after the latter is integrated out. In particular, the
combination Cgé +C 1('23 for left-handed currents and C,,
for right-handed. All in all, keeping only the leading SMEFT
terms, the tree-level matching reads:

2otV = g = (1= 253) 8ys (1 + 8y + 85y
< [eh+e]” )
25;2 Zf;gv =Cel” + 452 8ys (1 + day +8py) CZﬁc . ®)
Wt — e adsufch e ]’ ©
2 el = CL - (1 - 282) 875 Cife (10)
25;2 z/‘S/L = Z[Clu + C(l) C(3)]aﬁuu
SR’
8 cudy = %[Czu —ci)+ c<3)]aﬁ"”
_ % [C(l) n C(3)] B’ (12)
22 ety = e+ ¢ ] (b= 42 e
e =4[e -, " - ek, (14
zﬁz copr = %[C(id +Ciy + Céz)]aﬁdd
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i () ~3)]*hd
2 CapL = E[Caz - CZq - Czq]

of
+i[em+cen]” (16)

) afdd

25\2 g}_}}/R = %[Ced + qu] - (% - %S&,) Cilﬂe . (A7)
2y wpdd

W e =3Cu—Cp| +iCH (18)

where, for simplicity and since we are focusing on the
flavour-change in the lepton sector, we have set the CKM
matrix to the identity. Notice that the effect of the CKM
would be to include additional SMEFT operators involving
the s and b quarks together with the d providing a (CKM-
suppressed) contribution to the d mass eigenstate. Since these
operators would induce flavour violation both in the quark
and lepton sectors, they would be constrained with additional
observables.

From the above relations, we see that 14 different SMEFT
operators (although in 13 independent combinations) match
into only 12 LEFT operators. This means that low-energy
cLFV observables cannot be enough to fully constrain the
vectorial sector of the SMEFT. Fortunately, higher energy
observables where the Z is not integrated out allow to disen-
tangle among the several SMEFT operators that contribute
to a given LEFT one.

In particular, Cpp = ng + ng and Cg,. will induce
cLFV decays of an on-shell Z-boson. These decays have been
searched for and are strongly constrained by the LHC [33,34]
and directly probe the operators of interest [14,22]:

GFM v
+ ﬁ
BR(Z — £, ;) = 3\/_7'[F2{ A2 Cly 2A2Ca
2
+l U_z O‘ﬂ + - 1] ﬁa
4 |2A2 4242 ’

19)
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where we have defined
off op
= [swceg + cWCeW] . (20)

Since both vertex corrections contribute incoherently, it is
possible to extract bounds on each of the WCs, which in
turn would allow to disentangle and constrain the SMEFT
4-fermion operators in the r.h.s. of Egs. (7) to (18), provided
the corresponding LEFT coefficient in the Lh.s. is bounded.

Finally, and for completeness, the matching for the dipole
operator is given by:

2
v of
ég:Z@PMQB_”CW]' @1)

Thus, assuming that LEFT operators originate from the
low-energy contribution of the d = 6 SMEFT implies, over-
all, a significant reduction on the amount of free parameters
given the strong restrictions imposed in the scalar and tensor
sectors. In Sect. 5 we will derive general model-independent
constraints through the LEFT paradigm and then, in Sect. 6,
we will restrict our study to the subset of LEFT operators
generated from the low-energy d = 6 SMEFT. Disentan-
gling among the different SMEFT contributions would sim-
ply require to consider the constraints from LFV Z decays
on the corresponding operators (see Eq. (19)) and then run
down and match to the LEFT to combine with the low-energy
bounds we will derive in this work and present in the follow-
ing sections.

3 Radiative and three-body cLFV decays

Dipole and 4-lepton operators can induce cLFV radiative
decays £, — {gy and three body decays £, — Elgﬂyﬂ_,;. See
Table 3 for the limits on these processes. The expressions for
their respective branching ratios can be found in the litera-
ture, see for instance Refs. [11,12,16,22]. Therefore, we will
refrain from explicitly showing them, as the crucial observa-
tion to be made is that each operator contributes incoherently.
This implies that the extraction of bounds on the WCs under
the assumption that only one operator is present at a time is
equivalent to performing a global fit. We will thus present the
bounds on the cLFV LEFT operators that can be constrained
with the aforementioned low-energy observables, while also
listing the operators that are unconstrained.

The bounds on the WCs are shown in Fig. 1. All cLFV
dipole operators can be simultaneosuly constrained by the
three radiative decays. This family of operators can also
mediate three-body decays and other cLFV processes we will
discuss later, such as . — e conversion in nuclei. However,
due to the very stringent bounds imposed by the radiative
decays, we will neglect them for the rest of our discussion.

As for cLFV 4-lepton operators, the situation is slightly
more involved and depends on the flavour structure of the
operators. Considering for instance the Lorentz structure with
two left-handed currents and for o« # B, there are 15 inde-
pendent operators. Out of those, 7 are constrained by three
body decays, leaving 8 operators unbounded. The exact same
counting holds for the operators with two right-handed cur-
rents. In the case of the vector structures coupling L and R
currents, out of the 33 operators, 18 can be constrained, leav-
ing 15 operators without bound. Finally, for scalar structures
18 out of 36 are bounded and thus 18 remain unconstrained.

The flavour structures of the unconstrained 4-lepton oper-
ators involve flavour combinations in which a decay is kine-
matically forbidden, since the heaviest lepton field involved
in the operator appears several times, and thus are much
less straightforward to probe. In particular, there are 8 such
flavour combinations, which can violate flavour in either one
or two units,

(AF = 1), (22)
(AF =2), (23)

ejipL, eTTT, UTTT, euUTT

eue, etet, UTUT, eTUT

and come in all the possible quiralities and Lorentz struc-
tures® given in Table 2. Interestingly, the operators with 2
muons and 2 electrons, which simultaneously violate L,
and L, in 2 units, are not entirely unconstrained, since they
induce muonium-antimuonium oscillations M,, — M. The
rather strong constraints on this process [54] can be used to
extract bounds on the corresponding operators [55] (see also
Ref. [56] for a recent discussion on bounds for AF = 2
operators). Furthermore, operators with AF = 1 in Eq. (22)
will mix with other AF = 1 operators for which bounds do
exist (such as the fieee structure). Nevertheless, we do not
include this effect as in this work we always consider all WCs
directly at the low scale relevant for the observables under
study.

All in all, no global fit is required for dipole and 4-
lepton operators due to their incoherent contributions. Conse-
quently, the LEFT bounds displayed in Fig. 1 can be regarded
as global. These bounds also directly apply to the scenario
where the LEFT operators arise as the low-energy operators
of the d = 6 SMEFT, which could be then translated to the
SMEFT WCs using Egs. (4) to (18), with the caveat of those
operators which receive contributions from the LFV coupling
to the Z. In these instances, the bounds should be combined
with LFV Z decays, as outlined above, to independently con-
strain the different contributions.

3 For vectorial operators with two left or right currents, cggiv, these

8 are the only independent flavour combinations. For the CZ):;IL?V and

SRS .. .
cgﬁ g Structures, however, there are additional ones which cannot be

related to the above via Fierz identities, explaining the difference in the
previous counting.

@ Springer
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Fig. 1 Current 95% C.L. upper
bounds on 4-lepton and dipole
LEFT operators. The same
bounds hold for the
corresponding (L <— R)
operators. In the case in which
the LEFT is matched as the
low-energy realisation of the
SMEFT, the bounds on scalar
operators do not apply, since
they are not generated, but the
rest still hold. The bounds
shown in the plot are collected
in Appendix B

s

2

4 Semileptonic cLFV observables

We now shift the focus to cLFV 2£2g operators, which
induce, among other processes,  — e conversion in nuclei,
leptonic meson decays and semileptonic tau decays. Con-
trary to the previous section, the 2¢2q operators contribute
in different coherent combinations and thus lead to a non-
trivial analysis of constrained and flat directions. This will
result in potentially different bounds depending on whether
the approach is global or assumes only one operator at a time,
as we will quantify later in Sects. 5, 6 and 7. In this section,
we start presenting all relevant expressions for our analysis,
given in terms of the LEFT operators of Table 2 at the relevant
scale for each observable.

4.1 cLFV semileptonic t decays

Operators involving flavour change between a t and a lighter
charged lepton with two quarks induce decays of the 7 into the
lighter charged lepton and one or two mesons. B factories are
ideal to probe for these rare decays and stringent constraints

@ Springer

exist for their branching ratios from BaBar and Belle (see
Table 3).

Although the number of WCs to probe is high and
it involves different chiral structures (see Table 2), the
plethora of meson final states listed in Table 3 with avail-
able bounds offers great complementarity, allowing to con-
strain many directions in parameter space. For example,
the decay © — ¢x” provides sensitivity to the axial and
pseudoscalar WCs for both chiralities of the charged lep-
ton [57]:

G2 f2(m2 _ m2 )2
0 F A dA
L
Tt X=L,R
2 2
My (cuP _ odP )
Mo (mu + md) X X ’
24

whereas the decay T — £mxTm ™ gives access to the vec-
tor/tensor and scalar WCs via the p and fo resonances,
respectively. The computation of the latter requires the input
of different hadronic matrix elements (see e.g. [15,20]).
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Table 3 Set of low-energy cLFV current bounds relevant for our analysis

cLFV obs. Present upper bounds (90% CL)

BR(u — ey) 3.1x 10713 MEG II (2023) [35]
BR(u — eee) 1.0 x 10712 SINDRUM (1988) [36]
CR(1 — e, S) 7.0 x 1071 Badertscher et al. (1982) [37]
CR(1 — e, Ti) 43 x 10712 SINDRUM II (1993) [38]
CR( — ¢, Pb) 4.6 x 10711 SINDRUM II (1996) [39]
CR(u — e, Au) 7.0 x 10713 SINDRUM II (2006) [40]
BR(7? —» pu~et) 3.2 x 10710 NA62 (2021) [41]
BR(7? — ute™) 3.8x 10710 E865 (2000) [42]
BR(7" — pe) 3.6 x 10710 KTeV (2007) [43]
BR(5) — pe) 6.0 x 107¢ Saturne SPES2 (1996) [44]
BR(y — pe) 47 x 1074 CLEO (2000) [45]
BR(¢p — pe) 2.0 x 1076 SND (2009) [46]
BR(T — ey) 33 x 1078 BaBar (2010) [47]
BR(t — eee) 2.7 %1078 Belle (2010) [48]
BR(T — epft) 2.7 x 1078 Belle (2010) [48]
BR(t — em) 8.0 x 1078 Belle (2007) [49]
BR(t — en) 9.2x 1078 Belle (2007) [49]
BR(t — en) 1.6 x 1077 Belle (2007) [49]
BR(t — enm) 2.3 %1078 Belle (2012) [50]
BR(T — ew) 24 %1078 Belle (2023) [51]
BR(T — ¢¢) 2.0x 1078 Belle (2023) [51]
BR(t — uy) 42 %1078 Belle (2021) [52]
BR(t — ppjt) 2.1 x1078 Belle (2010) [48]
BR(T — pe@) 1.8 x 1078 Belle (2010) [48]
BR(t — um) 1.1 x 1077 BaBar (2006) [53]
BR(t — un) 6.5x 1078 Belle (2007) [49]
BR(t — un’) 1.3 x 1077 Belle (2007) [49]
BR(t — pnm) 2.1 %1078 Belle (2012) [50]
BR(T — pw) 3.9x 1078 Belle (2023) [51]
BR(z — uo) 2.3 %1078 Belle (2023) [51]
BR(t — eeft) 1.5x 1078 Belle (2010) [48]
BR(t — ppe) 1.7 x 1078 Belle (2010) [48]

Neglecting interference terms, the parametric dependence of
the BR in terms of the WCs is [20]:

BR(r — trtn7)
= > {2.0
X=L,R

+0.52

2
uV dv
Crox — CTZX‘ + 0.68

uS s
Crox t+ Crzx)

2
ci‘gx‘ +4.0

2
ity — ity } - (25)

In addition to the spin of the final meson, different isospin
structures also allows to constrain different combinations of

WCs. For instance, while decays into the p-resonance allow
to constrain the isovector combination of vector coefficients,*
the T — fw decay can be used to constrain the isoscalar com-
bination® instead [57]

4 Since exact isospin symmetry is assumed for the estimation of matrix
elements for the T — £~ decay, we assumed it for all observables
involving 7-s so as to avoid artificially lifting potential flat directions.

5 It should be noted that there is an interference term between the vector
and tensor operators that is not chirally-suppressed. However, since this
term does not lead to coherent interference, we do not include it, as it
would only lead to a minor modification of our results.
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BR (1 — {w)

G%,fzm2 m% mczo
X=L,R e mz

2 2
w w(mr_mw) Z
8al'ym;
2
uV d
X |Crox +Cr£X’

f1.0 m% m%u
( 7 ) (ZnTa‘l‘m—z)

Similarly, the T — ¢n and T — £n’ decays [15] constrain
the isoscalar and s-quark combinations of pseudoscalar and
axial operators, complementing the constrain fromt — £7°:

2
ity + <t}
(26)

BR (t — £n)
2 £2(,2 2\2
_ G fr(m? _mn) Z 7?( UA Ly d )
87TF-[m-[ N fﬂ ‘L’ZX X
fi A hy uP dpP
Gt m(crex + CTZX)
h$ 2
n sP
e , 27
2 famemy Cotx @D
BR (r — Zr)/)
2 £2(,2 232
_ G fr (mz _mn’) Z f_';" UA A
- SJTFTmT ij C‘E(X C‘L'ZX
X=L,R
fr?’ sA h:’ dpP
o Cxt m( rex cr(X)
hs, 2
n sP
A 28
2 frmemg Crex 28)

Finally, the decay T — £¢ can be used to access the vector
and tensor involving s-quarks [57]:

BR (t — ()
G Jgmgmz —mg) m? me\ | sy P2
T DD | R g 118
X=L.,R ¢ T
2

fr, ¢) m? My \ | 5T

+4< 2— L —1—-—=)| . (29)
fs mé m% rKX‘

where here and in all the above expressions fs (f7,m) stand
for the (transverse) decay constants of the mesons, and the
pseudoscalar matrix element h 1s related to the axial ( 4 y0) )

and gluonic (a (/)) elements through the Ward identity:
q _ 2 q
hn(/) = mn(/) fr]() -+ an(/) . (30)

Their numerical values are given in Table 4.
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Table 4 Meson decay constants and nuclear matrix elements. Due to
the lack of lattice data on the transverse decay constant of the w-meson,
we estimate fr ,/fw to be equal to fr ,/f,. For the gluon element
ay there is currently no ab initio computation, so only estimations
are available. As in Ref. [29], we use the FKS [72] estimate, whose
30% uncertainty is motivated by 1/ N, corrections. Notice also the large
uncertainty in gg"N arising from a tension between phenomenological
and lattice computations

Decay constant Value

fr 130.2(1.2) MeV [58]
T fe = £/ fx 0.77 [59]
I3 fx -1.17 [59]
ay —0.0170(10) GeV? [59]
Tl fe = f5/fx 0.56 [59]
fil fx 1.50 [59]
ay — 0.0381(84) GeV? [59]
A 198 MeV [60]
Jr.0/fo ~ J1.0/ 0 0.76(4) [61]
fs 227 MeV [60]
Srolfe 0.750(8) [62]
Matrix element Value

24 1.27641(56) [63]
g;‘\’” =g 0.842(12) [64,65]
g A’ 4p — gl —0.427(13) [64,65]
el =gy —0.085(18) [64,65]
ay ~—my(gy” + 84" —0.39(12) GeV [29]
gy = go" 0.0208(15) 2 [66]
gy =g%” 0.0411(2.8) 2% 661
g’ =gy" 0.043(20) 2% [67-70]
HE =1y 0.784(28) [71]
=y —0.204(11) [71]
ff;’ =fi1 —0.0027(16) [71]

In analogy to the p resonant contribution being included
in the full 1 — £x "7~ decay, the T — £K K process would
receive contributions from the vector resonances, particularly
from the ¢. While this decay could provide complementary
information to the other observables listed above, as it is
sensitive to all isospin combinations [15,20], we will not
include it in our analysis since the necessary form factors
have large uncertainties.

4.2 11 — e conversion in nuclei

Operators containing a muon, an electron and two light
quarks can induce u — e conversion in nuclei, for which
very strong bounds exist. In particular, this process has been
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searched for in four different elements (S, Ti, Pb and Au), as
shown in Table 3.

Most studies [10,13,16,25,28] focus on the spin-
independent (SI) conversion rate since this contribution is
enhanced by the coherent sum of all nucleons and thus grows
with the mass number of the nucleus considered. However,
this SI conversion rate only receives contributions from vec-
tor and scalar operators6 as:

32G%m?>
F
CR(u — e)g1 = F—M
cap
2
X Z ‘V(p)cf(‘/ + V(”)cg'(v + S([’)cf(s + S(")c’}(s ,
X=L,R

€1V

where V(P and §(P) ™) are, respectively, the vector and
scalar overlap integrals for the proton and neutron, which
have been evaluated in [13,73,74]. In our analysis, we will
use the latest results of Ref. [74]. Moreover, the proton and
neutron couplings are given by:

_ av
ZCWX +c

neX
pS q.p .48 q.p 9T
cx = Z <85 Chex T fl T p,eX) (32)
q
nV
Cx = C;wX + 2C;wX ’
nS q.n _qS q.n 4T
o —Z(gs +—flT ) (33)
q

where the finite recoil contribution from tensor operators
in the scalar combinations has been included [75,76]. Even
though this contribution is suppressed by m /m y, this finite
recoil term can provide useful constraints. The nuclear scalar
form factors can be evaluated from pion-nucleus scatter-
ing [77] and from isospin breaking corrections extracted from
the proton-neutron mass splitting [78,79]. Their values are
given in Table 4.

Equation (31) shows that the overlap integrals play a criti-
cal role in defining the constrained and flat directions of WCs
and, as such, their uncertainties can have qualitative reper-
cussions on a global fit. This is in stark contrast to the T — ¢
sector, in which the constrained directions are less prone to
uncertainties since they arise from criteria such as isospin
or CP. When all uncertainties are neglected, these overlap
integrals define independent directions in WC space for each
of the 4 nuclei for which bounds are available and thus con-
strain the 4 operator combinations in Egs. (33). However, as
pointed out in Ref. [80], once the nuclear uncertainties are
accounted for (at the 5 — 10% level) some of these directions

6 As well as the dipole operator, but we will neglect its contribution
given the strong bound from p — ey.

may become parallel in WC space. This has the devastating
effect of reducing the number of constraints that are avail-
able, leading to new flat directions that were not present in
the analysis without nuclear uncertainties. We will quantify
this effect later when performing the global analysis of the
W — e sector.

On the other hand, axial, pseudoscalar and tensor opera-
tors can mediate spin-dependent (SD) p — e conversion in
nuclei with spin [17,18,29]. While generally subdominant
without the coherent enhancement over all nucleons, it is
still useful to consider the SD contribution since the strin-
gent experimental bounds on p — e conversion would still
translate into meaningful constraints for these kind of oper-
ators.

One of the main limitations of SD conversion versus SI
conversion is that the former can only happen in nuclei with
spin. Since nuclear pairing combines the nucleons in spinless
pairs, nuclei with even mass number are spinless and there-
fore no bound from SD conversion can be derived. Moreover,
the spin structure of heavy nuclei, such as Au or Pb, is chal-
lenging to quantify from the theory side. As a consequence,
titanium is the only phenomenologically viable element so
as to derive limits from SD conversion, having two isotopes
with spin: 47Ti and *9Ti, with relative abundances of 7.44
and 5.41% respectively.

For an isotope of spin J and keeping only the first multi-
pole,7 the spin-dependent conversion rate reads [29]:

RmiaZ? (7,0 \*
nlepJ+ 1)\ Z

Y Y sk +

X=L,R 1=T.,L

CR(u — e)sp =

2
SLCY |, (34)

where Sl.fj, Cg and Cy are, respectively, the spin structure
factors, and the isoscalar and isovector combinations for the
transverse (t = 7) and longitudinal (z = £) modes. The
coefficients are defined as:

cf =(1+¢)

CIE = (148") i + 20T — 21 ciP (36)
2mN

cd 20l (35)

where the relative sign =+ refers to X = L/R and 8’ and §”
are corrections arising from several nuclear effects [81]. We
assume the values 8’ = —0.28(5) and §” = —0.44(4) from
Ref. [29].
The index i = 0, 1 refers to the isoscalar and isovector

basis, which is related to the proton and neutron basis as

Ox __ ng + Cr;(x

X =7 5,

7 Higher multipoles can be safely neglected, as their contributions are
much suppressed.
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px nx

c C
=X TN forX=L,R x=A,PT, (7
2

with the proton and neutron axial, pseudoscalar and tensor
couplings given by

_ q.p gA PP MN 4.paP
_ZgA Clex » Cx Z — 85 Cuex>
my
q
q.p 9T
Zf” i (38)
_ g.n _gA np my q.n qP
- ZgA C/LeX’ x = 8s CueX’
mq
q
q.n qT
Zf1 reloy (39)

in terms of the the nucleon matrix elements {g 4, g5, fLT}q’N,
whose numerical values are given in Table 4. The pseu-
doscalar matrix elements are related to the axial ones via
the Ward identity:

an
ZmN

N N
g™ =gl : (40)

being ay the gluonic matrix element. Finally, the spin struc-
ture factors Sf/, when considering just the first multipole,
read:

Z”
St =Fi'(m?), (41)

ZN
VSR =F""my), (42)

where the fit functions ff ) )(u) are given in Ref. [29].

Consequently, for each lepton chirality and regardless on
how many isotopes we have data on, at most 4 directions can
be constrained by SD conversion, namely the the 4 WC com-
binations in Egs. (35)—(36): C())(T, C}(T, C?f and C}(ﬁ. Conse-
quently, the parameter space of axial, pseudoscalar and tensor
operators cannot be fully probed with only SD  — e conver-
sion and complementary probes, such as meson decays, are
needed.®

The 4 independent directions to which SD constraints can
be sensitive to can in principle be bounded already through
47Ti and *°Ti data. Indeed, Eq. (34) shows that, for a fixed
lepton chirality, each isotope constraints 2 directions in WC
space, since each of the two modes (7 and £) contributes
incoherently. Consequently, the two Ti isotopes are able to
constrain the 4 WC combinations to which SD conversion is
sensitive to.

z/
Sty =T (m3),

= Fom2),

8 This seems at odds with the conclusions of Ref. [29]. However, even
though higher multipoles were considered in that work, the only com-
binations of operators contributing are the four in Egs. (35)—(36). Thus,
even these higher orders are not able to provide additional information.

@ Springer

Summing up, i — e conversion data would constrain on
8 different coefficient combinations per chirality, 4 from SI
and 4 from SD conversion, when nuclear uncertainties are
neglected. Assessing how this number is reduced in a more
realistic scenario requires a careful and systematic treatment
of the nuclear quantities that control the directions and their
respective uncertainties. We will investigate this issue in
scenarios for which bounds on all Wilson coefficients can,
in principle, be derived. In particular, we will compare the
results of global fits to the data when uncertainties are prop-
erly included as nuisance parameters to the naive fit without
them so as to gauge their impact.

4.3 Meson decays: M — ue

Fully leptonic cLFV decays of light pseudoscalar mesons
70, n and 5’ (see Table 3) provide complementary probes
of u — e cLFV operators involving quarks, as they constrain
different WC combinations than  — e conversion. In particu-
lar, this kind of decays are sensitive to axial and pseudoscalar
coefficients, accessible only via the subdominant SD contri-
bution that, as we discussed above, does not provide enough
information as to constrain them all.

Unlike the t — £ sector, we will not assume isospin sym-
metry here so as not to artificially lift flat directions, since the
scalar and pseudoscalar nuclear matrix elements contributing
to i — e conversion are extracted without that assumption.
The expressions for the branching ratios as a function of the
WCs are the following [29]:

2 2. 2(, 2 232
GFfﬂmM(mn—mM)
47TFnomj3.[

2 cuP dP
uA oA msy peX  Cpex

:F
neX T CueX 2my, \ my mg

BR (no — uTe )

2

c ,  (43)

X=L,R

2

4 F,,m3

BR (n — ,ufei) =

2

X=L,R

fn( MeX +C,1L€X) + = f MeX

hu cuP dP hs
peX | Cuex n SP
, 44
zfnm;L( my * mq >:F zfnmu CueX )
202 2(, 2 22
GFfﬂmM(mn, — mu)
471F,7/m2,

BR (' — pu¥Fet) =

2

X=L,R

hu, uP Cd{J hs, 2
F— (‘“XJr“‘X Fo—1—cly| . 49

s

LlA SA
f Crex + Cp,eX) + f_Cp,eX
T

2f7‘rmu nmy mgq 2fﬂmums
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where the matrix elements are given in Table 4.

In principle, bounds on these three decays would allow
to constrain 6 different combinations of WCs, given the dif-
ferent relative sign of the pseudoscalar contribution depend-
ing on the lepton charges. In practice, however, some of the
experimental limits shown in Table 3 translate into extremely
weak bounds. Even when considering only one operator at
a time, the  and n’ limits imply bounds larger than O(10)
for the WCs of axial operators, since their contributions are
chirality-suppressed. For the pseudoscalar operators the sit-
uation is marginally better and the constraint on the n decay
translates into an O(10~") bound, while the corresponding
n’ constraint is still marginal. Thus, we will only add to the
global fit the decays of the 7° and the 7.

Lastly, notice that none of the previous observables prob-
ing cLFV in the p — e sector are sensitive to the vector oper-
ator involving the s-quark. This operator could in principle
be constrained by cLFV decays of vector mesons such as the
¢-meson:

2G2 f2m3
(@ = u7e) 37T,
2 o\ 2
> { vy +2(ff:>> C,S;x‘ } (46)
X=L,R

Unfortunately, the available constraint on this decay [46]
leads to a rather weak bound ((10%) on the corresponding
WCs, thus leaving cf}éx essentially unconstrained. Conse-
quently, we will not consider this bound for the purposes of
our global fit.

5 LEFT analysis

From the expressions for the cLFV observables shown in
the previous section, we first consider only one of the LEFT
operators in Table 2 at a time and derive upper limits on their
WCs (or equivalently lower limits for the scale A they probe).
We present these bounds in Fig. 2.

As expected, all the constraints in the 7 — wand v — e
sectors are similarly strong, around 10~ and 10~* for the
WCs, since the constraints from BaBar and Belle on the dif-
ferent cLFV decays of the t are all of the same order (see
Table 2). Notably, the bounds on the pseudoscalar opera-
tors are slightly stronger since they circumvent the chiral-
ity flip suppression otherwise required for the decays into
pseudoscalar mesons. In the u — e sector there is a much
larger disparity on the order of magnitude of the constraints
depending on which is the observable that dominates the
bound. Indeed, the strongest constraints between 10~7 and
108 correspond to the scalar and vector couplings since
these induce the, resonantly enhanced, SI contribution to
n — e conversion. The tensor structures are also strongly

bounded at the level of 107> to 107 since they may also
mediate the SI conversion via their finite recoil contribution
with an additional m, /m y suppression. Bounds on axial and
pseudoscalar operators rather stem from their contribution to
the SD conversion, which lacks the coherent enhancement.
Nevertheless, pseudoscalar operators are also bounded at the
107 level given the enhancement with m  / mgy in Eq. (39),
while the bounds on the axial structure is order 10~#. For
all Lorentz structures, the constraints on operators involving
the s quark are between one and two orders of magnitude
weaker given their suppressed nucleon matrix elements with
no bound at all for the vector operator. This justifies the sim-
plified scenario without s quarks studied in Sect. 7, since flat
directions involving s quarks would need to overcome this
matrix element suppression.

In this section we go beyond this one-at-a-time approach
and attempt to derive global bounds on these LEFT oper-
ators discussing, both qualitatively and quantitatively, how
the results change when all operators are considered at the
same time. For this, and also for the results presented in
the next sections, we build the x2 function adding the con-
straints from all the observables discussed in Sect. 4, where
we have assumed the best fits of all upper bounds to be at zero
and a Gaussian distribution in all cases. Since the parameter
spaces describing the different EFTs we will confront with
the observables are rather sizable, we will explore them via
MCMC sampling. Furthermore, given the existence of both
flat directions and of bounds on different operator combina-
tions of very disparate orders of magnitude, we adjust the pro-
posal function of the MCMC sampling to the directions along
which we expect the most stringent bounds, based on the
different observables, and with matching steps. Otherwise,
it would be very easy to miss the extremely thin directions
that are poorly bounded or even unconstrained and conclude
that stronger bounds applied for all operators. We believe
this might explain some differences between our results and
others present in the literature. We then derive frequentist
confidence intervals for each WC profiling over all others
from the x? values obtained after the MCMC exploration of
the parameter space. This will be summarized as 95% C.L.
bands in the different figures shown throughout the paper. We
will also show the different 2-parameter depictions of the fre-
quentist confidence intervals in triangle plots in Appendix A
to better showcase the rather strong degeneracies as well
as the impact of nuclear uncertainties in u — e conversion
constraints. Finally, we also provide approximate correlation
matrices so as to be able to implement our results taking into
account properly the very strong correlations found in our
analysis.

Finally, notice that all of the processes discussed in the
previous section constrain simultaneously operators having
both chiralities for the lighter lepton involved, since their
eventual interference is chirally suppressed. Therefore, in

@ Springer



666 Page 12 of 26

Eur. Phys. J. C (2024) 84:666

Fig. 2 Current 95% C.L.
bounds on LEFT cLFV
operators with quarks
considering only one operator at

100 1072

One-at-a-time bounds
2
ICl%=
1074 1076 1078

a time (see Fig. 1 for the rest of
operators). Missing bars indicate uv
that there is no (relevant) bound apXx

AV
for those operators at present LZ" BX

sV
¢ apXx

uA
caBX
dA
apXx
SA
aBXx

uS
CocﬁX
dS
afXx

sS
afXx

uP
afXx

dP
apXx
sP
CaBX
ul
afXx
dT
Coc[SX
sT
afXx

95% CL

10°

Table 5 Summary of combinations of LEFT WCs constrained by
semileptonic t decays, given in the isospin basis u+d. Filled boxes indi-
cate to which WCs each observable is sensitive to, with same color and
number indicating coherent contributions between those WCs. Thus,
different colors/numbers correspond to the 11 independent constraints
in the T — € sector

wr _ dw
Cre ~ Gt

VIA|S|P|T|V|A|S|P|T|V|A|S|P|T
T — n° 1 1
T —ln
T— 0y 3 3 3 3
T = lw 4 [

T — ntr 7 8
T —=Llp [

the following we will present our discussion for a fixed chi-
rality, keeping in mind that the qualitative arguments apply
to operators of both light lepton chiralities.

U 4 (_,dz 5T
Observable Tl Tl e

5.1 t — £ sector

As shown in Table 2, and for a fixed chirality of the lighter
lepton £, there are 5 operators per quark flavour, each with a
different Lorentz structure (V, A, S, P, T). In our three flavour
approach with operators only involving u, d and s, this means
a total of 15 indepenndent operators.

As discussed in Sect. 4.1, these operators are probed by
several cLFV semileptonic T decays. Each decay to a pseu-
doscalar meson (77°, 1, ') probes a different combination of
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10! 102
A (TeV)

103 10*

axial and pseudoscalar WCs — see Egs. (24), (27) and (28) —;
the decay T — €7 T 7~ independently constrains four differ-
ent WC combinations — Eq. (25) —; and finally the T — fw
and T — {¢ decays provide four additional constraints —
Egs. (26) and (29)-. The counting of these constrained direc-
tions can be visualized in Table 5.

All in all, the 7 cLFV semileptonic decays under consid-
eration probe 11 different combinations of WCs. Since the
LEFT contains 15 operators that can contribute to these pro-
cesses, there are 4 flat directions (F1, F2, F3, F4) that remain
unconstrained:

o Fl: 45, — 458

X X
. . : uA dA uP dP
e F2: one combination of Cox — Crix and Clox — Crix-

. . . qA
e F3, F4: two combinations of {Ctlx}q:u+d,s and

{c(rlé)X}q=u+d,s‘

The direction F1 can be easily understood since the only
constraints on scalar WCs come from t — €77 ~, which
only constrains the isoscalar combination and cig x» leaving
the isovector combination unconstrained. The direction F2
arises from the fact that t — £7° is the only probe of isovec-
tor axial and pseudoscalar operators, therefore the combina-
tion that cancels Eq. (24) is left unconstrained. Analogously,
F3 and F4 are a consequence that isoscalar and s-quark axial
and pseudoscalar operators are only constrained by t — £n
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and T — €1/, thus leaving two unbounded directions along
which both Eqgs. (27) and (28) vanish at the same time.

Consequently, a global analysis is not able to simultane-
ously constrain all of the coefficients, since combinations
along the flat directions are unconstrained. Nevertheless, the
flat directions presented above are restricted to axial, scalar
and pseudoscalar WCs. Thus, vector and tensor coefficients
can all be unambiguously constrained through a global fit in
spite of the flat directions. In particular, T — ¢z 7~ and
T — fw respectively constrain the isovector and isoscalar
combinations of vector and tensor WCs, while T — £¢ inde-
pendently constrains the s-quark vector and tensor. Addition-
ally T — €777~ alsoindependently constraints the scalar s-
quark operator. Summing up, a global analysis can constrain
7 out of the 15 LEFT operators involving flavour change in
the 7 sector. These constraints, result of the global fit, are
shown in Fig. 3.

Finally, it should be noted that adding T — (K+TK~
would help closing the F1 direction, however we did not
include it since there are large uncertainties on the relevant
form factor.? On the other hand, the flat directions involv-
ing axial and pseudoscalar operators are much more difficult
to lift. This is because these operators are only involved in
the decays with pseudoscalar mesons, and only the decays
to ¥, n and 1’ are available, providing constraints on just 3
independent combinations.

5.2 pu — e sector

In complete analogy to the T — £ sector, there are 15 indepen-
dent LEFT operators involving i, e and two light quarks. In
an idealized scenario, i.e. neglecting nuclear uncertainties,
1 — e conversion data can probe 8 different combinations of
WCs, as outlined in Sect. 4.2, 4 from SI and 4 from SD . —e
conversion. Additionally, the 7° and 7 decays discussed in
Sect. 4.3 can provide (weaker) bounds on 2 additional direc-
tions.'9 Thus, 15 — 10 = 5 flat directions are present in this
scenario. Nevertheless, as for the T case, some Lorentz com-
binations can be fully constrained even in presence of these
flat directions.

Indeed, SI i — e conversion constrains the scalar and vec-
tor couplings of the proton and neutron. For the vector oper-
ators this translates directly into the bounds on the couplings
to the u and d quarks with the same vector structure shown in
Fig. 3. However, there is a flat direction (F1) corresponding to

9 For an estimation within the resonant chiral perturbation theory
framework see Ref. [30].

10 The decaysto u~ et and ute™ would in principle lead to 4 additional
constraints. However, the only meaningful constraint derived from the
n decay is on the pseudoscalar combination of operators, as the bound
on the axial contribution is too weak given the chirality suppression
and one of the bounds coming from the ¥ decay is redundant with the
constraints from SD p — e conversion.

the s-quark vector operator, as none of the observables ana-
lyzed in the global fit has any sensitivity to it. In particular, in
the SI conversion rate (which is the only observable sensitive
to vector operators), the nucleon vector form factor for the
s-quark vanishes due to the vector current conservation.

On the other hand, the scalar operators of proton and neu-
tron also constrained from SI 1 — e conversion receive contri-
butions from all three scalar operators as well as from the ten-
sor structures through their (suppressed) contribution from
the finite recoil term (see Eq. (33)). As such, these two con-
straints are not enough to derive bounds on the scalar or tensor
operators.

Regarding the pseudoscalar operators, 2 combinations are
constrained from the decays of the 7% and » — pwe. Further-
more, the isoscalar combination of pseudoscalar operators
can also be bounded from the isoscalar contributions to SD
n — e conversion (see Egs. (35)—(36)). Thus, global bounds
can be found for all 3 pseudoscalar operators. Conversely,
the 9 operators involving scalar, axial and tensor structures
are bounded by the 2 constrains from the scalar couplings
to the proton and neutron from SI p — e conversion men-
tioned above and the 3 remaining independent combinations
in Egs. (35)—(36) from SD u — e conversion. All in all, 5
constraints for 9 operators, leaving another 4 flat directions
unconstrained. Thus, the LEFT u — e sector has 5 flat direc-
tions:

L sV
e FI: cfwx.
. . . q_x .
e F2, F3, F4, F5: four combinations of {CMEX}q=u,d,x with
x=A,S8T.

Summing up, through a global fit and even in absence of
nuclear uncertainties, it is only possible to simultaneously
constrain the pseudoscalar operators as well as the u# and
d vector structures. This is depicted in Fig. 3, showing the
dramatic effect of performing a global analysis rather than
considering just a single operator at a time. It is also interest-
ing to see how the constraints that do survive in this global
fit compare to the ones derived through the one-operator-at-
a-time approach. While the bounds fromthe t —p and 7 —e
sectors are only slightly changed, if at all, those on the ;t — e
sector are relaxed by about 4 orders of magnitude. For the
pseudoscalar operators the three necessary constraints come
from SD u — e conversion, w and n — e decays and,
as such, the profiled bound is dominated by the weakest of
three, namely n — pue. Conversely, in the one-operator-at-
a-time approach the bounds are dominated by the most strin-
gent observable, in this case those from p — e conversion,
explaining the huge relaxation seen in Fig. 3.

For the vector operators, this is instead a consequence of
the different operator directions being probed by the SI tran-
sition of the different nuclei characterized by their overlap
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Fig. 3 Current 95% C.L.
global bounds on LEFT cLFV
operators involving the three
lightest quarks. All operators are
considered at the same time and
their WCs are profiled over to
obtain individual bounds.
Missing bars indicate that there
is no (relevant) global bound for
those WCs. For easier
comparison, we depict as empty
bars the one-at-a-time
constraints of Fig. 2
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integrals in Eq. (33) being very close to each other. The sit-
uation becomes even worse when uncertainties on their val-
ues are taken into account through the appropriate nuisance
parameters. The role of the uncertainties will be fully taken
into account and discussed more in detail in the following
sections with more constrained scenarios where their impact
is more easily investigated.

6 SMEFT analysis

As we have shown in the previous section, present constraints
are not enough to derive bounds on all d = 6 LEFT operators
given the several flat directions that remain unconstrained.
Thus, it is interesting to consider how the situation changes
when the LEFT is obtained as the low-energy description of
d = 6 SMEFT operators. As discussed in Sect. 2, the d = 6
SMEFT matching generates non-trivial correlations for the
(pseudo)scalar and tensor WCs (see Eqs. (4)-(6)):

ngx + CZ;;X = :F(Cgfssx - CZEX) , 47
ngx - ngx = ¢<ngx + ngx> , (48)
Cobx =Ty (49)
chhx = Chhx =0, (50)
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Table 6 Same as Table 5 but for when the LEFT operators are induced
by low energy d = 6 SMEFT, which has less independent WCs (see
text for details). In particular, the isoscalar and isovector tensor operator
map to the same SMEFT contribution, constrained by both ¢ — fw and
T— ntn~

Observable g~k cuf + e 7
VIA|IS T VIA|S|V |IA]|S

T — fn0 1 1
i RN
Tl 3 3 313
7 — fw 51| 4

T bt |6 7 8
40}

where the upper (lower) sign refers to X = L(R) operators.
These relations reduce the number of independent operators,
making them easier to constrain.

6.1 t — £ sector

Upon matching with d = 6 SMEFT, the tensor coeffi-
cients for down-type quarks vanish, while the scalar and pseu-
doscalar coefficients are identical up to a sign. This reduces
the number of independent WCs from the 15 in LEFT to
just 10 coefficients. On the other hand, these same correla-
tions also reduce the number of independent constraints as
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some of them become redundant In particular, since there
is no tensor coefficient cT ¢1.» both decays t — ¢t~ and
T — {w overconstrain the only tensor coefficient c”T Anal-
ogously, the coefficient ¢? e ; vanishes, rendering its bound
from T — {¢ irrelevant. We display this new counting for
the SMEFT schematically in Table 6. All in all, in the low-
energy d = 6 SMEFT, 2 of the 11 constraints are redundant,
reducing the number of independent constraints to 9.
Compared to the LEFT scenario, Eq. (49) implies that the
constraint on cs*g x fromt — £nt 7~ translates to abound on
T Z x as well. Slmllarly, the bound on the isoscalar combina-
tion C??X —I—cr ex ! translates to a bound on the isovector combi-
nation c ,f x—Ct e x- The isovector combination of axial WCs
is then constrained through the bound on 7 — £7°. This
leaves unconstrained the isoscalar and s-quark axial coeffi-
cients, as well as the isovector combination c;’ fx — C?z v for
which there are only two remaining constraints coming from
decays to the 1 and 7" mesons, so only one linear combina-
tion of these three operators remains unconstrained. Thus, in
this context, the single remaining flat direction will be:

dA sA

ds
e F1: a combination ochKX+ Ctoxs Crox and Crex

Crex

The bounds resulting from the global analysis to this
framework are shown in Fig. 4. The results seem very sim-
ilar to those obtained in Fig. 3. Indeed, the bounds on the
WCs that were bounded in Fig. 3 are essentially the same in
Fig. 4 and no new bars for other WCs appear. This is because,
even if the correlations among WCs implied by the d = 6
SMEFT allow to lift 3 out of the 4 flat directions present in the
general LEFT scenario, the remaining flat direction involves
all the WCs that were not previously bounded. Thus, even
though the parameter space is in general much more strongly
constraint and 3 flat directions have been lifted, when profil-
ing over all WCs no individual bound is found for the WCs
involved in the remaining flat direction. Thus, a better per-
spective on how constrained the parameter space is in this
scenario is provided by Fig. 6 in Appendix A through the tri-
angle plot with all different projections for constrained direc-
tions in the parameter space.

Finally, we note again that this flat direction could in prin-
ciple be lifted by including the t — ¢K+ K~ channel which,
contrary to T — £ 7™, is sensitive to all combinations of
scalar operators (7w *7r ~ is not sensitive to the isovector com-
bination), and thus allows for a constraint on all scalar WCs.
This would help closing the whole SMEFT parameter space
in the T — ¢ sector. However, we donotincludet — ¢KTK~
since the scalar hadronic form factors suffer from large the-
oretical uncertainties, as previously discussed.

6.2 1 — e sector

Analogously to the previous section, the number of indepen-
dent operators inducing cLFV in the u — e sector with light
quarks is 10 when matching with d = 6 SMEFT.

We discuss first the simplified (and overly optimistic) sce-
nario of neglecting the impact of the nuclear uncertainties.
As discussed before, i — e conversion data can at most con-
strain 4+4 = 8 combinations between SI and SD, and thus is
not enough to cover the whole parameter space. Therefore,
it is necessary to consider also meson decay bounds that,
although substantially weaker, probe complementary com-
binations of WCs. This adds to a total of 4 +4 4+ 2 = 10
constrained directions, which, at face value, seem enough to
constrain all of the 10 WCs. However, as mentioned in the
previous section, none of these observables receive contribu-
tions from s-quark vector currents, so the corresponding WC
(c ueX) remains unbounded, and only 9 Wilson coefficients
can be constrained at most.

On the other hand, 7% — s is sensitive to the isovector
combination of axial coefficients, which is already bounded
more strongly by SD 1 — e conversion. Indeed, an analysis of
the correlation matrix of the 8§ WC combinations probed by
L — e conversion reveals that the flat unconstrained direction
corresponds to a combination of isoscalar and s-quark axial
WCs. This direction is obviously orthogonal to the isovector
combination probed by 7% — e and thus cannot be lifted
by this limit. This means that the constraints derived for axial
operators will be dominated by the  — e bound, which,
for axial operators, is very weak due to the chirality suppres-
sion. Consequently, even though it is technically possible
to simultaneously constrain all these 9 WCs, the constraints
derived for axial operators are very weak, ~ O(10), and do
not show up among the other light red bands for the range
shown in Fig. 4. On the other hand, it s still possible to obtain
meaningful global bounds for the remaining Lorentz struc-
tures, even if they are substantially weaker than those derived
when considering one operator at a time.

We will now address the effects of adding nuclear uncer-
tainties to the analysis. Accounting for the impact of all
uncertainties entering the u — e transition estimation
requires treating as nuisance parameters many different quan-
tities and the analysis can easily get out of hand and become
numerically unfeasible. For this reason, we will implement
uncertainties only in a selection of nuclear quantities that can
be particularly harmful, since they may effectively reduce the
number of independent constraints. These are:

e Nuclear overlap integrals: these define the directions
probed by SI p — e conversion. The main source of uncer-
tainty comes from the fact that lepton-nucleon interac-
tions are computed at LO in xPT, see Refs. [18,66,82]
for discussions about the size of the possible NLO correc-
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Fig. 4 Current 95% C.L. global
bounds on the cLFV LEFT

SMEFT global bounds with u, d, s quarks
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tions. We will consider 5% and 10% uncertainties for the
overlap integrals of light and heavy nuclei, respectively.
In particular, we will consider the parameters V (")-(")
and S in Eq. (31) as free and independent with
Gaussian priors centered around their nominal value and
a 5%/10% uncertainty. With this parametrization, there
will be a confidence level at which the freedom allowed
for the overlap integrals makes two of them parallel [80]
and, therefore, redundant instead of complementary at
this C.L. This has a dramatic impact in the analysis, since
a new flat direction appears, loosening many constraints
and changing significantly the correlations among the
remaining ones, as depicted in Appendix A.

e Nuclear corrections 8’ and §” to the axial contribution of
SD u — e conversion: these have relatively large uncer-
tainties and, when they become equal, a new flat direc-
tion arises. This is due to the fact that, in this limit,
both longitudinal and transverse modes in Egs. (35)—(36)
would become sensitive to the exact same combination
of isovector axial and tensor coefficients.!!

e Gluonic matrix element ay: the naive estimation of this
parameter, which would suffer from a ~ 30% uncer-
tainty [29], leads to a cancellation of the isoscalar pseu-
doscalar contribution to the SD transition via the relation

11 Notice that the pseudoscalar operators are independently bounded
from meson decays and the isoscalar contribution of SD p — e conver-
sion.
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between the pseudoscalar and axial matrix elements in
Eq. (40). Thus, taking into account this uncertainty has a
sizable impact in the final results of the global fit.

The results of the global fit after including all these nuclear
uncertainties are displayed in Fig. 4 with dark red bars. The
comparison with the light red bars in absence of uncertain-
ties is remarkable. The greatest impact is seen in the vector
and scalar structures whose bounds mainly came from the SI
contribution. Indeed, for a sufficiently high confidence level
(somewhat below 95% where the bounds are depicted), the
directions corresponding to SI ;& — e conversion in Pb and
S become parallel to those of Au and Ti, respectively. This
effectively means that two constrained directions are lost in
the fit, and thus ;& — e conversion can only constrain 6 com-
binations out of the total 8 directions probed without nuclear
uncertainties. These two lost directions must be then supple-
mented by the two directions probed by meson decays, which
entail weaker constraints.

This is best shown by Fig. 7 in Appendix A with two
very striking features. The first is the rather strong correla-
tions between most observables, which reduces the allowed
regions to thin lines in the parameter space. This is the conse-
quence of the extremely different orders of magnitude of the
bounds that each operator can set, with more than 8§ orders of
magnitude difference between those coming from SI u — e
conversion to those from the  — ue decay. The second
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remarkable feature in Fig. 7 is the abrupt change from the
1 to the 2 o regions for several parameters. Some correla-
tions are lost and the corresponding allowed regions become
much larger when going from 1 to 2 o C.L. In some parame-
ters there is also a dramatic change in the overall constrain as
shown by the abrupt jump of the profiled x2 depicted in the
diagonal panels. This jump and the dramatic change in the
correlations, happen close to the 95% C.L., which is when
the nuisance parameters can vary enough so as to make the
directions probed by Pb and S as well as Au and Ti parallel,
as discussed above.

7 SMEFT with only first generation quarks

Given that it is not possible to constrain all WCs simulta-
neously even when considering only operators that match
to SMEFT at d = 6, we consider the further simplification
of operators involving only the first quark generation. This
is motivated by the observables involved when constraining
the © — e transitions, where the dominant contributions
are always from operators with u and d quarks. Thus, flat
directions involving s quarks may be regarded as particu-
larly fine-tuned, since they generally need to overcome this
additional suppression. This is not the case for t — e and
T — [ transitions, since the s content of several mesons
involved in relevant T decays is significant. Nevertheless, we
also show results for the 7 — £ sector in this simplified sce-
nario for completeness.'?

7.1 T — £ sector

As discussed in Sect. 6.1, when all the constraints from the
different possible cLFV t decays are considered, only a sin-
gle flat direction remains unconstrained in the low energy
d = 6 SMEFT. This flat direction corresponds to a combi-
nation of the isoscalar axial and isovector scalar operators as
well as the axial operator with the s quark, for which only
two independent constraints are available from T — £ and
T — {n’. If we assume operators involving only first gen-
eration quarks, these two processes are now enough to inde-
pendently constrain the isoscalar axial and isovector scalar
operators and no flat directions remain. Thus, in this restricted
scenario, present data are enough to unambiguously constrain
all cLFV operators from d = 6 SMEFT involving first gen-
eration quarks and we display the resulting bounds from our
global fit in Fig. 5.

12 Notice that a similar reduction of the number of free parameters
would be achieved when assuming the same coupling for the d and s
quarks, leading to qualitatively similar results.

7.2 u — e sector

In the low energy, d = 6 SMEFT with only first generation
quarks, there are 7 relevant four-fermion operators. Thus, the
dominant 8 different constraints from p — e conversion are
in principle sufficient to simultaneously constrain all of the
WCs at hand, obtaining the bounds shown in Fig. 5 with light
red color.

This is no longer the case when nuclear uncertainties
are properly accounted for. As previously discussed, uncer-
tainties effectively reduce the overall number of constrained
directions by ;t—e conversion data. As such, ; —e conversion
data will need to be supplemented by bounds coming from
meson decays in order to derive constraints on all operators
also in this simplified scenario.

The results of our fit taking into account nuclear uncertain-
ties, are shown in Fig. 5 as dark red bars. The treatment of the
nuclear uncertainties as nuisance parameters is equivalent to
what is described in Sect. 6.2. We again find that bounds on
vector and scalar operators are the most affected, as they can
no longer be solely constrained through SI ;t — e conversion.
However, one important difference is that now the constraints
have suffered from a milder degradation with respect to the
case of Fig. 4. This is a consequence of the fact that, in this
simplified scenario, u —e conversion can place constraints on
8 —2 = 6 combinations after nuclear uncertainties are taken
into account. Therefore, in order to completely constrain the
7 WCs, only one additional constraint coming from meson
decays is necessary, contrary to the scenario with s-quarks,
in which two extra meson constraints were necessary. As in
the previous section, these constraints are very strongly cor-
related and are significantly different between the 1 and 2
o regions, when the nuisance parameters are able to reduce
the number of constrained directions, as show in Fig. 8 in
Appendix A.

8 Summary and conclusions

Charged Lepton Flavour Violation is one of our best win-
dows to probe for generic new physics beyond the Standard
Model, since the GIM suppression through the tiny neutrino
masses makes these searches virtually background-free. The
EFT formalism is particularly suitable to study these pro-
cesses in a model-independent way. Given the large num-
ber of free parameters introduced by the EFT formalism,
the most common approaches to analize their constraints are
either to consider only one operator at a time or to stay at
linear order in the WCs so as to explore possible flat direc-
tions that may relax the former constraints. However, the
contributions of the new cLFV operators to the observables
will necessarily be quadratic, as there are no SM contri-
butions to interfere with, and therefore going beyond the
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Fig. 5 Current 95% C.L.
global bounds on the cLFV

SMEFT global bounds with u, d quarks
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one-operator-at-a-time approach in these studies is challeng-
ing.

In this work we have focused on the impact of poten-
tial flat directions and on studying how the bounds obtained
from a one-operator-at-a-time may be affected by them. After
introducing the LEFT formalism and its matching to the
d = 6 SMEFT, we analized the bounds from cLFV lep-
ton and meson decays as well as from ;1 — e conversion in
nuclei on the WCs directly at the low-energy scale relevant
for the most important observables.

We find that, for the dipole and fully leptonic opera-
tors, there are no flat directions that may relax the bounds
that can be derived simply through the one-operator-at-a-
time approach from processes such as £, — £gy and
Ly — Lglgt,,, respectively. While there are some operators
that are not bounded by these processes and that we list, these
do not hinder the constraints derived on the others which are
summarized in Fig. 1.

Conversely, for semileptonic 4-fermion operators the sit-
uation is very different. It is also very different for cLFV
involving the t with respect to the i — e case. The former is
mainly bounded by searches of T decays to a lighter lepton
and a meson. The different isospin and nature of the meson
gives sensitivity to operators with different quark content and
Lorentz structure. Nevertheless, and despite the many differ-
ent and complementary searches, we find that in the most
general case there are several flat directions that relax some
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of the constraints that would be obtained through the one-
operator-at-a-time approach. In particular, our LEFT sce-
nario has 15 coefficients, 5 per Lorentz structure (tensor,
vector, axial, scalar and pseudoscalar) and 3 per quark type
(up, down and strange), that may contribute. While through
a one-operator-at-a-time approach all WCs can be bounded
at the level of 1073 — 10~* (see Fig. 2), we find that these
constraints apply in a fully global analysis for only 7 of the 15
operators (see Fig. 3), corresponding to the vector and tensor
structures as well as the scalar one for the s quarks. Among
the remaining 8 operators, 4 flat directions exist so that indi-
vidual bounds on their WCs cannot be derived in a global
analysis as one may freely move along the unconstrained flat
directions.

Given this situation, we then analize the more constrained
scenario of the d = 6 SMEFT operators at low energy. This
situation is described with only 10 instead of the 15 parame-
ters of the LEFT scenario. Nevertheless, as shown in Fig. 4,
the only global bounds are still those derived for the vector
and tensor structures as well as for the scalar operator with
the s quark. Indeed, there is a single flat direction involv-
ing the other 5 operators remaining. Thus, even though 9
parameter combinations out of the 10 independent WCs are
bounded down to ~ 10™*, Fig. 4 does not display a bound
for 5 of them since they are all involved in the unconstrained
direction. Adding t — ¢K K would close this remaining flat
direction and lead to global constrains for all WCs, neverthe-
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less a better handle on its form factors is needed in order to
properly include it in the analysis. The final simplified sce-
nario we consider is when only first generation quarks par-
ticipate in the observables. In this case, as shown in Fig. 5, all
WCs are constrained also in the global analysis with bounds
ranging from 1073 to 1074

The p — e sector for the leptonic operators is the most com-
plex to analyze, since the would-be flat directions are deter-
mined by overlap integrals and nuclear parameters defin-
ing the particular combination of operators that contribute
to the SI and SD transitions of each nuclei. Moreover, uncer-
tainties on these quantities, when incorporated as nuisance
parameters to a global fit, alter the constrained directions to
the point that some become linearly dependent on others.
Indeed, within uncertainties, the directions probed by Pb and
S become parallel to those determined by Au and Ti respec-
tively, reducing the 4 independent parameter combinations
probed by the different elements to only 2. As such, addi-
tional data on more complementary nuclei would be very
helpful [80]. We notice, however, that SI transitions are fully
characterized by only 4 operator combinations: the scalar
and vector couplings to protons and neutrons. Thus, once 4
independent operator combinations corresponding to 4 dif-
ferent nuclei have been bounded, new nuclei cannot provide
complementary information. The situation is similar for the
SD contribution to i — e conversion. Again only 4 operator
combinations (isoscalar and isovetor transverse and longitu-
dinal modes) contribute. Furthermore, present data on u — e
conversion in Ti already provide independent constraints on
all 4, so that additional data will not allow to constrain new
directions. Conversely, we find that cLFV meson decays such
ast® — peorn — e do provide complementary informa-
tion, although the bounds are much weaker. Thus, improving
these constraints does have a significant impact in global fits
when correlations and flat directions are fully accounted for.

With the one-operator-at-a-time approach and neglecting
nuisance parameters, very stringent bounds down to 10~7 are
found for the LEFT vector and scalar operators that contribute
directly to the SI u — e conversion in nuclei. Tensor struc-
tures have somewhat weaker bounds of 107> through their
finite recoil contribution to the SI transition. The axial and
pseudoscalar structures contribute to SD transitions instead,
which lack the resonant enhancement of the SI and lead to
bounds between 1073 and 1075 (see Fig. 2). None of the
observables are sensitive to the vector operator involving
the s quark, which remains unbounded. When analizing the
LEFT scenario with its 15 free parameters, only bounds on
the vector and pseudoscalar operators may be derived. For
the vectors they are relaxed from 10~ to 103 due to the very
many flat directions present (see Fig. 3). The bounds on the
pseudoscalar operators are now dominated by the n — e
process and relaxed by around 5 orders of magnitude.

When the low energy d = 6 SMEFT with its 10 oper-
ators is considered instead, all of these flat directions are
lifted. However, there is a single direction involving the axial
operators in an isoscalar combination as well as the s quark
contribution which is only very weakly constrained, beyond
the range of Fig. 4, by n — pe. The bounds on the other
operators are also very degraded with respect to the one-at-
a-time constraints since, even when independent, many of the
directions constrained by p — e conversion are almost par-
allel. Thus, from Figs. 2, 3 and 4 the constraints weaken by
~ 4 orders of magnitude in the global SMEFT analysis. The
situation worsens when nuclear uncertainties are accounted
for and SI v — e conversion can effectively constrain only
2 directions. Therefore, the bounds on the vector and scalar
operators become only order 1 or even larger for the for-
mer.

Finally, with the additional simplifying assumption of no
operators involving s quarks, bounds on all WCs may be
derived through the global analysis. Without nuclear uncer-
tainties, these bounds on the p — e sector are surprisingly
similar to those on the 7 — £ sector. While with the one-
at-a-time analysis much stronger constraints in the u — e
were found, in a global fit scenario, they become diluted
by the very strong correlations present between the differ-
ent observables. Moreover, when nuclear uncertainties are
included as nuisance parameters, the bounds on the u — e
sector become significantly weaker than those in the v — ¢,
particularly the ones for the vector and scalar operators, as
previously discussed.

All in all, we find that flat directions play no role in
the bounds on fully leptonic operators and the naive one-
operator-at-a-time approach leads to reliable constraints on
the relevant WCs. Conversely, flat directions appear and lead
to fully unconstrained parameter combinations for semilep-
tonic cLFV 4-fermion operators. While these flat directions
were not found in previous global scans of the parameter
space, we believe this is due to our different scanning strat-
egy as outlined in Sect. 5. Remarkably, we find that when the
operators are those induced by the low-energy d = 6 SMEFT
and if only two independent couplings (one for up and one
for down quarks) are considered for each Lorentz struc-
ture, present data allows to lift all flat directions present and
obtain unambiguous bounds on all operators. However, in the
case of the ; — e sector, these bounds are around 4 magni-
tude weaker than in the one-operator-at-a-time approach and
become even weaker when nuclear uncertainties are properly
accounted for. Nevertheless, extremely strong correlations
among them exist, reflecting the underlying directions that
are much more stringently constraint. Thus, we also provide
correlation matrices in a GitHub repository that contain all
these nuances as a useful tool to incorporate cLFV constraints
in particular UV-complete scenarios.

@ Springer


https://github.com/dnaredo/cLFV_GlobalBounds.git

666 Page 20 of 26

Eur. Phys. J. C (2024) 84:666

Acknowledgements The authors thank Javier Menéndez, Jacobo
Loépez-Pavon and Salvador Urrea for very illuminating discussions.
This project has received support from the European Union’s Horizon
2020 research and innovation programme under the Marie Sktodowska-
Curie Grant agreement No 860881-HIDDeN and No 101086085 -
ASYMMETRY, and from the Spanish Research Agency (Agencia
Estatal de Investigacion) through the Grant IFT Centro de Exce-
lencia Severo Ochoa No CEX2020-001007-S and Grant PID2022
137127NB-100 funded by MCIN/AEI/10.13039/501100011033. We
acknowledge support from the HPC-Hydra cluster at IFT. XM acknowl-
edges funding from the European Union’s Horizon Europe Programme
under the Marie Sktodowska-Curie Grant agreement no. 101066105-
PheNUmenal. The work of DNT was supported by the Spanish MIU
through the National Program FPU (Grant number FPU20/05333).

Data Availability Statement This manuscript has associated data in
a data repository. [Authors’ comment: No data was generated for this
theoretical research.]

Code Availability Statement This manuscript has no associated
code/software. [Authors’ comment: The results of the analysis, as
well as their implementation in Mathematica and Python are avail-
able in the following GitHub repository: https://github.com/dnaredo/
cLFV_GlobalBounds.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.

A Detailed fit results

Here we present quantitative information about our bounds
and the correlations among the different parameters so as
to allow the implementation of our constraints in specific
scenarios.

Correlations are of particular importance for the global
fit results, specially for the . — e global bounds, which get
substantially degraded with respect to the one-at-a-time sce-
nario. This is due to the fact that some specific combinations
of WCs are very poorly constrained (or not at all) together
with extremely tight bounds in other very specific directions.
However, if a particular UV completion does not align along
these weakly constrained directions, the corresponding con-
straints will be much tighter than those directly inferred from
the plots showed in the previous sections.

Usually, this information is easily conveyed through the
covariance matrix. However, all the observables considered,
being cLFV and therefore not present in the SM, depend
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quadratically on the WCs at the leading order. Furthermore,
as there is no signal in any of the observables, the best-fit
point corresponds to all WCs vanishing and the resulting x>
test-statistics will be a purely quartic polynomial.

Indeed, if one tries to approximate the test-statistics from
its Taylor’s series around the best-fit point, the first non-
vanishing order will be the quartic:

2.2
2 2 CiCj 07 x
x (i) = x"(ci=0)+ 2 eide,

CiCLCk 83)(2
3! 8ci8cj8ck
CiCjCrCl 84)(2
41 9c;idcjocdc
_CGicjekc 84)(2
A4l Bcidcjdckdc

¢;i=0

¢;=0

¢;=0

(S

Ci =0

and thus the covariance matrix vanishes for our test-statistics,
such that the information about possible correlations between
the coefficients will actually be contained within the co-
kurtosis tensor of 4th derivatives.

Ideally, a change of basis to the second order polynomials
in the WC relevant for the observables considered would
allow to make the x2 a quadratic function of the parameters
analized. Unfortunately, after doing this change of basis for
the most relevant observables, it is not possible to express
the remaining WC combinations necessary for the rest of
the measurements as a function of the new variables in an
univocal way. Thus, for the sake of presenting results that
can be more easily implemented when deriving constraints
on specific models and that approximate the results of our
global fit, we construct a “proxy-covariance matrix” whose
global bounds match those extracted from the full analysis
of the true test-statistics at a given confidence level.

In particular, we construct a ‘“proxy-test-statistics” by
using as observables the square root of the branching ratio,
instead of the branching ratio itself. This guarantees that
our “proxy-test-statistics” is a quadratic polynomial in the
coefficients and consequently has a well-defined covariance
matrix. We then normalise the covariance matrix so as to only
retain information on how correlated are the WCs. Lastly,
the normalisation of the variances of each of the WCs is set
to the global bound obtained in the full analysis of the true
test-statistics at some given confidence level. Thus, the infor-
mation about the strongly correlated directions is preserved
and the bounds agree with those of the actual global fit at the
confidence level selected. Notice, however, that using this
covariance matrix for different confidence levels would pro-
vide wrong results as the dependence on the WCs of the true
test statistics (quartic) and the approximated one (quadratic)
is different.
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In particular, we will give our results in terms of the
global bounds {o;} on the coefficients {c;}, with a normal-
ized “proxy-covariance matrix” p, such that the “proxy-test-
statistics” can be easily constructed as follows:

2 _ -1\ S ¢j
Xproxy = Z ()0 )ij U_za . (52)
L]

The bounds {o;} and their corresponding inverse-
covariances p~! are available in text file format in the fol-
lowing GitHub repository.

A.1 t — £ SMEFT results
A.1.1 Results with u, d and s quarks
As argued in Sect. 6, when considering all light quarks, there

is a single flat direction remaining, which we isolate by defin-
ing the following uncorrelated coefficient combinations:

1A uA dA
Crex = Crex — Crex (53)
0S _ uS ds
Crox = Crpx T Crpx s (54
1 1y
AN _Jn uA dA N sA
Crox = 7 \Crox +Coox ) + Crox
bE g
T g
hu
Ui uS ds
+ T (e ) (CrZX - CtZX) ; (55)
s T u
1y 1y
' I uA dA N sA
Crox = 7 \Crex T Crex ) T Crex
f; bE
JTT T
h,
Ui uS ds
:F f m (m +md) (C‘EZX - C‘[ZX) ’ (56)
s T u

where the F sign corresponds to X = L/R, respectively. At
95% CL, the global bounds read,

uV

cily 2.0 x 1074 [ “oux 2.0 x 1074
dV
iy 20x 1074 | | Coex 2.0 x 10~
\%4
Chox 19 x 1074 | | crx 3.0 x 10~
1A _4 1A _4
clA 7.9 x 10 Crpx 8.9 x 10
G | < |93x107 | [ ux | < |80x 1074 |, (57
& 1.7 x 1073 & 1.5 x 1073
TeX TuX
P L9 x 1074 f os 1.8 x 1074
Ti
S —4 ) —4
Sy 23 x 10 c;ix 22 x 10
T -5 -5
o 7.7 x 10 ngX 7.8 x 10

which are mostly uncorrelated, as shown in Fig. 6.

A.1.2 Results with first generation quarks

At 95% CL, the global bounds read,

AV 20x 1074 [(Cax\ /20 x 1074
v, 20x 104 | [ <fix 2.0 x 10~
A 13x1073 | |4k 1.2 x 1073
cdd | <13 x1073 ] [ i <|12x1073 ). (58)
Sy L3x 1074 | ensy 1.3 x 107*
cds, LA 1074 feas 1.3 x 1074
Ty 8.1x 1077 T 7.6 x 107

A.2 p — e SMEFT results

As argued in Sects. 6 and 7, all WCs under consideration,
except for c;‘;x, can be simultaneously constrained in our
global fit. We collect these global bounds here for the analy-
ses including the nuclear uncertainties, as well as their cor-
relations showed in Figs. 7 and 8.

We note that, contrary to the t sector, the correlation
between some of the operators is extremely strong. This fact
explains why the global bounds are so much weaker com-
pared with the the one-at-a-time scenario (see Fig. 4), push-
ing some of the profiled bounds to O(> 1). Nevertheless,
these strong correlations imply that these very weak bounds
can only be saturated in models that predict very specific
cancellations. Saturating all of them would in general result
in incorrect results, underestimating the cLFV bounds, and
thus we instead provide the correlation matrix p~! available
in the GitHub repository in order to correctly include these
bounds on specific setups.

We also remark the big difference between the 68% C.L.
and 95% C.L. bounds, being the former orders of magnitude
stronger for some operators. The reason, as explained before,
is that at higher C.L. two constraints from SI t —e conversion
are lost due to nuclear uncertainties in the overlap integrals
defining the constrained directions (see Eq. (31)). Therefore,
the 95% C.L. global bounds presented in this work cannot
be naively translated into other confidence levels and the
complete x 2 must be used.

In the following we present bounds and correlations
extracted for the operators in which the electron has L-
chirality, but very similar results are found in the R-chiral
case, which are available in the repository.
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Fig. 6 Correlations between
the different T — e operators, as
extracted from our numerical
analysis of the LEFT from

d = 6 SMEFT at low energy,
considering all light quarks. Red
and blue lines correspond to
68% and 95% C.L., respectively.
Notice the generally mild
correlations between the
coefficients, which explain why
the global bounds (except in the
presence of flat directions) are
so close to the one-at-a-time
bounds (see Figs. 4 and 5). A
very similar plot is obtained for
the T — u sector

A.2.1 Results with u, d and
uncertainties

a7
L
=
—

~—

v

Rl

v

R

JLesss

Co0onD

Y3

=
L
&

O
o

LLLLL

s quarks and nuclear

At 95% CL, the global bounds read,

uV

CreL 4.6 x 10°
A%

Cpel 3.5 x 10°

Clrer 1.6 x 10!

ctd 1.6 x 10!

s < | 7.8 x 10
sy 1.1x 107!
ds -1
cds, 2.4 % 10
&S 7.4 x 107!
nelL

CuT 4.8 x 1072
pelL
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, (59)

&
0

ailele

OOE

with the strong correlations shown in Fig. 7.

A.2.2 Results with first generation quarks and nuclear

uncertainties

Global bounds at 95% CL:

\4
Cprel 2.1 x 100
v 1.6 x 10°
cudy 1.5 x 107!

cdd | < |17 x 1072

S -2
C;qu 6.7 x 10

ds -1
Sy 1.4 x 10

T 4.9 x 1072
pelL

with the strong correlations shown in Fig. 8.

(60)
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Fig. 7 Same as Fig. 6 but for
the u — e sector, showing the
very strong correlations between
some of the coefficients. This
explains the huge relaxation of
the global bounds with respect
to the one-at-a-time scenario in
Fig. 4

B Bounds on dipole and four-lepton operators

Y3

=
\

v

5

==

SN s

ALDIDIDINDN

For the sake of completeness, we also show the bounds on
the LEFT operators as extracted from radiative and three-
body leptonic decays. As discussed in Sect. 3, the incoherent
contributions of each of the operators renders the following
95% C.L. bounds totally uncorrelated:

Con 6.0 x 10712

¥l <l79x108 ], ]¢c

e 8.9 x 1078

eeLV
eplL

eeLV
etL

nmuLv

CMTL

LV
etrL

eeLV
ntL

enLV
etL

neLV
ntlL

i N

o
G | \\ jam
G \\ | / T
@ @ ‘ @ ; B/
CeeRV eeRS
enk 52 x 1076 euR 3.1 x 1076
ceeRV CeeRS
etl 2.0 x 1073 etk 1.2x1073
MURV MURS
Curr 1.8 x 1073 Curr 1.1x 1073
S
it 20x 1073 | | i 1.4 x 1073
c;‘ilzv <]2.0x1073], cfﬁﬁs <|14x1073]. (62)
ceekV 2.0x 1073 ceekS 1.4 x107?
MeRV 2.0 x 1073 feRS 1.4 x 1073
6.2 x 1076 etk etk
iRV 1.5x 1073 euRS 9.0 x 1074
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2.1x1073 22 nTR
<l20x1073], (61)
2.0 x 1073
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The same exact bounds apply to the WCs obtained from inter-
1.9 x 1073

changing (L <— R).
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Fig. 8 Same as Fig. 7, but for
the scenario with only first
generation quarks. This explains ¥
the huge relaxation of the global
bounds with respect to the
one-at-a-time scenario in Fig. 5
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