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ABSTRACT: Lepton Flavour Violation (LFV) is New Physics that must occur, but is strin-
gently constrained by experiments searching for u <> e flavour change, such as y — ev,
@ — eée or u — e conversion. However, in an Effective Field Theory(EFT) parametri-
sation, there are many more p <+ e operators than restrictive constraints, so determining
operator coefficients from data is a remote dream. It is nonetheless interesting to learn
about New Physics from data, so this manuscript introduces “observable-vectors” in the
space of operator coefficients, which identify at any scale the combination of coefficients
probed by the observable. These vectors have an overlap > 1073 with most of the co-
efficients, and are used to study whether © — ey, u — eee and y — e conversion give
complementary information about New Physics. The appendix gives updated sensitivities
of these processes, (and a subset of 7 — ¢ decays), to operator coefficients at the weak
scale in the SMEFT and in the EFT below myy.

KEYwORDS: Beyond Standard Model, Effective Field Theories

ARrRX1v EPRINT: 2010.00317

OPEN AccESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP02(2021)172


mailto:s.davidson@lupm.in2p3.fr
https://arxiv.org/abs/2010.00317
https://doi.org/10.1007/JHEP02(2021)172

Contents

1 Introduction 1

2 Completeness 3
2.1 Operators 3
2.2 Experimental bounds )

2.2.1 Translating u— e conversion bounds onto quark operators 6
2.3 Accounting for loop effects 7
2.4 Constraints at my, 9
241 p—ey 9
242 pu— eee 11
2.4.3 p— e conversion 11
2.5 What is not probed? 12

3 Complementarity 13

4 Discussion and summary 17

A Tables of sensitivities 19
A.1 Including a selection of tau decays 21

1 Introduction

The observed pattern of neutrino masses implies new particles and interactions (New
Physics = NP) in the lepton sector (beyond the Standard Model with left-handed neu-
trinos), so one of the best-motivated challenges in particle physics is to discover what it
is. Knowing where to search would be a useful input to this enterprise. One possibility
would to look everywhere where NP is not already excluded; another would be to explore
regions suggested by motivated models. However, the guidance from models can be am-
biguous, because they are legion, and for a given process, many models may predict rates
just beyond the current experimental reach. So this manuscript takes the agnostic view
that it is interesting to look for Lepton Flavour Violation (LFV) everywhere it is not ex-
cluded. The current aim is to identify where that is; once NP is detected, reconstructing
it becomes interesting.

This manuscript focuses on NP that changes lepton flavour p <+ e (for a review, see
e.g. [23]), for simplicity restricted to processes that are otherwise flavour diagonal, such as
[ — eée or p — ey, but not K — uteT. In order to look for LFV “everywhere that it is
not excluded” among such processes, it would be interesting to list observables such that:

1. if 4 <> e flavour-changing NP exists, it would contribute to at least one of the
processes. That is, the set of observables is “complete”.



2. the observables are complementary, in the sense that they give independent informa-
tion about the NP, and cannot be predicted one from the other. In particular, we
want to avoid searching for a branching ratio that is already excluded by the upper
bound on another observable.

Instead of trying to construct such a list, we ask a more pragmatic question: to what
degree are u — ey, u — eee and p — e conversion on nuclei (uA — eA) complete and
complementary? These processes are selected because the current experimental bounds on
the branching ratios are restrictive (< 107!2) [1-4], and experiments under construction
aim to improve the sensitivities to 1074 — 10716 [5-9] or better [10].

Ideally, a complete list of complementary processes should be independent of the the-
oretical formalism used to establish it — for instance, it should not apply only to some
models, or depend on a choice of operator basis in an Effective Field Theory (EFT).
Nonetheless, let us start by restricting to “heavy” NP models, where the new particle
masses are at a scale Axp = mypy. Such models can be parametrised below Axp in an
EFT framework, which allows to separate “known physics” (the data and the Standard
Model), from the theoretical speculations above Axp. So LFV is described by operators
constructed out of Standard Model(SM) fields and respecting SM gauge symmetries.! In
addition, Anxp is assumed large enough to justify retaining only a few terms in the 1/A{p
expansion, which in the case of LFV, starts at dimension six o 1/ AQNP. In this EFT con-
text, a complete list of observables should contain at least as many members as there are
operator coefficients — otherwise there can be combinations of coefficients that are not
probed (sometimes called “flat directions”). Unfortunately, for u — e flavour change, there
are many flat directions: current data on u — ey, u© — eée and u— e conversion impose
12 to 14 [11] bounds on the coefficients of the 80—90 operators listed in section 2.1.

A first step, is nonetheless to explore whether u — ey, u — eee and u— e conversion
are sensitive to the coefficient of each operator in the basis of section 2.1. Such a study
is basis-dependent, and corresponds to calculating “one-operator-at-a-time” bounds, or
“sensitivities”(the word used in this manuscript): a coefficient smaller than such values
cound not have been seen. This is consistent with the original aim of identifying where
LFV is not excluded, and the results are given in the tables of appendix A. However, the
coefficients can be larger than these sensitivities, by sitting along various flat directions,
which are discussed in section 2.5.

Loop effects are the backbone of this discussion. This is because the contact interac-
tions which are induced at tree level in models, may not mediate the processes which are
stringently constrained by experiment. Consider, for instance, a NP model that induces
a tree-level contact interaction (by“b)(@yau). This mediates the decay Y — eu [12], and
contributes at one-loop to p — eee. But u — eee will have better sensitivity, both because
the bound on the BR is more restrictive, and because the muon lifetime is longer, since
it decays via the weak interactions, whereas the T decays electromagnetically. SM loop
corrections to the contact interactions, are discussed in more detail in section 2.3.

!This overlooks the implications of possible of light NP in other sectors; for instance a light axion/ALP
or DM particle.



Constraints on LFV contact interactions have been tabulated in many previous pub-
lications. This manuscript differs from earlier works, such as [13-17], which mostly listed
tree-level bounds, that is, constraints at the experimental scale on the coeflicients of opera-
tors which contribute at tree level to the process. The sensitivities tabulated here are very
similar to those of [18], which apply to coefficients at a short-distance scale ~ 1/my and
include similar Standard Model loop corrections between my and low energy; the results
here complete those of [18] (where some operators are missing from the tables), extend
them by a subset of 7 <+ £ operators, and also give the sensitivities in the SMEFT basis.

The “observable-vectors” are defined in section 3. When New Physics is parametrised
via operators in EFT, these are constructed along theoretical guidelines, and identify the
default basis of coefficient space. Observable-vectors could be an alternative basis, corre-
sponding to the directions in coefficient space probed by observables. They appear im-
plicitly in the results of section 2. Their misalignment quantifies the complementarity of
the observables: if the vectors are orthogonal, the observables are very complementary,
if the vectors are parrallel, the observables probe the same thing, so section 3 uses this
perspective to plot the complementarity of u — ey, u — eée and p— e conversion.

2 Completeness

Ideally, a list of processes that is “complete” could include processes at any accessible energy
scale, and would allow to probe any LFV contact interaction. However in practise, it is
difficult to search for processes with more than four legs, and many restrictive constraints
come from low-energy processes. So we attempt to construct a list of processes that is
sensitive to all LE'V contact interactions at “low” energies < myy that have three or four
legs. Section 2.1 lists a QCDxQED-invariant basis of operators constructed with three
or four lepton, quark photon or gluon fields, that change lepton flavour © — e, and are
otherwise flavour-diagonal. A quark and gluon basis is used because they appear in loops
between myy and ~ 2GeV. However, they live inside hadrons; the additional step of
matching quark operators onto nucleon operators is discussed with p — e conversion in
section 2.2. Section 2.2 gives the Branching Ratios for restrictively-bounded processes in
terms of the operator coefficients at the experimental scale, section 2.3 describes how SM
loop corrections are included in this analysis, and the branching ratios are given in terms
of weak-scale coefficients in section 2.4. Allowing one coefficient at a time to be non-zero in
these formulae, gives the “one-operator-at-a-time” bounds, or sensitivities, of each process
to each operator, which are collected in the tables in appendix A. The operators can be
matched onto the SMEFT at myy, sensitivities are also given in this basis. Finally, since
there are more operators than experimental constraints, section 2.5 discusses combinations
of coeflicients that are not constrained.

2.1 Operators

There are ninety operators which are QCDxQED invariant, have three or four legs, and
which change flavour 1 — e (and involve no other flavour change). These are suitable for
describing ;1 — e interactions at energies below myy, where the Higgs and SU(2) bosons
are not present as external legs. The operators here are constructed with chiral fermions,



because this facilitates matching onto the chiral SMEFT operators at the weak scale,
and because in the lepton sector, the electron from muon decays is relativistic, so & chiral,
implying that negligeable interference between operators involving ey, vs eg. The operators
are added to the Lagrangian as

o°
L=Lom+d Yy 200, +he (2.1)
¢ Lor

where 1/v? = 2y/2Gr (v ~ my), the operator subscript Lor gives the Lorentz structure
and chirality of the fermion bilinears, and the superscript ¢ gives the flavour indices. Since
this manuscript only considers p — e transitions, all the operators contain e and pu (the
ut — eT processes are described by the +h.c.), and the ey indices are suppressed from
the superscript.

The 22 four-lepton operators are:

O@,YY = (ey*Pyp)(IvaPyl), Og,yx = (ey*Pyp)(lvaPxl)
Ofyy = (@Pyp)(IPyl) Oglyx = (ePyp)(TPxT) (2.2)
OTlyy = (o Py pu)(To Py T)

where | € {e,u,7}, X, Y € {L,R}, and X # Y. Then there are 50 operators withtwo
leptons and a quark bilinear:

Otfyy = (eY* Pru)(@vaPra) , Oy = (@ Prp) @vaPxa)
Ofyy = (ePyp)(qPya), 0%y = (ePyp)(@Pxq)
O7lyy = (€0 Py p)(Go Pyq) (2.3)

where ¢ € {u,d, s,c,b}. And finally, there are 18 operators with two leptons, which include
the dipoles and operators with two photons or gluons

Op.1 = muero®P upFag mueo™ upFop
Ocgay = %(EPYH)G(JBG@B, Ocay = %(EPyM)Gaﬁéa’B
Ocaovy = %(E’y"Pyu)GagagGw, Ogavy = v—t(éfyapyu)(;aﬁaﬁéaa
Orry = %(EPY,U«>FaﬁFaB , Oppy = %(éPyM)Fagﬁa’B
Orrvy = %(é’YUPYM)FaﬁaﬂFMa Oppvy = %(E’YUPYM)FQB%FM (2.4)

where 0% = %[70‘, 7], X,Y € {L,R}, and X # Y. The running of the muon mass
in the dipole operators is neglected here. The dimension seven operators Oga,r, Oca,r
were included in p— e conversion in [19], and the other gluon operators will not be further
considered here. The u — ey~ rate due to the various two-photon operators was calculated
in [20], and the Crystal Box experiment [21] set the constraint BR(u — eyy) < 7.2x 1071,
The Oppy operators also contribute to ;— e conversion [22], and the SINDRUMII search
for Au — eAu currently has the best sensitivity to Crrr, and Crr g.



2.2 Experimental bounds

We now want to relate the coefficients of these operators to experimental decay rates. We
restrict to the bounds on u — ey, i — eée and pA — eA because the current experimental
upper bounds BR < 1072 [1-4] are restrictive, and will improve by orders of magnitude
in coming years [5-9]. Furthermore, the branching ratios compare to a weak decay, so
BR <107 '2 probes a new physics scale Axp < 100 TeV.

The Branching Ratio for y — ey [23], and the current experimental bound [1] are

BR(u — ey) = 3847%(|Cpr|* + |Cpr|?) < 4.2 x 10713 (2.5)

so the dipole coefficients at the experimental scale should be inside the circle in coefficient
space given by eq. (2.5), that is, should separately satisfy Cp x < 1.05 x 1078,
The branching ratio for u — eee is [23-25]
BR(u — eee) < 10712
= 2|Cy, 11, + 4eCp g|* + 2|Cy.rRr + 4e¢Cp 1|

—l-|CV73L+4€CD,L|2+’CV7LR+4€CD,R\2 (2.6)
C 24 C 2
4 |Csiel ; Cs.rrl” | (641nm“ ~ 136) (leCp.r|* +1eCp.L]?)

where In %‘; = 5.35, 80 €2(641n %’: —136) ~ 204.8¢2 ~ 18.78. Measuring the polarisation of
the muon and the angular distribution of the electrons [24, 25], (and even the polarisation
of the electrons), could allow to discriminate among these various contributions.

Combining the ;1 — eee and p — ey bounds in a covariance matrix allows to obtain
separate constraints on the dipole and vector coefficients (see [11]). Since the current
bound on BR(u — e7y) is restrictive, this amounts to imposing the bound (2.5) on the
dipole coefficients, and then neglecting them in (2.6):

IC¥xx| ST0x 1077, [Cffxy| <107°
|C&x x| <2.8x107° (2.7)

where the coefficients are evaluated at the experimental scale.

The conversion of a muon to an electron in nuclei is a sensitive probe of u — e flavour
change in the presence of quarks. The u~ is captured into the 1s state of the nucleus,
and can then convert to an electron by interacting with the nucleons or electric field of the
nucleus. The SINDRUMII experiment at PSI, with a continuous muon beam, searched for
p— e conversion on Titanium and Gold [3, 4], setting bounds BR(uA — e+ A) < 10712,
The theoretical rates for (Spin Independent) conversion on many targets are given in [26],
and can be written [11]:

4.3 x 10712 Ti
7x1078  Au’

I'(pA — eA)

BRsi(pA — eA) = T (A)
cap

= BA[WA'@LPH@A-C_"RH < { (2.8)
where the Branching Ratio is normalised to the capture rate pA — v, A’ on the same
nucleus, and is expressed in terms of the coefficients {C'} of operators constructed with a



nucleons. Several comments:

1. The coefficient subscript gives the Lorentz structure (V' or S), then the chiral pro-
jector of the lepton current, but the nucleon current is not chiral because its more
useful in the non-relativistic limit to use a scalar(S), pseudoscalar(P), vector (V),
axial vector (A) and tensor (7') basis, where the P, A,T" components contribute to
the Spin Dependent rate [27, 28] so are neglected here. The non-chiral coefficients
can be written in terms of chiral coefficients as, eg

Cly = (CVYR+CVYL> . Oy = (CVYR CVYL) (2.9)

2. The formula after the last equality is given in the normalisation of [11], where the
coefficients of nucleon operators have been assembled in vectors

Cr = (Cp,n, C¥p, Oy, Ch, CY1) (2.10)

(and similarly for C), and the overlap integrals of Kitano, Koike and Okada [26] for
target A have been assembled in unit-normalised “target vectors”

D n n
s = <f,sf),v(p),sg),vg ’)
32G3.m? |04 ?

FCCLP(A)
The vectors and normalisation factors for Titanium and Gold are

whose normalisation is absorbed into the B4 =

i = (0.250, 0.426, 0.458,0.503,0.541),  Br; = 250
D au = (0.222,0.289,0.458,0.432,0.686), Bay = 300. (2.11)

Since these vectors are misaligned, Titanium and Gold can measure independent
combinations of coefficients [11].

2.2.1 Translating p— e conversion bounds onto quark operators

The nucleon coefficients can be written in terms of the quark coefficients (that we wish to
constrain) using the expectation values of quark-currents in the nucleus {Gév’q}, defined as,
eg (N|q(z)q(z)|N) = GS Yin (Py)un (P;)e"Pr=F)z and given in table 1. For the vector
and scalar coefficients:

ANN _ N,q ~aq
CV,Y = Z GV CS,Y

q€u,d,s
8
= 3 oyl + Z ¥y - TN Cgey (2.12)
g€u,d,s gasmt

where @ € {c,b}. For the scalars, the first term is the tree contribution of light quarks in
the nucleon, the second is the one-loop contribution of heavy quarks to the gluon density
(which contributes to the scalar nucleon current), so the explicit gluon contribution given in
the last term only contains contributions from myy or above (such as the (¢t)(eu) operator).



U n,d ,d n,u \8 n,s
Gh = Gl =2 Ghi = Gnt =1 G =G =0
GE' = 120.021(2) = 9.0 | GZ* = 220.041(3) = 8.2 | G%° = "20.043(11) = 0.42

Gg" = 1=0.019(2) = 8.1 Gt = mr0.045(3) = 9.0 | G'g” = 720.043(11) = 0.42

N,c __ 2mpy N,b 2my
GS 2Tme GS  2Tmy

Table 1. This table is taken from [28]. It gives matching coefficients between nucleon and light-
quark-flavour-diagonal operators. The parenthese gives the uncertainty in the last figure(s). The
Gg’q were obtained via EFT methods [33, 34], and an average of lattice results [35] is used for the
strange quark. The heavy quark scalar Ggs are from [36]. In all cases, the MS quark masses at
= 2GeV are taken as m, = 2.2MeV, mg = 4.7MeV, and m; = 96 MeV [39]. The nucleon masses
are m, = 938 MeV and m,, = 939.6 MeV.

This allows to translate the upper bound on the Branching ratio on Gold BR 4, to a
bound on the quark-level coefficients at a scale ~ 2 GeV:

BRYP
49%x 1078 = Au
BAu
> ‘0.2220,3, R+ 1.60CY + 1.83C{, + 6.10C4% + 6.258C4%, (2.13)
2mpy 2myN 8Tmpy
0.3030C%, + 0.721 C¥p +0.721—=>C%p — 0.721 C
" SRF me SR T 27my, O 9arsv GGvR’

where v >~ my, and C’g{’R is at my rather than 2 GeV. The same bound applies for L < R.

The SINDRUMII upper bound on the Branching ratio on Titanium, (see eq. (2.8)),
is slightly less sensitive to individual operator coeflicients, but constrains a different linear
combination. In the formulation of [11], a target nucleus of charge Z can be viewed as
unit vector ¥z in the space of operator coefficients, such that BR « |0z - c 2. This
allows to write the direction probed by Titanium as the direction probed by Gold plus an
orthogonal vector:

U; = VAq COS P+ U sin ¢

where cos ¢ = Up; - U4,. So one can solve for ¢, and with a covariance matrix obtain that
the SINDRUM bound on Titanium gives a constraint on [0, - C|:

BRS . » y
BrisinZg — 024 %1077 2 |0.155Cp k — 0.506CY — 1168, (2.14)

+9.21CY% + 9.0204% + 0.446C% R

2 2 8
+ 1.06227”—N0§fR +1.062 N b 10620

Tme 2Tmy, > asv

CGG,R‘
and the same bound applies for L < R.

2.3 Accounting for loop effects

In a Wilsonian sense, the coefficients in the branching ratios of the previous section are
evaluated at a scale A, near the experimental scale. In order to estimate sensitivities to



coefficients at Anp, loop corrections on scales Ajw — Anp must be “peeled off”. These
loops corrections are evaluated here in an EFT perspective, where only SM particles are
dynamical below Anp, and new particle propagators are expanded in p?/A%p around a
contact interaction.? These SM loops are then independent of the New Physics, and only
need to be calculated once as Renormalisation Group running of operator coefficients, and
possibly as matching coefficients as discussed below. As usual with the Renormalisation
Group, a one loop calculation generates the (log /16m2)™ terms for all n, a 2 loop calculation
generates the (log" ™! /(16w%)") terms, and so on. Provided that Ayp is sufficiently large,
only a few terms in the 1/A%p expansion are required.

The log-enhanced loops included here arise from the one-loop Renormalisation Group
Equations (RGEs) of QED and QCD, which can be written in matrix form as

d 5 OZS(M) ~Ts Qe =
M@C = CI* + ECF’ (2.15)
where the operator coefficients are lined up in the row vector C. The diagonal anomalous
dimension matrix I'* of QCD only renormalises the scalar and tensor operators involving a
quark bilinear. Since the QCD coupling «; is large and runs significantly, its one-loop ef-
fects are resummed: C(uy) = (%)7/ 280C(p;) [40]. Two-loop QCD effects are neglected
— although this gives an uncertainty of O(10%) — because QCD is less interesting than
QED: QED mixes operators, allowing to transform an operator that is difficult to probe
experimentally, into one that is tightly constrained. Finally, I' is the well-populated anoma-
lous dimension matrix of QED, augmented by two-loop QED mixing® of vector operators
into the dipole [18].

The RGEs are solved analytically as an expansion in «., which is approximated not
to run; we retain the O(ae log) terms, and some of the O(a2log?) and O(a?log) terms.
The aim is to include effects that are > 1073, The solution is formally a scale-ordered
exponential, which can be expanded in a. by defining dt = du /1, and substituting 21" =
—iHy, 9T'" = —iHy, into the solution for the time-translation operator given in chapter
4 of [41]. At O(ae), this gives:

_» = Qlp ~
Clug) ~ C(ui)Ds |1+ ﬁf‘lnﬂ +...

273
_ Te (Mf) 1— )\a‘]—aK—ad—&—l
Tky= KJ = frT5 2.16
KJ 1+aJ—aK—ad 1-—A fKJ KJ ( )
where there is no sum on KJ in fgjI'%;, Ds =diag{l,... \7*$7} describes the diagonal
QCD running of scalar or tensor operators involving quarks with A = Zz((’; ’: )) , ap = —4/23,

as =12/23, ay = 0 for J # S, T, and a4 describes the running of '}, ; in the case where
it includes a running QCD parameter (eg ag = ag for anomalous dimensions mixing quark
tensor operators to the dipole). At O(a?), the scale-ordered exponential gives < 10% QCD
corrections to the mixing of scalars to the dipole (“Barr-Zee”), so these QCD corrections
are neglected in the analytic solutions given later.

2This allows to implement Wilsonian intuition about Renormalisation Group running of operator coef-
ficients, while computing loops in dimensional regularisation.

3The two-loop effects are included in the "Hooft-Veltman scheme for ~s, where the one-loop matching
contributions vanish, so should give a scheme-independent result.



The particle content of the EFT changes when the scale crosses a particle mass, so the
operator basis changes too. At each such threshhold, the Greens functions in the theory
above and below must be identical, which allows to match coefficients from the basis
above onto below. (Matching at the weak scale is recently discussed in [43].) Frequently,
this matching can be performed at tree level in both theories; in some cases, the leading
contribution of an operator arises via loop diagrams of the theory above, in which case
these are included (hopefully after checking that they are scheme-independent, which is not
always the case [42]). So for instance, the one-loop matching of scalar b, ¢ quark operators
onto the gluon operators, at the quark mass scale, is included as given in eq. (2.12).

What level of accuracy is required? The aim is to include the dominant contribution
of each operator (at Axp) to each process. Since almost every operator contributes to each
observable (see the tables of appendix A), the question is whether the largest contributions
have been included. This is difficult to demonstrate, because the dominant contribution
may not be the lowest order in every perturbative expansion (loops, couplings, scale ratios);
an example is the two-loop Barr-Zee diagrams, which give the dominant contribution of
flavour-changing Higgs couplings to radiative decays like yu — ey. However, the selection
of terms included here has been checked against various models [44, 45]. Notice also that
including effects > 102 does not mean the calculation is accurate to three figures; rather,
the resulting constraints on operator coefficients have uncertainties > 10%.

Missing from the results given here, are most strong interaction effects beyond Leading
Order, below 2GeV. For example, quark loop contributions to ¢ — ey and p — eee are
included at scales above 2 GeV, but should be replaced by pion loops or resonances from
2 GeV to my. An interesting study in this direction is [46]. The p— e conversion calculation
is also at Leading Order in xPT.

2.4 Constraints at my
This section gives the experimental constraints of egs. (2.5), (2.7) and (2.8) expressed in

terms of operator coefficients at the weak scale.

241 pu— ey

The MEG bound on coefficients at myy is

mu)

4me

1.05 x 10~ 8>)CDX(1—16 In

mr

Qe mw ms mc b ~bb
N T (IOt + 2Oy — Ol ) fr

2
T 86(2‘;)2 In? 22 <mT Cs XX)

2

Qe m m
+836(47r) In* 2Gev 24 quXX+Z qCSXX ‘ (2.17)
d,s,b




where all the coefficients are to be evaluated at myy, but the masses are on-shell (=
my(Mmy)). Several comments are in order:

1. At one loop, all the tensor operators, and the scalars involving 3 muons or electrons,
can mix to the dipole by closing same-flavour legs and attaching a photon. (However,
the 3e scalar coefficient can be neglected, because p — eee sets a more stringent
bound on this operator.)

(a) The 7-tensor is in the second parenthese, the quark tensors are in the fourth
(the light quark tensors are neglected, because they contribute at one loop to
SI y — e conversion, unsuppressed by mg/m,). QCD causes CH T.xx to run,
and also the quark mass that appears in the anomalous dimension mixing the
tensor to the dipole is taken running. These QCD effects are described by
A = a5(2GeV)/as(my) ~ 2.18, and

_ )l—ar—ag
Jrp = ( ! L-A ) (2.18)

1—ar—ag 1—A

where ap = —4/23, ag = 12/23 are respectively the anomalous dimensions of
tensors and scalars/masses in QCD, and A\*7 ~ 0.873 and frp ~ 0.862. In
eq. (2.17), the quark masses are at low energy: mq(my).

(b) It is interesting that the coefficients of the dipole and tensor operators can be

comparable, allowing for unexpected cancellations. Numerically, the bounds of
eq. (2.17) is

Cpx(my) 2 |0.938Ch x (mw) +0.981CF x x (mw) — 0.75CE xx +... | (2.19)

2. C9100p is a combination of vector operator coefficients that mix to the dipole via the
2-loop RGEs [42]

. | 58 116 22

Cotoop = =7 | 5 CVyy + 5 chyy+ (C¥yy +Cyy) + 5 > Clyy

= e, q= d,S,b

14 50
(vax+CVYX) 9 Z \q/qYX Z CVYX
q=d,s,b l=e,u,
N
Y Cﬁ’;XQfmfmf (2.20)
f=b,c,s,T

where the chirality of the electron outgoing from these operators must be the same
as that of the dipole operator into which they mix — so the combination above mix
into CD,X for X 7& Y.

The Caloop term in eq. (2.17) is compact but not quite correct: in reality, the lower
cuttoff of the logarithm should be m, for the 77 operators, my for the bb operators,
2 GeV for the cc,ss,uu and dd operators, and m,, for the pu and ee operators.

3. the 7 and (heavy) quark scalar operators mix to the tensor at one loop, and therefore
the dipole at two-loop. Since the tensor-to-dipole mixing is O(1) for heavy fermions
because enhanced by the mass, the scalar-dipole mixing is included for the 7 on the

~10 -



third parenthese, and for the heavy quarks in the last parenthese. The QCD running
is < 10%, if the heavy quark masses are taken at low energy mg(mgq), so neglected.
The lower cutoff of the logarithm for quark operators is approximated as 2 GeV to
given a shorter formula, but should be chosen as a function of the quark flavour —
eg my for the b quark, and 2 GeV for u, d, s.

24.2 p— eee

The decay p — eee constrains the magnitude of several combinations of coefficients, as
given in eq. (2.6). At one- loop, there are no operators that mix into the scalar operators
OF . All vector operators (’)V xy and O\];,fx x can mix to Offxp + Offx by closing the
f legs and attaching a photon to the loop, then attaching the photon to ete™. These
“penguin” diagrams mix the combination

QecCpingl,x = Qe ZNfo (CVXL + C'VXR) fe{eu,,ud,s,cb} (2.21)

into both CyFxp and Cy7x . The 3e and 3 vector operators also mix to the 3e vectors via
a second penguin diagram which closes a different selection of legs, and the 3e operators
are renormalised by photon exchange between the legs. As a result, the constraints from
pu — eee (see eq. (2.7)), combined with the MEG bounds on p — e7, give the following
bounds on coeflicients evaluated at myy:

_ Qle m Qle m m
7x107" > Cffx x (1—1247Tln mW> ( (C“XX+OVXX)1nm—V:+Cpmg1,X1n mW>

“ 4r

10_6 >C‘e/?XY <1+12Z;_h’1 T:;:) 47T < (CNXX+CVXX> ln%+cpingl7X In ZT)
_ Qe m
2.8%107 > iy x (1—!—1247rln m”:) (2.22)

where X € {L, R} and X # Y. The overall logarithm multiplying Cping1,x is an approxi-
mation to shorten the formula; more correctly, the bb coefficients in Clpng1,x should be mul-
tiplied by a logarithm cut off at ms, and the logarithm for the ee or pp coefficients should
end at m, (the correct logs are implemented in the numerical bounds in the appendix).
(And as usual, there should be hadronic loops to replace the light quarks below 2 GeV.)

2.4.3 p— e conversion

The SINDRUMII bound on pAu— e+Au, given in eq. (2.8) for out-going left-handed
electrons, can be expressed as the bound on coefficients at myy:

4.9 %1078 > ] (0 222Cp (my) + 1.602C4, + 1.830C7, — 0. 7215,

8Tmn

m, (GG R)

1. 44mN

+Aa5(1+—1n)( [6.10CH, + = Oy

+2 [6.260 +03OSCSR+ 144mNC q])

- ].6fTS)\anhl ( [6 ].OOCT RR + 144#011 RR]

—6.238C " — 0.303C5 pr — S ) (2.23)

(3 66092, +6.410%%, — 0.305[CL — CH ] + 0.228C ping, 1)
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where In = In(my /miow) should be inside the square brackets because mjoy, €
{mp,2 GeV,m,} depends on the coefficient, the masses are on shell (my(my)) and the
dipole contribution is given at the experimental scale (it can be written in terms of coeffi-
cients at myy with eq. (2.17)). A similar bound applies with L and R interchanged.

The bound from Titanium on an orthogonal combination of coefficients, given in
eq. (2.14), can be written with the same conventions as

BRSF _ i 8
B =624 % 10 7> \ (0.1550D R — 0.506CYY, — 1.17CH, — 1,065~ Ca R)
+ 2% (14 iﬁl) (3 [9-21085 +2 12’"NC 8] (2.24)

+% [9.0208%, + 0.446C05, + 2 12”” e

2. 12mN

- 16fT5)\“T—1n( [9.21C8 % + =N O ]

2 12
~9.02C  — 0.446C5 5 5, — T:LZ,NC%RR)
— ooIn(2.576C47, — 2.024C4", — 0.0346[C1;, — CHY ]+ 0.32Cing, 1)\
where In is defined after eq. (2.23) and the masses are on shell (Mg ().

2.5 What is not probed?

This section gives an incomplete list of coefficient combinations that are not probed by
©w — ey, p — eee, and pu — e conversion. There are 45 1 — er operator coefficients
in section 2.1, upon which the current bounds on y — ey, p — eee, pAu — erAu and
puTi — epTi set 1+3+1+1 = 6 constraints [11]. Including p — ey, which was searched
for by Crystal Box [21] would give an additional constraint (on a ~vy operator) [20, 22],
but there remain < 40 unconstrained directions in coefficient space. The case of operators
that produce an outgoing ep is the same and independent, because the Branching Ratios
independently constrain both processes.

This section does not give a list of three (or six) dozen flat directions. The subset of
flat directions listed here are selected because they are relatively stable under RG running,
or “natural”, according to the notion introduced it [11] (for cancellations among operator
coefficients). It assumes that model parameters at the New Physics scale Axp do not know
the experimental scale, so coefficients should not cancel against logarithms of scale ratios
— because the scale ratio could be chosen by the observer but the coefficient is determined
by the theory.

An elegant way to implement this notion of naturalness, is to only admit cancellations
which are RG-invariant. For instance, if one restricts to operators containing a quark
bilinear, and only considers their one-loop diagonal QCD running, then cancellations among
the vector coefficients, or among the scalars, or the tensors, are RG-invariant. This could
be generalised to include the one-loop QCD and QED running, by diagonalising the full
anomalous dimension matrix. However, the diagonalisation would be difficult, and the
eigenvectors would be curious combinations of different Lorentz structures and external legs
— as opposed to the usual “intuitive” basis of section 2.1, where the operators correspond
to potentially distinguishable interactions of physical particles. Furthermore, the only
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degenerate eigenvalues might be among vector operators involving fermions of the same
electric charge (because scalars mix to tensors whose mixing to the dipole is proportional
to the fermion mass).

A more pragmatic implementation of this notion of “natural” cancellations is to use
the perturbative solution of the RGEs given in eq. (2.16), and allow cancellations among
coefficients which 1) run with the same QCD anomalous dimension, and 2) multiply a
similar oem In pg/p; factor. The formulae for the constraints on coefficients at the weak
scale, given in egs. (2.17), (2.22), (2.23), and (2.24), are arranged to display these “natural”
cancellations, or flat directions: each parenthese of the formulae satisfies the two condi-
tions. So any combination of coefficients that causes a parenthese to vanish is a “natural”
flat direction.

An example of flatish directions, or operators which are poorly constrained by u —
ev, b — eee and pu— e conversion are the axial vector operators of the form

(E’YQPXM)(?’YOC’YE)JC) ) f € {57 ¢, ba T}

which contribute to y — ey at 2-loop with a mass enhancement (see eq. (2.20)). There
should be three combinations of these operators, orthogonal to eq. (2.20), which are “flat”
to the order calculated here. (The axial vector operators with f € {u,d, u} are not in the
list, because they contribute at one QED loop to pu — e conversion.) A second example
would be any combination of vector operators

> CrEvaPxp)(fy*f), f€{s.c.b7}
7

where the {C} are chosen orthogonal to Cping,1 (see eq. (2.21)), and also to Colgyp if one
wishes large Cf.

Reference [11]’s notion of naturalness precludes cancellations among the combinations
of coefficients in parentheses in egs. (2.17), (2.22), (2.23), and (2.24), so it could be inter-
preted as transforming the single constraint from g — e into a constraint on each of the
five parentheses, and the 2 bounds from p— e conversion into eight. However, “unnatural”
cancellations can occur, see for instance eq. (2.19).

3 Complementarity

The aim of this section is to show that the observables considered here (u — ey, u — eée
and p — e conversion) give independent information about models. To do this, an alter-
native basis is proposed for coefficient space. This basis is constructed from observables,
spans the subspace they probe, and can be defined at all scales.

In an EFT framework, a model M can be represented by the vector c M (A) of operator
coefficients it induces,* which is scale-dependent but relatively simple to calculate at the
New Physics scale Axp. An observable can be represented as one or several combinations

4Since models usually have parameters, there would be a vector for each choice of parameters, and
varying the model parameters would scan over the vectors of coefficients that can represent the model.
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of operators whose coefficients it probes. This also depends on the scale, and is relatively
simple to establish at the experimental scale Acyxpy — for instance, i — ery probes the
operator Op r(m,). However, to obtain the rate for an observable, one must evaluate the
matrix element of the operators and integrate phase space. So it is convenient to define
observable-vectors ¥ops(A) to live in the vector space of the coefficients, such that the rate
for an observable can be written

T oc Y |CM(A) - Tops(A)? (3.1)

at a common scale A. For instance, at the experimental scale, eq. (2.5) implies that the
two observable-vectors for u — ey point in the dipole directions, so one can choose

>

77u—>em(mu)

Vu—sery (M)

D,R
D,L; (3.2)

>

where Up g, Up,, are unit vectors such that C-a p,r = Cp,g. Some observable-vectors for
p— e conversion at the experimental scale are already given in eq. (2.11).

By assumption, the dynamics below Axp is Standard Model, so the model and ob-
servable vectors can be translated in scale by the SM RGEs. Since models are legion and
observables are few, it might be more efficient to translate the observable vectors to Anp,
rather than calculating C M(Aexpt), as is commonly done. Indeed, if the observable-vectors
were known as a function of Axp, then the predictions of a New Physics model would be
simple to obtain from eq. (3.1). Part of the translation Tops(Acxpt) — Uobs(ANP) appears
in section 2, where the combination C(myy) - Uy—ser~(mw) is given by eq. (2.17) with
X =R, Cpm (mw) - Uyau—e,, Au(mw) appears in eq. (2.23), and the appropriate inner prod-
uct for the orthogonal constraint from pTi — ey Ti is given in eq. (2.24). Similar formulae
apply for outgoing er, but the focus below is mostly on e;. Matching onto the SMEFT,
and running up to Anp is left for a later work.

The observable vectors corresponding to u — eée can also be constructed. For this, it
is convenient to take an idealised theoretical perspective, imagining that the chirality of the
four leptons can be observed. Combined with the electron angular distributions [24, 25],
this allows to define “observable” vectors for ;i — eee at the experimental scale

6ML—>6L€6L (mu) = ﬂ[a\/%LL + 46aD,R]
N 1
Uup—epemer, (My) = Tﬂugfu:

6MR—>6R56L (mu) = ﬂi/e,RL (mu) +4elp g (3.3)

plus another three vectors with L <> R, and the dipoles. These vectors can be expressed
at my using egs. (2.17) and (2.22).

These vectors corresponding to u — ey, 4 — eee and uA — eA, allow to quantify
the complementarity of these processes at any scale. If, at the chosen scale, the vectors
remain “relatively orthogonal”, then the observables are complementary. If the vectors are
aligned, then the observables become identical probes of New Physics. It is interesting
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to study complementarity at Axp, because we are looking for information about the New
Physics. However, as an illustrative exercise, we start at the experimental scale.

Notice that the complementarity of observables is a theoretical question, unrelated
to the magnitude of current experimental bounds. In this it differs from the correlation
matrix that can be constructed from the experimental constraints, which defines the allowed
ellipse in coefficient space; the direction and magnitude of the axes of the ellipse depend
on the relative magnitude of the constraints. Complementarity is also model-independent,
and unrelated to correlations between observables that could arise in some models. Such
correlations would occur if the projections of C '\ onto the observable vectors have similar
scaling with the parameters of model M:

M = independent of model parmeters.

CM : 601)32
The notion of “model discriminating power”, present in the literature [19, 47, 48], is re-
lated to complementarity, but compares the projection of different observable vectors, onto
different model vectors. The discriminating power of observables therefore depends on the
models considered, whereas their complementarity is model-independent.

At the experimental scale, 4 — ey, 4 — eee and p — e conversion have different
external particles, so naively appear complementary. However, the dipole contributes to
all three processes, preventing the observable-vectors from being orthogonal even at the
experimental scale. Indeed, at A ~ m,,, Cp r(m,) and Cy,rr(m,) contribute about equally
to pur, — ererer, S0 Uy; —sepeger, (My) is misaligned with respect to v, e, ~(my) by ~ 7/4:

QLML_)eLqei “Cur—ery (my,) ~ cos(m/4). (3.4)
|UMR_>5L’Y| ’vML —ererer, ’
The dipole also contributes to p— e conversion, but with a smaller weight (see eq. (2.13)),
such U, —se;~(2 GeV) and U, au—e; Au(2 GeV) are almost orthogonal (separated by an angle
of ~ 88 degrees). So at low energy, an approximately orthogonal basis for the observable-
vector subspace can be constructed with the two dipoles, and the remaining observable-
vectors with the dipole subtracted. For instance,

Uu%eL'y(A) = guHeL'y(A)
UpAu—serAu(2 GeV) = Uyaue, au(2 GeV) — 0.2220, ¢, (2 GeV)

ﬁ,uLﬁeLﬁeL (mu) = E#LﬁeLﬁeL (m#) - 4\666#1%%%’7(7”#) (3'5)

which are called @ to distinguish them from the observable-vectors v.

This situation at low energy is illustrated in figure 1, where low energy is taken to
be 2GeV in order to use quark operators for p — e conversion. The plot is in polar
coordinates in the subspace probed by u — ery, pAu — e Au and y — ererer, where the
vertical z-axis corresponds to the dipole ., (2 GeV), and the x and y axes respectively
t0 Uy, —epere, (2GeV) and Uyay—se, au(2 GeV). This subspace corresponds to a Lagrangian
at the experimental scale of

1
Leg(my,) = o [cemﬂéa - FPrpt+ sgcy (€Y Ppp)(evaPre) + 893¢0Au} (3.6)
NP
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where Oy, is the combination of quark operators probed on Gold, sy = sinf, ¢4 = cos ¢
and so on, and the radial coordinate is taken |6 | = v?/A%p, so that
1
5
ASp

This is the complete low-energy Lagrangian for the considered observables; the only “toy”

2V2GF|Cf =

aspect is that chirality of the electrons is fixed to make the parameter space of plot-
table dimension.
The resulting BRs are:

BR(p — ery) = 384720, . - C|* = 3847%|C|?| cos 6
BR(u — ereger) = [y, epeger, - CI” + 18.76[u e,y - CI
= |C)?(2| sin O cos ¢ + 1.2 cos > + 18.76| cos 0]?) (3.7)
BR(uAu — eAu) = 30074 5,4 - C|> = 300|C|2]0.222 cos 6 + 9.08 sin § sin ¢|? .

Setting the BRs equal to their experimental limits (given in section 2.2), gives a bound
on |é | which is plotted in figure 1 as a function of 6, ¢; the coefficient space below the
curves is experimentally excluded. The angular dependence of the bounds illustrates that
the observables are the complementary at the experimental scale. The BR(u — ererer)
vanishes at ¢ = 7/2 in the second plot (where § = 7/2) because both the dipole and
four-fermion contributions vanish; the BR does not quite vanish at § = 7/2 in the first
plot because the subdominant four-fermion contribution is present at ¢ = 7w/4. One also
sees that p— e conversion gives the best bound on Anp, for comparable coefficients of all
three operators. This is because the conversion process is coherent on the nucleus (so is
enhanced at large atomic number), and because the scalar quark densities in the nucleon
are large (~ 9, see table 1 — the Branching Ratio due to a vector quark current would be
~ 10 — 100 smaller).

Consider now the complementarity of these observables at my, myy being a simple,
although inadequate, substitute for Axp. In their evolution from the experimental scale
to the weak scale, the basis vectors, like observable-vectors, will rotate in coefficient space
and change length (the non-unitary matrix that evolves coefficients in scale can be written
as a rotation, a diagonal matrix, and another rotation). The degree of orthogonality
between the vectors can be obtained by taking inner products; at the weak scale, the
basis vectors for the processes plotted here (= dipoles, plus observable-vectors with their
dipole components subtracted) are still orthogonal to three figures despite their significant
rotations (this is understandable; the vector space has ~ 90 dimensions). But their lengths
change; in particular the dipole vectors grow by more than a factor two, due to the large
loop contributions shown in eq. (2.17).

The observables nonetheless remain complementary at myy, as shown in figure 2. These
plots are similiar to those of figure 1, but differ in that the operator coefficients are at my,
(standing in for Axp). The first plot shows Axp as a function of the angle 6 between the
model vector C(myy), and the direction probed by the dipole Upy—ser~(mw) (at ¢ = /4,
that is a model with identical coefficients in the directions i, e, eze;, and Uyau—se, Au)-
The shaded regions are excluded by current constraints. The second plot is the projection
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Figure 1. The bound on the New Physics scale Axp from current constraints on p — ey (thick
black), u — eperer, (dot-dashed blue) and uA — er A (thin red), for New Physics parametrised at
the experimental scale by the effective Lagrangian given in eq. (3.6). The first figure is as a function
of @ for sin ¢ = cos ¢ = 1//2, and the second is as a function of ¢ for cosf = 0.

of the model-vector onto the plane perpendicular to the dipole. Were this figure at Anp,
rather than myy, and if the three Branching Ratios were observed, it would allow to extract
the all the information these rates give about New Physics (via dimension six operators
and leading order RGEs), at the New Physics scale, so without the blurring effect of SM
loops. As expected, 1 — ey is maximal at § = 0,7, and vanishes for § = 7/2, and
i — e conversion is larger when the model vector is more orthogonal to the dipole. The
BR(u — eperer) follows BR( — er7y) due to the enhanced (by RG running) contribution
of the dipole operator to y — ererer; it does not vanish with C- Upy—sepy at 0 = m/2 due
to the four-fermion contribution. Similiarly, BR(puAu — er,Au) vanishes at 0 < m where
there is a cancellation between the negative C- Uy ey~ and positive oF Uy Au—ser Au-

4 Discussion and summary

Reconstructing New Physics (NP) from data is a dream for many phenomenologists. If New
Physics is heavy, then Effective Field Theory can be a tool in pursuing this dream, because
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Figure 2. The bound on Anp from current constraints on u — ery (black; vanishes at 6 = 7/2),
u — ererer, (blue; dips atf, ¢ ~ 7/2) and uA — ep A (red; vanishes atf, ¢ ~ 7), as a function of
coefficients at my,. Dotted lines indicate possible bounds from future experimental sensitivities.
The operator coefficients are parametrised in spherical coordinates in the subspace probed by the
experimental processes: the vertical axis is the direction probed by u — ery (see eq. (2.17)) and
the zy plane is spanned by @, au—se, Au(mw) and i, e, zre, (Mw), see eq. (3.5). The first plot is
for ¢ = w/4, and the second for § = 7/2 (where the dipole vanishes). See discussion at the end of
section 3.

it allows to separate what is known — the Standard Model(SM) and low energy data about
NP — from the NP that is pursued. In particular, it allows theoretical travels in energy
scale, from the experimental scale towards the NP scale Axp, because the dynamical degrees
of freedom are by assumption in the SM. However, in this manuscript, the experimental
constraints are translated only as far as myy; reaching Anxp is left for later work.

The processes considered here are p — ey, u — eee, and y — e conversion, because
current experimental constraints are stringent (BR < 107!2?) and are expected to improve
significantly in coming years (— 107!6). These are low-energy processes, occuring at
an energy-transfer ~ my,, whose experimental Branching Ratios (BRs) are reviewed in
section 2.2. Together, they set ~ a dozen constraints on p <> e contact interactions at the
experimental scale.

We would like to know what these processes can tell us about NP, with as few assump-
tions about the NP as possible. A first assumption is that the new particles are heavy,
with masses at a scale Axp 2 myy (possibly > myy). Furthermore, they are assumed to
generate some three or four-particle, u — e flavour-changing contact interactions (a list is
given in section 2.1).

With these assumptions, section 2 explores whether, if p <> e flavour-changing NP
exists, we should see p — ey, u — eee and/or p — ey? In order to reach the short-
distance NP interaction that mediates a low-energy p <> e transition, the intermediate-
scale SM loop corrections must be peeled off, for instance using the Renormalisation Group
Equations (RGEs) summarised in section 2.3. This scale evolution can transform one u <> e
interaction into another, so at short distances/high scales, the experimental constraints
apply to lengthly combinations of coefficients. These are given in section 2.4 at the scale
mw, and the appendix tabulates the sensitivities to individual operator coefficients (one-
at-a-time bounds), both in the basis of section 2.1 and in the SMEFT. These results
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include one-loop and some two-loop effects, and should give the leading contribution of
each operator to each process (see discussion in section 2.3). The tables show that at this
accuracy, i — ey, it — eee and p— e conversion are sensitive to (almost) all the operators
or section 2.1 (the possible exceptions are a few p-e-gluon-gluon operators — see eq. (2.4)
and following discussion). Recall that the operator list represents all QED x QCD-invariant
LFV three or four-legged contact interactions, in a chiral representation for fermions.

It is unclear if this is reassuring, because cancellations in a matrix element can occur
among different coefficients. Such directions in coefficient space are sometimes refered to as
flat directions. There are many such flat directions in the coefficient space for y — e flavour
change, after imposing the dozen bounds from py — ey,u — eeée and u — e conversion,
because there are O(100) operators. Indeed, there are so many flat directions, some one
could be motivated to introduce a limit on how much cancellation can be “naturally”
allowed. The flat directions are discussed in section 2.5.

However, more interesting that the flat directions, are the directions that the observ-
ables do constrain, because these are what we can use to discriminate among models. So
section 3 introduces vectors in coefficient space, which correspond to observables (these
are patterned on the “target vectors” of [11, 28]). At the experimental scale, there can be
several observable-vectors for a give process, each selects a combination of coefficients who
interefere in the rate:

I' Z ‘C_:M (Aexpt> : gobs(Aexpt)F

where C_"M (Aexpt) is the vector of coefficients corresponding to model M, evaluated at
the experimental scale Aexpt. For instance, for p — ey, whose BR is given in eq. (2.5),
the two observable-vectors at the experimental scale are the unit vectors that select the
coefficients of the dipole operators in the vector C ‘M (Aexpt). The vectors for the remaining
observables are given in section 3. The observable-vectors are interesting, because they are
scale-dependent, and can be translated to Axp with the Renormalisation Group Equations.
Then there would be no need to run operator coefficients down to the experimental scale
for every model; rather, rates could be computed from coefficients at Axp, by dotting them
into Uops(Anp) This is left for future work in the lepton sector.

In section 3, the observable vectors are used to study the complementarity of ex-
perimental processes. The vector(s) corresponding to a given observable indentifies the
subspace of coefficients that the observable probes, so the misalignment angle between the
observable-vectors of different processes, quantifies the complementarity of the processes.
When the vectors evolve in scale, this misalignment angle can grow or shrink, indicating
that the observables become more, or less, complementary at high scales. For the purpose
of learning about New Physics, clearly it is desirable for observables to be complemen-
tary at Axp. This manuscipt only reaches the weak scale in RGE evolution, so figure 2
illustrates the complementarity of 4 — ey, u — eee and u— e conversion at the scale myy.

A Tables of sensitivities

The tables in this appendix give the sensitivities of various processes (listed in the first row
of the tables) to the operator coefficients given in the left column and evaluated at myy.
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The “sensitivity” of an (unobserved) process to a coefficient is calculated by allowing only
that coefficient to be non-zero at myy. Coefficients smaller than these values are too small
to have been observed, but larger coefficients could be allowed, if their contributions cancel
against other coefficients.

The tabulated results arise from the experimental bounds given in egs. (2.5), (2.6), (2.8)
for muon decays, and in table 2 for 7 decays.

Tables 3, 4, 8 and 9 contain the QED xQCD-invariant operators relevant below the
weak scale, and listed in section 2 for y — e flavour change The operators are added to
the Lagrangian with the normalisation given in eq. (2.1):

L= ESM+2\fGFZCE Lor+h.c., 2\[GF—?,v2mt
where the subscript is the Lorentz contraction, and the superscript ¢ represents the flavour
indices. Notice that in the normalisation used here, all operators annihilate muons (or 7s)
and create electrons; the reverse process is assured by the +h.c. So the coefficients of an
operator and its conjugate have the same magnitude.
At the weak scale myy, the low energy operator basis can be matched onto the SMEFT,
so the sensitivities can be expressed in this basis. Tables 5 to 7 (for p <+ e) and 10 (for
T <> e) apply to operators in the SMEFT basis, added to the Lagrangian as:

L= Lsv +2V2Gr Y C505 + h.c. (A1)

where the sum is over all dimension six operators and all flavour indices. In the usual
SMEFT formulation, the +h.c. is not included for hermitian operators; here there is +h.c.
for all operators but the hermitian operators are defined with a factor 1/2 (which gives the
usual normalisation for coefficients, because the operator and its conjugate contribute to
the Feynman rule.). The SMEFT convention of summing all flavour indices causes some
four-lepton operators to appear several times:

Oe,u@f OMe,u Of,uef Oel@p

LL
OELLT’T OTT@M , OT[,LET OETTM
ot = ol = Ol = o (12

for ¢ € {e,u} and [ € {e,u,7}. So the coefficients of these identical operators are also
identical, and the bounds in table 6 apply to the appropriate sum of coefficients:

Z e,uM e,uM n CMe,u, n Cf,uee " Cefﬁ,u _ 4Ce,uﬂ
Z CETT = AT | Ol — 9T
Z CTHeT — OTHET | CETT _ 90eTTh
Z C;%z _ eull n Clleu n Cluel " Cellu (A.3)

Finally, the CKM matrix was neglected in matching, so eg, low energy operators Oy'%
and OV 7, both match onto the SMEFT operator OdEdQ
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Tables 3, 4, and 5 to 7 give the sensitivity of  — ey, u — eee and p— e conversion to
1 <> e operators. Since the dipole receives loop contributions from almost all operators, it
is sensitive to most coefficients. It also contributes to both u — eee and p— e conversion;
when the only contribution of a coefficient to these processes is via the dipole, the sensitivity
is in parentheses in tables 3 and 4,.

The p < e sensitivities are given to three figures to mitigate rounding uncertainty;
modulo misprints and factors of 2, they are expected to have a ~ 10% uncertainty due to
the one-loop QCD running, and a ~ 50% uncertainty for scalar, tensor and GG operators
in uA — eA, where the lattice and yPT determinations of the scalar quark current in the
nucleon differ by ~ 50% [32, 33].

For comparaison, tables 8, 9 give estimated sensitivities of a selection of LF'V 7 decays
to operator coefficients in the QED x QCD-invariant basis. In addition, table 10 gives the
sensitivities of some hadronic 7 decays to 2¢2¢q operators of SMEFT — this illustrates, in
the case of SMEFT operators involving quark doublets, the cancellations that can arise
between the v and d quark contributions in 7 decays to isotriplet mesons.

Note added. During the completion of this manuscript, appeared a comprehensive study
of LFV in hadronic 7 decays [49]. The authors calculate decays to a variety of final
states using yPT with resonances, and perform some loop matching calculations in order
to include the interesting operators Ogg,y [47]. The results in this manuscript are less
precise, include 7 — ¢y and 7 — 3¢ but fewer hadronic decays, and include QED loops
in the RG running up to the weak scale. (QED effects are interesting, because they can
change the external legs and Lorentz structure, transforming difficult-to-detect operators
into well-constrained ones.) Husek et al. include the numerically significant QCD running
via HEPfit [50], and obtain constraints an SMEFT coefficients, and a correlation matrix.

A.1 Including a selection of tau decays

A few 7 decays are included here, to illustrate the differences between LFV involving s
and the p <> e sector. Firstly, the experimental bounds are more restrictive for muon
decays: BR(i — eX) < 10712, to be compared with BR(T — £X) < 1077, So there is
sensitivity to smaller coefficients in the muon sector. Furthermore, the loop contributions
of some operators involving heavy fermion (¢ € {c, 7, b}) bilinears, can be enhanced by the
mass ratio my/my, .. This, for instance, enhances the sensitivity to O of u — ey with
respect to 7 — e7y. Both these effects can be seen in the tables.

An advantage of LF'V 7 decays is the multitude of different hadronic final states, which
each constrain a specific combinations of quark operator coefficients. This differs from p—
e conversion, where many quark operators contribute in interference. There are therefore
fewer “flat directions” for 7 — e than for y — e. This advantage is exploited in [49], but
not here, where only a few decays are considered. Also, only 7 — e results are listed; the
sensitivities to 7 — u operators can be obtained by rescaling, as given in eq. (A.5).

The limits here are a first attempt to include QED loop effects in some LFV 7 decays,
allowing to estimate the sensitivity of these processes to operators that contribute via log-
enhanced loops. Previous works have included a wider range of 7 decays, but focus mostly
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on operators that contribute at tree level. The prospects for discriminating among operator
coefficients by studying asymmetries and angular distributions was studied in [51, 52| for
leptonic decays (see also [48, 53]) and using hadronic decays was considered in [47]. Black
et al. [54] give the sensitivity of various rare decays to a subset of SMEFT coefficients that
contribute at tree level; a more complete study in the SMEFT was performed recently
in [49]. The intermediate-state contribution of heavy quark mesons to leptonic LFV 7
decays is considered in [17].

Only the AF = 1 decays such as 7 — eee are included here; the operator basis
and anomalous dimension matrices for such processes differ from the y© — e case only
by permutation of lepton flavour indices. AF = 2 decays (eg 7 — ejie) would require
additional operators and a dedicated RGE analysis.

Three ingredients are required to calculate the sensitivities tabulated here: the exper-
imental upper bounds on the BRs, the theoretical formulae for the BRs as a function of
a complete set of operator coefficients at the experimental scale, and the matrix which
accounts for loop contributions by expressing the coefficients at the experimental scale in
terms of coefficients at the weak scale. The experimental BRs are in table 2, and the
remainder of this appendix gives theoretical formulae for the BRs. The matrix is obtained
by solving the RGEs for the LFV operator coefficients (between my and m. ), and since
we restrict to AF = 1 operators, these RGEs are the same as for ;1 — e decays and conver-
sion [18, 45] (with some index changes). A dedicated analysis would be required to obtain
reliable sensitivities, and “observable-vectors” for 7-LFV.

The 7 can decay hadronically, so it is convenient to rescale its LF'V Branching Ratios:

— _ BR(T — ¢X)

BR(T = ¢X) = —BR(T S i) (A.4)
where BR(T — pvv) = .174 and BR(T — evv) = .178 [55]. The experimental bounds on
the considered BRs are given in table 2.

The masses of the final state leptons are neglected in the rates. This simplification
means that the theoretical BRs and RG evolution are identical for the 7 — p and 7 — ¢
sectors, after interchanging p and e indices. Therefore in the tables, only the four-fermion
operators describing 7 — e transitions are listed; for operators with two lepton indices, the
sensitivities to 7 — p coefficients can be obtained by rescaling:

BR(T — uX
otr < ope | ZRC 2 1% (A5)
BR(T — eX)
where ... are the indices corresponding to the final state X, and the Lorentz structure

subscripts should be identical for both coefficients. ICI In the case of four-lepton operators,

all the £ and e indices should be interchanged, e.g. C°“ — C[ i

Lor »

The decays 7 — pee and 7 — epp are mediated by the 7 — e and 7 — p opera-

and so on.

tors considered here, but are not included due to temporary discrepancies in the tensor
contribution, between my calculation and [51].

The calculation of 7 decays to mesons is pedagogically introduced in [54], and a careful
study considering many final states has recently appeared [49]. The decays considered
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BR |current bound|| BR |current bound
T=uy| 25x1077 ||t —=ey| 1.9x1077

T — ppp|  1.2x1077 |7 —eee| 1.5x1077
T—ur| 63x1077 |[7T—er| 45x1077
T—=un| 3.7x1077 |7 —=en| 52x1077

T — Up 6.9 x 1078 T —ep 1.0 x 1077

Table 2. Current bounds on selected 7 lepton flavour violating branching ratios, from Refer-
ences [56, 56-61], normalised to leptonic weak decays as in eq. (A.4).

here are 7 — e{mp,n, p}; the results for 7 — p{mp,n, p} can be obtained as in eq. (A.5).
These mesons are interesting because they probe complementary combinations of operator
coefficients at tree level.

The decays to mp mesons probe axial vector/pseudoscalar operators, in the isospin=1
combination u — d. In the notation of [62], where

. G2 2,3
(Ol sl (P)) = iP*V3fy, T(r = v) = CTIE
T
with fr ~ 92.2 MeV, the Branching Ratio in the presence of (axial) vector operators is
DD 372 7% uu dd 2
BR(1 — Im) = 3 |C¥% r — OV — Cixr + Ci L2, (A.6)
T
because
(O1J4_|m°(P)) = iP" fx (A7)
where J4_ =1 (ﬂv“%u — dy"75d), and the coefficient of 2v/2G p(¢y,Px7)J%_ in the La-
grangian is’ CA (Cv “r— COVxL Cv Yr+ C'V 'v1)- RG mixing vanishes for the axial

current, but it is renormalised (when attached to a chiral current) so at myy this becomes
the “constraint”

23x107° > ICVixr — CV'x L — CVXR + CVXL

mw
- 7(20VXR + 20y, + CVXR + CVXL)| In m (A.8)

T

The correct constraint, and “observable-vector”(s) for this decay, could be obtained from
the expression for the BR in terms of all coefficients that can contribute (including e.g.
the pseudoscalar operators). However, eq. (A.8) allows to calculate sensitivities, and see
cancellations, such as between Cy'y; and C"Cﬁflx 1,» due to which the SMEFT operators Ogg
and Org1 do not contribute to 7 — ¢mg at tree level.

It is interesting to also include LFV 7 decays to the isosinglet 7, because there is a
contribution from s quarks, and not a cancellation between the us and ds. Still in the
notation of [62], with the approximation f;, ~ fr [64, 65], one obtains the contribution

o 2f2
BR(T — In) = 3 (CVxr — CVixp) + (C\%{R - Cg’leL) —2(C¢¥xr — Cxn)|?- (A9)

®There is a factor 1/2 is missing in [63].
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At myy, this becomes

44 x 1073 2 (C¥5r — C¥ 1) + (Ci¥xr — Cix 1) — 2(Ciixr — Cix L)
my

- 7(CVXR + C\%{L —2(CVx R+ Oy + CVxr + Cyix ) In -

T

Pseudoscalar operators can also contribute to the decays 7 — fmg, ¢n. The operator
expectation values

1, - fm2
- — dred —_ JMr
(0‘ 2 (u75u V5 )‘71'0> (mu n md)
L = _ fm? 3 fym?
0 +dvysd — 2 = T = L A.10
< |2\/§(u’y5u 5 5¥s5)l) (my +mg) (Mg + mg + 4my) ( )

give a contribution of pseudoscalar coefficients to the Branching Ratios of

BR(r — e{mo,n}) — 967 <7Zm>4 < I )2 1Cy? (A.11)

My, + My

where in the normalisation of eq. (2.1), the coefﬁcients of the operators of eq. (A.10) are
Cr = 3(C8% r—C¥% L — Cli p+C8 ), and Oy = 5=(C¥ g~ C¥%  +C8lx g — Cl —
2C’§fX Rt C’ng ). QED loops can mix tensor operators into (pseudo)scalars, so this will
give some sensitivity to the u, d, s tensor operators.

Finally, decays to the vector p meson are normalised to BR(T — pv), assuming p — 7w
(as in [63]; see [49] for a more sophisticated solution) and with the usual factor of 2 for the
normalisation of neutral and charged particles:

BR(T — vp) T'(1 — Lpo)
BR(1 — twv) T'(1 — vp)

cun 4 Cu C 4 Cdd 2
~ 1.43 ’( V. XR V,XL) ( V. XR V,XL)| (A.l?)
8| Vual?

BR(1 — lpg) ~

In the second expression, the contribution of the dipole operator (analogous to the dipole
contribution to 7 — eee) is neglected, because the current experimental bounds on 7 — ey
and 7 — epg are comparable. QED loops mix vector operators of different quark flavour
via penguin diagrams, giving this decay some sensitivity to the coefficients at my of vector
operators with a heavy quark current:

75x 107" > (C\%(R +Cyix L) — (CI%?XR + C\C%XL)

my
3 (2CVXL - 100&%{1% - (CX%(R - 5C$?XL)) In
.
2¢¢
+ 5= I < (2CVxL + CVixp + 207 x 1, + CYxR) In = m (A.13)
T
2ae myy

(C xR T CK‘;XL +CVixp+CVixy — 2(CVixp + Cyixr)) In

T

(CVXR + CVXL)
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coefficient | u — ey I — eee A — eA
|Cp x| 112 x 1078 | 221 x 1077 | 2.35 x 1077
|Cac x| 5.3 % 107
1CVxx 1.10 x 1074 | 7.80 x 107 | 1.86 x 107°
ee 255 x 1074 | 9.31 x 1077 | 3.77 x 107
| V. XY
C&xx| | 1.73x107* | 2.8 x107° (3.64 x 107?)
CEA, 1.10 x 107% | 5.64 x 107®> | 1.85 x 107°
VXX
Oty | 1256 x 1074 | 1.11 x 107% | 3.77 x 1075
IC&% x 8.24 x 1077 | (1.63 x 1079) | (1.73 x 1079)
1CVx x 3.84x107% | 1.94 x 107* | 3.72x 107
1CTxy 445 %1074 | 1.94x107% | 3.72x107°
ICEx x 5.33 x 1076 | (1.05 x 107%) | (1.12 x 107%)
|C&xy 3.62 x 1075 | (7.28 x 107%) | (7.75 x 107%)
CT x x 107 x107® | (211 x1077) | (2.25 x 1077)

Table 3. Current sensitivities of the processes in the first row to the coefficients, at my,, of
QCD x QED-invariant 2- and 4-lepton operators defined in section 2.1. X, Y € {L,R}, X #Y.
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coefficient | u — ey [ — eee A — eA

|Ciy x 1.04 x 1072 | 2.03 x 107* | 5.40 x 1078
[oi5%% 1.64 x 1072 | 2.01 x 107* | 5.30 x 108
|Ce% x 5.79 x 1073 | (1.14 x 1071) | 1.03 x 1078
|Cd%y 1.03 x 1078
|Ciy x 5.57 x 1075 | (1.10 x 107*) | 1.90 x 10~7
IC¥% x| [ 359%107* | 1.00 x 10~* | 6.03 x 107®
IC¥%yl | 2.87x107% | 1.02x 107" | 6.25 x 107°
ICé%x 3.09 x 1073 | (6.71 x 1071) | 1.03 x 1078
IC¥%y 1.03 x 1078
it x 5.95 x 1076 | (1.17 x 107%) | 9.65 x 1078
IC¥xx 1.01 x 1073 | 2.03 x 107% | 3.73 x 107°
ICPxy | 1.64 x 1073 | 2.01 x 107* | 3.73x 107
IC&xx 2.92 x 1074 | (5.77 x 1073) | 2.13 x 1077
IC&¥xy | 1.41 x 1072 | (2.78 x 1071) | 2.13 x 107
ICiixx| | 2:82%x 1077 | (5.56 x 1079) | 2.33 x 107°
ICx x 3.59x 107% | 8.99 x 107° | 1.68 x 10~°
ICxy 2.87 x 107* | 9.05 x 107° | 1.67 x 1075
1CEx x| 523 x 1079 | (1.03 x 107%) | 1.83 x 10~¢
IC&xy] 2.37 x 1075 | (4.68 x 107%) | 1.80 x 10~
IC¥xx| | 1.01x107% | (1.99 x 1077) | 2.13 x 1077
Ity x 1.32 x 1072 | 2.56 x 107 | 4.71 x 1075
ICtxy 2.05 x 1072 | 2.54 x 107* | 4.71 x 107°
IC%x x| 1.01 x 1075 | (1.98 x 107%) | 7.10 x 1076
ICoyyl 4.04 x 1075 | (7.98 x 107%) | 6.92 x 10~¢
[CPxxl | 7.81x107% | (1.52 x 1077) | 1.64 x 107

Table 4. Current sensitivities of the processes in the first row to the coefficients, evaluated at myy,
of QCD x QED-invariant 2-lepton-2quark operators defined in section 2.1. XY € {L,R}, X #Y.
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coefficient | p — ey [ — eee A — eA

Cek,Che* | 112 x 1078 | 2.21 x 1077 | 2.35 x 1077
Cis 118 x 1075 | 1.20 x 1076 | 1.42 x 1077
Ciy 1.57x 107° | 1.17 x 1075 | 1.61 x 1077
Ciys 1.57 x 1075 | 1.17 x 107¢ | 1.61 x 1077
Ciy 7.52x 1077 | 1.48 x 1075 | 5.36 x 1075

Table 5. Current sensitivities of the processes in the first row to the coefficients of SMEFT
operators at my, added to the Lagrangian as in eq. (A.1). Ok = ewCin — swCihy -

coefficient w— ey 1 — eee A — eA

SORE, RO 1 1.10x 1074 | 7.87 x 1077 | 1.85 x 1077
CiEClse 2.55 x 107% | 9.31 x 107 | 3.77 x 10~°
SCHEH SO 1110 x 1074 | 5.67 x 1075 | 1.85 x 107°
Ct, O 2.55 x 107% | 1.11 x 107* | 3.77 x 107
SCHET XCHT™ | 3.84x 1074 | 1.95 x 1071 | 3.72 x 107°
sCci 3.84 x 107 | 1.95 x 107* | 3.72 x 107°
gt . Ciym 440 x 1074 | 1.91 x 1074 | 3.75 x 107
Ciat, CiT 1.80 x 1075 | 3.64 x 1074 | 3.88 x 1074

Table 6. Current sensitivities of the processes in the first row to the coefficients of SMEFT
operators at my, added to the Lagrangian as in eq. (A.1). ZCEL and ZC’]C%R are defined in
eq. (A.3).
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coefficient ey 1 — eee HA — eA

CHG" 3.59 x 107* | 1.00 x 107* | 6.03 x 1078
o 2.87 x 107 | 1.02x 107* | 6.25 x 1078
Clrou 3.09 x 1072 | 6.71 x 107! | 1.03 x 1078
CH Bou 5.95x 1076 | 1.17 x 107* | 9.65 x 1078
ot 2.67 x 1074 | 1.98 x 1074 | 2.85 x 1078
Cpsy 547 x 1074 | 6.71 x 1075 | 5.09 x 1077
Cha? 2.44 x 1071 | 2.05 x 1074 | 2.87 x 1078
Copdd 1.04 x 1073 | 2.03 x 10* | 5.40 x 1078
Cohdd 1.64 x 1073 | 2.01 x 107 | 5.30 x 10~8
Creno 1.01 x 10-8
CHs” 3.59 x 107 | 8.99 x 1075 | 1.68 x 107°
CHe 2.87 x 1074 | 9.10 x 1075 | 1.67 x 10~°
Clrou 5.23 x 1075 | 1.03 x 107* | 1.83 x 107°
CH o 1.01 x 1078 | 1.99 x 1077 | 2.09 x 1077
Cror 2.67 x 107* | 1.60 x 107* | 3.02 x 107°
Cros 547 x 1074 | 6.20 x 1075 | 1.15 x 107°
CHo’ 2.44 x 107 | 1.64 x 107* | 2.98 x 107°
CH5 1.04 x 1073 | 2.03 x 1071 | 3.73 x 107°
cise 1.64 x 1072 | 2.01 x 107* | 3.73 x 1075
Cl'epo 1.41 x 1072 | 2.78 x 1072 | 2.09 x 1077
Oy, st | 132 x 1073 | 2,56 x 107* | 4.71 x 1070
Cres 1.32 x 1073 | 2.56 x 107* | 4.71 x 107°
CPRP O | 2.07x 1073 | 2.51 x 1071 | 4.72 x 1075
Cliho 4.04x107° | 7.98 x 107* | 6.92 x 1076

Table 7. Current
operators at myy.

sensitivities of u — ey, u — eee, and uA — eA to the coefficients of SMEFT
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coefficient | 7 — ey T — eee T —€ep

ICp x| 7.35x 1075 | 6.36 x 107° | ...

IC¥x x 1.29 x 107! | 2.83 x 107* | 6.55 x 1072

ce 3.00x 107! | 3.78 x 107* | 1.31 x 107}
V. XY

IC&x x| 3.37 (1.06 x 1073)

ICYx x 2.59 x 1071 | 7.65 x 1072 | 1.31 x 107!

ICVxy 3.00 x 1071 | 749 x 1072 | 1.31 x 107!

1C§% x| 9.76 x 1071 | (8.46)

1C4'%y] 4.17 x 1071 | (3.61)

IC¥% x| | 203 x 1072 | (1.76 x 1072)

ICTTx x 1.29 x 1071 | 3.82x 1072 | 6.55 x 1072

Cir 3.00 x 1071 | 749 x 1072 | 1.31 x 107!
V,.XY

ICTixx 9.68 x 1074 | (8.39 x 1073)

Table 8. Current sensitivities of the processes in the first row, to the coefficients Cf7. -, evaluated
at myy, of 7 <> e flavour-changing, QCD x QED-invariant 2- and 4-lepton operators, defined as in

section 2.1 with p —» 7. X, Y € {L,R}, X #Y.
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coefficient | 7 — ey T — eee T —ep T — em T —en
Cite x| | 7031071 | 7.84x 1072 | 7.61 x 107* | 2.32 x 107% | 4.44 x 107®
|Ciyy 1.10 779 x 1072 | 7.48 x 107* | 2.28 x 1073 | 4.36 x 1073
Ccdd 66.0 572 3.74 x 1074 | 6.96 x 1074
S, XX
|Cdsy | 3.74 x 107* | 6.96 x 10~*
Cfhex| | 628 x1072 | (5.44 x 1071) 6.92 x 1073 | 1.29 x 1072
IC¥% x 242 x 1071 [ 3.88x 1072 | 7.46 x 107* | 2.26 x 1073 | 4.33 x 1073
IC¥y 1.94x 1071 1 3.93x107% | 7.72x107* | 2.34 x 1073 | 4.48 x 1073
ICé% x 35.3 (305) 3.73x107% | 6.93 x 1074
|Ce%y 3.73x107* | 6.93 x 1074
Ccu 6.71 x 1072 5.81 x 107! 3.46 x 1073 | 6.44 x 1073
T XX
IC¥xx 7.03x 107! | 7.84x 1072 | 1.31x 107! 2.22 x 1073
IC¥xy 1.11 7.79x 1072 | 1.31x 107? 2.18 x 1073
1C¥x x| 3.23 (28.0) 3.48 x 1074
IC¥xy| 15.9 (138) 3.48 x 1074
Css 3.08 x 1073 2.66 x 1072 6.44 x 1073
\ T,XX
IC¥xx 2.42 x 1071 | 3.46 x 1072 | 5.84 x 1072
ICixy 1.94 x 1071 | 3,50 x 1072 | 5.84 x 1072
[C&xx| | 6.11x1072 | (529 x 1071)
ICExy| 2.68 x 1071 | (2.32)
IC¥xx 1.06 x 107% | (1.01 x 1073)
ICPx x 8.80 x 1071 [ 9.80 x 1072 | 1.64 x 107*
ICP¥xy 1.38 9.73x 1072 | 1.64 x 107*
[C%xx| | (1.16 x1071) | (1.00)
cY 457 x 1071 | 3.96
S, XY
ICPxx| | 882x107° | (7.65)

Table 9. Similar to table 8, but for 2-lepton-2-quark operators.
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coefficient | 7 — ey T —ep T — €T T —en

Cysi 1.80 x 107! | 3.74 x 1072 | 8.93 x 1072 | 2.19 x 1073

Cos 3.69 x 1071 | 3.77x 107% | 1.14 x 1073 | 1.71 x 107 ¢

Cerdd 1.10 748 x 1074 | 2.28 x 1073 | 4.36 x 1073

Cgde 1.65 x 1071 | 2.38 x 1072 | 8.93 x 1072 | 2.21 x 1073

Cgrdd 7.04 x 1071 | 7.61 x 107 | 2.32 x 1073 | 4.44 x 1073

Cigdo 3.74 x 107* | 6.96 x 10~

Cguw 242 x 1071 | 7.46 x 107% | 2.26 x 1073 | 4.33 x 1073

Cerun 1.94 x 1071 | 7.72 x 107% | 2.34 x 1073 | 4.48 x 1073

Cisy 35.3 3.73x107* | 6.93 x 10~*
Tikou | 6.7T1x 1072 3.46 x 1073 | 6.44 x 1073

Cst 1.80 x 107! | 1.05 x 107! 2.22 x 1073

Ciss 3.69 x 1071 | 4.04 x 1072 2.22 x 1073

C5ss 1.06 1.31 x 1071 2.18 x 1073

CFs? 1.65 x 107! | 1.05 x 107! 2.18 x 1073

Cess 7.04 x 1071 | 1.31 x 1071 2.22 x 1073
TEho 16 3.48 x 1074

Case 2.42 x 1071 | 5.84 x 1072

Cerse 1.94 x 107! | 5.84 x 1072

Crgou 6.11 x 1072

CHi%or | 1.16 x 1074

Coh 879 x 107! | 1.64 x 107!

()44 879 x 1071 | 1.32 x 1073

Cmhb 1.38 1.64 x 1071

cgl 8.79 x 107! | 1.64 x 107!

o 8.79 x 107! | 1.64 x 107!

Citho 4.57 x 107!

Table 10. Current sensitivities of selected hadronic 7 decays to the coefficients evaluated at my,
of 202q SMEFT operators.
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