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ABSTRACT: We present a comprehensive analysis of the potential sensitivity of the
Electron-Ion Collider (EIC) to charged lepton flavor violation (CLFV) in the channel
ep — 7X, within the model-independent framework of the Standard Model Effective Field
Theory (SMEFT). We compute the relevant cross sections to leading order in QCD and elec-
troweak corrections and perform simulations of signal and SM background events in various
7 decay channels, suggesting simple cuts to enhance the associated estimated efficiencies.
To assess the discovery potential of the EIC in 7-e transitions, we study the sensitivity of
other probes of this physics across a broad range of energy scales, from pp — er X at the
Large Hadron Collider to decays of B mesons and 7 leptons, such as 7 — ey, 7 — efT4™,
and crucially the hadronic modes 7 — €Y with Y € {m, K, 7w, Km,...}. We find that elec-
troweak dipole and four-fermion semi-leptonic operators involving light quarks are already
strongly constrained by 7 decays, while operators involving the ¢ and b quarks present
more promising discovery potential for the EIC. An analysis of three models of leptoquarks
confirms the expectations based on the SMEFT results. We also identify future directions
needed to maximize the reach of the EIC in CLFV searches: these include an optimization
of the 7 tagger in hadronic channels, an exploration of background suppression through
tagging b and c jets in the final state, and a global fit by turning on all SMEFT couplings,
which will likely reveal new discovery windows for the EIC.
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1 Introduction

Processes involving charged lepton flavor violation (CLFV) are very powerful tools to search
for new physics beyond the Standard Model (BSM) for a number of reasons. First, the ob-
servation of CLF'V at experiments in the foreseeable future would immediately point to new
physics beyond the minimal extension of the SM that only includes neutrino mass (so-called
vSM). This is because in the SM, CLFV amplitudes are proportional to (m, /mwy )? [1-4],
leading to rates forty orders of magnitude below current sensitivity. Furthermore, current
and future CLFV searches are sensitive to new mediator particles with masses that can be
well above the scales directly accessible in current and near-future high-energy colliders.
Classic examples include supersymmetric models [5-8]. Finally, CLFV processes play a
special role in probing extensions of the Standard Model (SM) connected to the generation
of neutrino mass. Correlations between neutrino mass models and signatures in CLFV
processes have been highlighted in the literature (e.g. TeV see-saw mechanisms [9, 10] or in
minimally flavor-violating GUT scale see-saw models [11]). In a nutshell, CLF'V processes
offer a great discovery tool for BSM physics as well as the possibility to “diagnose” the un-
derlying new physics and its effect on neutrino mass generation. There is a vast literature
on the subject, and for reviews we refer the reader to refs. [12-15].

Probes of CLFV exist across a broad spectrum of energy scales. Low-energy probes
include decays of the  and 7 leptons, decays of the B and K mesons and quarkonia. High-
energy probes include searches for SM-forbidden events such as pp — Eagg + X at the Large



Hadron Collider (LHC) or ep — ¢+ X at electron-hadron colliders such as HERA and the
upcoming Electron-Ion Collider (EIC). Currently, the most stringent limits on CLFV come
from searches for ;1 ¢ e processes, e.g. the branching ratio BR(ut — etv) < 4.2 x 10713
at 90% CL [16]. The constraints on 7 <> e transitions, however, are much weaker, with
BR(7% = e*Y) < fewx 1078 [17], with Y € {v, 77, ...}. Although Belle-II [18] is expected
to improve these 7 BR constraints, and High-Luminosity LHC [19] to extend its reach in
pp — eT + X, both by an order of magnitude, there remains nevertheless a competitive
opportunity for colliders to search for events ep — 7.X, with hadronic final states X.

In the recent past, HERA was able to put competitive constraints on 7 <> e transi-
tions [20]. The EIC will collide e’s and p’s at center-of-mass energy > 100 GeV, smaller
than HERA, but at vastly higher luminosity, reaching 10-100fb~! per year [21]. Thus
its reach to find CLFV may be a thousand times greater than HERA [20] and possibly
competitive with improved searches for 7 — €Y at Belle-II [18]. The promise of the EIC
as a probe of CLFV was highlighted by the early study of ref. [22], which estimated that
an EIC with a collision energy of 90 GeV could probe currently allowed CLFV interactions
in the context of leptoquark models.

In this paper we perform a first comprehensive analysis of the CLFV physics reach
of the EIC in the general framework of the Standard Model Effective Field Theory
(SMEFT) [23-30], which captures new potential sources of CLFV above the electroweak
scale vew in a model-independent way. SMEFT encodes new physics originating at energies
higher than wvey in operators of dimension greater than four built out of SM fields. The
SMEFT framework is applicable to processes in which the center-of-mass energy is well
below the expected scale of new physics. Given the null results so far for new physics
searches at LHC, the SMEFT is perfectly applicable at an EIC with center-of-mass energy
V'S < Ve ~ 200GeV. In fact, the effect of any new physics model with particle masses
above the electroweak scale will reduce to the SMEFT operators, with a model-specific
pattern of effective couplings. Therefore, the SMEFT framework allows one to assess the
discovery potential and model diagnosing power of the EIC in full generality, also allow-
ing a consistent comparison with probes at lower energies, such as 7 — e¢X and LFV B
meson decays. Our work considerably improves on the current state of the art, in two
ways. First, for EIC itself, we account for all leading (dimension-six) CLFV operators,
including heavy quark operators, in computing EIC’s reach in inclusive and differential
ep — 17X searches. Second, we compare this reach with all existing CLFV probes today,
at both high and low energy, within the model-independent framework of SMEFT. These
include searches for pp — er at the LHC and decays of the 7 lepton (7 — eY') and B
meson. Concerning the 7 decays, we will consider not only radiative (7 — e) and leptonic
modes (7 — ef*£7), but also hadronic modes such as 7 — em, 7 — emrn [31-34], which
have so far not been considered in studies of CLFV at EIC (e.g. [22]). The inclusion of
hadronic channels is very relevant because (i) the current and prospective sensitivity in 7
BRs for radiative and hadronic modes are at the same level, namely ~ 1078 — 1077 (ii) the
hadronic modes provide the strongest constraints on CLFV operators involving quarks and
gluons [33, 34]. Through this analysis, we will also identify synergies and complementarity
of CLFV searches at the EIC and in 7 decays.



In the recent literature, studies of e — 7 transitions have appeared in various contexts.
Ref. [35] discusses e — 7(p) at a future LHeC, using a small subset of BSM operators,
namely vector and scalar vertex corrections. Ref. [36] focuses on eN — 7N transitions at
a fixed target experiment such as NA64 [37] within the SMEFT framework, performing
a comparative study of this process with CLFV 7 decays. Ref. [38] studies eN — TN
transitions at a fixed target experiment within minimal SM extensions with sterile fermions.
Ref. [39] discusses e — 7 transitions mediated by gluonic operators at both fixed target
experiments and LHeC. In the context of this rich literature, our work introduces several
new elements: the use of the full set of SMEFT operators, the study of a larger set of
probes (including LHC and B meson decays besides all CLFV 7 decays) and the focus on
the EIC sensitivity and reach.

The paper is organized as follows. In section 2 we present a high-level discussion of
the relative sensitivity of collider and lepton decays in probing CLFV. This analysis will
provide the minimum luminosity requirements for ep colliders to be competitive with CLFV
lepton decays and will show that the EIC will be competitive only for e <+ 7 and not for
e <> p transitions. Specializing to e <> 7, in section 3 we present the basis of relevant
CLFYV operators at dimension-six in the SMEFT. In section 4 we present our results for
the CLFV deep inelastic scattering (DIS) process ep — 7X mediated by all dimension-six
operators in SMEFT, and in section 5 we discuss the EIC sensitivity to CLFV couplings.
In section 6 we discuss complementary high-energy probes of CLFV, such as CLFV decays
of the top quark, Higgs boson, Z boson and LFV Drell-Yan at the LHC. Going down in
energy scale, in section 7 we discuss the connection between SMEFT and the low-energy
effective theory (LEFT) and study the constraints from CLFV decays of the 7 lepton
and B meson. Indirect low-energy probes of CLFV involving charged-current processes
and neutrinos are discussed in section 8. In section 9 we summarize the single-coupling
constraints, and identify the classes of operators for which the EIC is competitive with
other high- and low-energy probes. Finally, in section 10 we apply our EFT formalism
to the analysis of three different leptoquark models and compare our findings with the
existing literature. Our conclusions and outlook are given in section 11. The appendices
contain technical details of our analysis.

2 Comparing collider and decay sensitivities

Historically, very strong constraints on CLFV couplings have been obtained by studying
decays of y and 7 leptons, with current upper limits on the BRs in the 107'3 and 1078
ballpark, respectively. Given an underlying LF'V scenario (e.g. represented by one or more
CLFV operators in the SMEFT), the lepton decay BR limits translate into requirements on
the luminosity, energy, and efficiency for a collider search to be competitive. We formulate
the criterion as follows: for £ = 7, u, we require that the number of expected signal events
in a given decay channel £ — €Y, denoted by Ngecay, and in a collider process, denoted
by N §C“tt, be comparable. For definiteness, we will phrase our discussion in terms of the
collider process ep — £X, relevant for the EIC, but we will also consider pp — efX, relevant
for the LHC.



Searches for £ — eY typically analyze a sample of N, charged leptons produced either
at eTe” machines or by hadronic decays in a fixed target experiment. These searches are
also characterized by a signal efficiency ¢4, so that

Ngecay =y NK BRZ—wY = €q Ng Fg_>ey 70 » (2.1)

where 7y is the £ lepton lifetime. For example, in the case of both BaBar and Belle, N, ~ 10°
and €4 is in the 2.5% — 6% range depending on the decay channel considered [40, 41].
Currently, from experimental analyses one can infer only O(1) upper limits on N. gemy,
from which one deduces upper limits (UL) on the BRs

BRIy ~ —- 2:2)
where the symbol ~ is used to indicate that analysis-dependent O(1) factors are missing
on the r.h.s.

Conversely, in a collider setup the relevant quantities are the integrated luminosity £,
the total signal efficiency €, (including selection and reconstruction) and the cross section
Oep—itX, leading to

NE™ = €5 00psix L . (2.3)

Equating N and Ngemy one gets

r 1 T
€s L= (Ed NE) ™ {—eY N - 7’[ {—eY : (24)
Oep—tX BR@%eY Oep—tX

where in the last step we used (2.2). In eq. (2.4) the ratio I'y_,ey/0cpex depends in
principle on the underlying new physics parameters. However, when considering a single
dominant source of LFV (i.e. one SMEFT operator at a time), the dependence on new
physics parameters cancels completely in the ratio, which then depends only on the relevant
masses, collider energy, phase space factors and non-perturbative matrix elements. We will
consider below a few benchmark scenarios, in which the dominant new physics is either in
{ — ey dipole operators or in fq <> eq four-fermion interactions.

Denoting the new physics scale by A, for dipole operators dimensional considerations
lead to

r m3v? v?
T—ey ’ ep—T ’
T A TeporX ™ N1
r o _
2N = kpm3 = kp-2.2-10%cm 257!, (2.5)

Oep—1X

where kp ~ O(1). Explicit calculations to be presented later in the manuscript show
that kp = 0.33 for v/S = 100 GeV. Similarly, for pseudo-scalar and axial-vector operators
involving first-generation quarks one can estimate
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r m;AGep I S
T—er ™~ T a1 ep—7X ™~ a1
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I pen mIAE
T g p P e 52010 em 25! (2.6)
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where k4 p ~ O(1) and explicit calculation shows that kp = 2.7 and k4 = 0.95 for
V/S = 100 GeV. An analogous estimate for scalar and vector operators leads to
5
m S
Irenn ~ TZ» Oep—s1X ™ Fv
FT—)eTmr — Kgv m?—
Oep—1X ' (27T)25

=wgy - 1.7-107cm 2571 (2.7)

where the extra (27)? in I'/o accounts for the mismatch in phase space factors between
decay and collider process. Numerically we find kg = 0.3 and ky = 0.1.
Using the above estimates in eq. (2.4), we can make the following observations:

o For the dipole operator, using the current limit BRTUﬁyY ~ 1078 [40], eq. (2.4) im-
plies that to match the 7 — ey sensitivity one would need an EIC with integrated

luminosity satisfying e;£p ~ 108 fb~1. This is out of reach for the current EIC design.

o For (pseudo)scalar and (axial) vector contact interactions involving first-generation
quarks, using BRYL___ ~ 1078 [41] one needs at v/S = 100 GeV an integrated lumi-
nosity of e;Lgy ~ 10% fb~!, which could be within reach of the current EIC design
under optimal conditions after several years of running [21]. Therefore, the EIC
should be competitive in constraining contact CLFV interactions and in probing the
many directions in the SMEFT parameter space that are left unconstrained by low-
energy probes of CLFV. It is also worth noting that in the case of contact interactions

eq. (2.6) implies that the constraining power of the EIC grows linearly with S.

e From the above discussion one also sees that for new physics patterns that involve
more than a single dominant operator, the ratio I'_,¢y /0ep—-x could be suppressed
due to cancellations and therefore even for flavor-conserving light quark operators
the EIC could be more competitive than the simplest scenarios suggest.

e Importantly, considering operators involving heavy quark flavors @) = ¢, b makes the
analysis more favorable for the EIC. As an example consider vector operators: the
cross section oepyrx,, is suppressed with respect to the light flavor case by about one
order of magnitude, due to the heavy flavor PDFs. On the other hand the heavy flavor
operators can contribute to 7 decays such as 7 — enm only through loop amplitudes
suppressed by a factor of a few x1073. In turn, this implies a suppression of about
~ 107° in the decay rate, much larger than the suppression in the cross section.
Putting the ingredients together we find that I'; ern/Tepsr Xo I8 suppressed by a
factor of ~ 10™* compared to the light flavor case. Therefore, the requirement on the
luminosity is only e,£ ~ 0.1fb~!, well within the reach of the current EIC design,
even with realistic e ~ O(%). This analysis suggests that the largest discovery
potential at the EIC is in the DIS processes involving production of heavy quark
flavors in the final state.

o For the LHC-relevant process pp — efX, the cross section scaling given in egs. (2.5)—
(2.7) for ep — £X is still valid, with v/S replaced by the 7-e invariant mass, 1.



Existing analyses reach m,. of a few TeV [42]. As a consequence, for dipole op-
erators and vertex corrections one does not expect particularly great sensitivity at
the LHC. On the other hand, for four-fermion operators the larger m . brings the
luminosity requirement for the LHC to the realistic levels €,Lgy ~ 50 fb~!. Taking
into account the numerical factors and PDF integrations, this brings the LHC con-
straints on dimension-six Wilson coefficients to within an order of magnitude of the
constraints from 7 decays. We also note the recent study [43] comparing LHC and
EIC constraints on lepton flavor-conserving vector four-fermion operators, showing
the potential power of the EIC to lift degeneracies or flat directions in the space of
SMEFT operators that would remain using LHC alone.

Finally, we note that one could repeat the above analysis for the case of e < p
transitions, using BRgﬂey ~ 107! and the appropriate changes m, — my, and 7 — 7.
Taking these effects into account we find that the integrated luminosity required for EIC
to be competitive in e — p transitions would be eight orders of magnitude larger than
the one required for e — 7 transitions. This result implies that for these transitions the
EIC cannot compete with low-energy muon processes, in agreement with the findings of
ref. [22]. Therefore, in what follows we will focus on e <> 7 transitions.

3 The operator basis

We consider in this paper CLFV at the EIC, LHC and in low-energy 7 and meson decays.
At the center-of-mass energies reached at the EIC, it is appropriate to integrate out the
degrees of freedom that induce CLFV, and to work in the framework of the SMEFT. We
will also frame the analysis of LHC data in the SMEFT, even though in this case the limits
we obtain should be interpreted with some care.

3.1 The SMEFT Lagrangian

The dimension-six SMEFT Lagrangian was constructed in refs. [25, 26], and it contains
the most general set of operators that are invariant under the Lorentz group, the gauge
group SU(3). x SU(2) x U(1)y, and that have the same field content as the SM. We
consider here the SM in its minimal version, with three families of leptons and quarks,
and one scalar doublet. In particular, we do not introduce a light sterile neutrino vg. The
left-handed quarks and leptons transform as doublets under SU(2),

%:Z(Zi), €L2<Zi>> (3.1)

while the right-handed quarks, urp and dgr, and charged leptons, eg, are singlets under
SU(2)r. The scalar field ¢ is a doublet under SU(2)r. In the unitary gauge we have

@zj§0<x><1fh), (32



where v = 246 GeV is the scalar vacuum expectation value (vev), h is the physical Higgs
field and U(z) is a unitary matrix that encodes the Goldstone bosons. We will denote by
¢ the combination ¢ = imep*. The gauge interactions are determined by the covariant
derivative

Dy =0y +igiyB, + i%ffwg +igo Gt (3.3)

where B,,, W;{ and G are the U(1)y, SU(2), and SU(3). gauge fields, respectively, and g1,
g2, and g, are their gauge couplings. Furthermore, 77/2 and t® are the SU(2)1, and SU(3).
generators, in the representation of the field on which the derivative acts. In the SM, the
gauge couplings g; and g are related to the electric charge and the Weinberg angle by
JoSw = g1Cw = €, where e > 0 is the charge of the positron and s,, = sin 0y, ¢,, = cos Oy .
These relations are affected by SMEFT dimension-six operators, but these corrections are
subleading for the processes considered here, which have no SM background. Similarly, at
the order we are working, we can interchangeably use v or the Fermi constant Gy, using
the SM relation v/2Gr = v~2. The values of the couplings gs, g1, g2 and of the quark
masses, and the hypercharge assignments of the SM fields are given in table 19 and in
eq. (A.2).
In the SM, lepton flavor is exactly conserved. There is a single, gauge-invariant
dimension-five operator [23]
Ls = Cs(plr)" C('ty), (3.4)

where C' is the charge conjugation matrix. When the Higgs takes its vev, L5 gives rise to
the neutrino Majorana masses and mixings, and thus to LFV in the neutral sector. The
operator in eq. (3.4) violates lepton number, and thus two insertions of C5 are needed
to induce CLFV at the loop level. While formally dimension-six, the resulting CLFV is
proportional to the masses of the light neutrinos and thus negligible [1, 2].

CLFV processes are affected by many dimension-six operators. Following the notation
of ref. [26], we classify the relevant operators according to their gauge (denoted by X),
fermion (v), and scalar field () content. The operators that contribute at tree level fall
in the following four classes:

£ - £¢2¢2D + £¢2X<p + £¢2‘P3 + £¢4 (35)

The first three classes contain fermion bilinear operators. 1/2p?D contains corrections to
the SM couplings of quarks and leptons to the Z and W bosons, 12X ¢ contains dipole
couplings to the U(1)y, SU(2), and SU(3). gauge bosons, and 1)?p? contains non-standard
Yukawa interactions. Focusing on purely leptonic operators, we consider

< <
tiD,o /- _ eliDlp
Ly2p2p = —% (fL’y“ C(LI;KL +ery* cweR) — Tﬂ ELTIV“C(L?’;EL, (3.6)
1 -
Lyaxp = =5l (@5 B + QQF%TIWJV)U%SR +hec., (3.7)
To -
Loyp3 = —\/i%ﬂLYe'goeR +hec., (3.8)

here D, = D, — D,. DI = 1D, — D711 Th lings () (3 hermitian, 3
where D), = D, — D, D,, =7'D,, — D,7". e couplings ¢/, ¢/, Cep are hermitian,

'Here, cpTﬁucp = (Ducp)f ®.



X 3 matrices in lepton-flavor space. Expanding the covariant derivative in eq. (3.6), these
operators induce CLFV Z couplings, so that the Z vertices are given by

g2 Lra 3 _ 1 _
20, W AUE + 2y WA UL, + g, dPAPAE + zde]%’y“d%}, (3.9)

with p,r being lepton flavor or quark family indices. The couplings z;, and 2y, are

zp, = Tsp — Qpsnyy 2p, = —Qrsn, (3.10)

where T3; and )y are the fermion isospin and charge.
Meanwhile, I'f;, and I'y; in eq. (3.7) are generic 3 x 3 matrices in flavor space, which
we find convenient to trade for dipole couplings to the Z and photon field

I'$=T%-T%, TIY=-clfy—sol% (3.11)

Finally, Y/ in eq. (3.8) is a dimension-six Yukawa coupling, which corrects the dimension-
four SM Yukawa

Ly, = V20, YD per +hec. (3.12)
When the Higgs gets its vev, we can write
> h S ! (0) |
,Cyuk:—veLYeeR 1—|—; —eLYeeRh—l—...—i—h.c., Y=Y, —i-i}/;, (313)

where the dots denote higher-order terms in h. We can always diagonalize the first term, so
that the charged lepton masses are given by M, = vY.. The second term can in general be
off-diagonal. For both quark and lepton SM Yukawa couplings we will use the convention
My = vY}. The quark Yukawa interactions are the same as the Y, term in eq. (3.13) with
each e — gq.

Ly includes four-fermion operators. The most relevant for collider searches are
semileptonic four-fermion operators,

4G = _ 5 _
Lys = _F{Cgc)Q ™ qryugr + Cf)c)z Ly quryuar (3.14)

V2

+ Cewery"er unyuur + Cea€ry'er dryudr
+ Cru L™ igypur + Cra Loy er dryudr + Coe eper CYL’YMQL}

_ \/;{CLedQ ElLeR dRq%, + Céle)Qu 5ZJ€ZL€R q]LuR + C£3€)Qu EUZZLO-MVGR Q%/O-;LVUR + hC}

Here, i, j represent SU(2), indices. Of these operators, only a few affect charged currents,
introducing new Lorentz structures, such as scalar-scalar and tensor-tensor interactions.
All of the above operators modify neutral currents and the couplings are, in general, four-
index tensors in flavor. We allow the operators to have a generic structure in quark flavor.
We follow the flavor conventions of ref. [44] and assign operator labels to the neutral current



components with charged leptons, after rotating to the u and d quark mass basis. This
induces factors of the SM CKM matrix Vogy in the charged-current and in the neutral
current neutrino components, which play a minimal role here. For example, introducing

Crou = (UM} (CLy - CiD) UL, Cigp = (Ug)T (ciy+c)ut,  (315)

where U}f”% are unitary matrices that diagonalize the quark mass matrices, the first two
terms in the four-fermion Lagrangian eq. (3.14) become

4Gk

ﬁ = \@ { {CLQ’U}prst ézl)/’y'uez 'Iji"}/“utL + [CLQ,D:| prst EIZ/")/N‘BE CZ%’YMdtL

+ [VexnCranVix| |, 7t v ail, + [V CrouVex |, 707V djud,

+ ([CLQvDVCTKM - VCTKMCLQ,ULM vpteL v + h-C-) }a (3.16)

where p, r, s, t are flavor indices in quark/lepton mass bases. With these conventions,
all semileptonic operators have naturally either u-type or d-type quark flavor indices. The
only exception is Cg., which we choose to be d-type, leading to neutral current vertices of

the form
4GF ~ u k _ T
L=— \/5 ERY"ER (dLCQe’YudL + ULVCKMCQeVCKM'YuUL> . (3.17)

As we discuss in appendix A, the renormalization group evolution of the operators in
eq. (3.14) also induces purely leptonic operators

4G - - _ _ — _
Lys = \@F{CLL Ml byl + Cee €rYer eryuer + CLe L1YML €R’Yu6R}- (3.18)

These operators could be probed at the EIC by looking for final states with multiple leptons.
At low energy, they can be sensitively probed by the process 7 — efX.

3.2 Running to the electroweak scale

The Lagrangians in egs. (3.6), (3.7), (3.8) and (3.14) are defined just below the new physics
scale A > v. For the study of DIS at the EIC, of LHC constraints and of low-energy
processes we first evolve the Lagrangian to a scale u close to the electroweak scale. The
renormalization group equations (RGEs) in the SMEFT were derived in refs. [27-29] and we
report them for convenience in appendix A, where we also provide the numerical solutions
of the RGEs at leading logarithmic accuracy.

We comment here on the most important qualitative effects:

e The scalar and tensor operator coefficients Cge’é)u and CLedQ run in QCD. The
running from A ~ 1TeV to p = m; increases (decreases) the coefficient of the scalar
(tensor) operators by roughly 10% (5%).

 Z dipoles, scalar and tensor operators mix into the photon dipole I'] at leading
log [27-29]. We show the relevant RGEs in eqs. (A.7)—(A.11). The mixing of the
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Figure 1. One loop diagrams contributing to the running of heavy flavor operators onto operators
that can be tested at the EIC and in 7 decays. Plain lines denotes leptons and light quarks,
double lines heavy quarks, a square an insertion of a CLFV operator and dots SM vertices. The
first two diagrams represent penguin contributions of heavy flavor vector operators to CLFV Z
couplings, leptonic operators and semileptonic operators with light quarks. The latter also receive

contributions from W exchanges, as shown in the last three diagrams. Tensor operators run into
I'Y 7 via a diagram with the same topology as the first.

Z dipole is at the 1072 level, as expected from a weak loop correction. The mixing
of the tensor operator is proportional to the quark Yukawa coupling and thus it is
particularly important for the ¢t component of C](:i)Qu. The strong constraints on
flavor-changing dipoles imply that this mixing is also non-negligible for the charm
component of the tensor operator. ngle)Qu mixes with C’S’G)Qu via an electroweak loop.
For the t¢ component of the scalar operator, the resulting contribution to I' is sizable.
The coefficients of photon and Z dipoles, scalar and tensor four-fermion operators at
the scale ;. = my, as a function of top, bottom and charm scalar and tensor operators

at the scale pg = 1TeV, are given in table 20.

¢ Vector-like four-fermion operators with heavy quarks mix onto Z-boson vertices and
four-fermion operators with light quarks and leptons via the penguin diagrams shown
in figure 1. As shown in egs. (A.14) and (A.15), the mixing with the CLFV Z
couplings has a component proportional to the quark Yukawa coupling and one to
the gauge couplings. For top-quark operators, the Yukawa component dominates,
and induces a very sizable mixing

(i) + e2)) (1) ~ 0.1 (Cru = Crgu)y (o), Cap(pte) ~ 0.1 (Cew = Cae)y (10),

(3.19)
where (Cqe)ie = Vij(Cqe)jkVir, e ~ my and pg ~ A ~ 1TeV. For operators with
b and ¢ quarks, the gauge component dominates, and gives percent level corrections
to the Z couplings. The mixing with light-quark and lepton four-fermion operators,
driven by the RGEs in egs. (A.16)—(A.22) and (A.29)—(A.34), is the same for all the
flavor components of u- or d-type operators, and these mixing coefficients are at the
1073 level. The coefficients of Z couplings, leptonic and semileptonic four-fermion
operators at the scale 4 = my, as a function of heavy quark operators at the scale
po = 1TeV, are given in table 21.

e The mixing of quark-flavor off-diagonal four-fermion operators onto flavor diagonal
is suppressed by small CKM and/or Yukawa couplings, see eqs. (A.23)—(A.28), and
it is in most cases negligible.
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In addition to the running effects, integrating out heavy flavors induces gluonic oper-
ators. The EIC is sensitive to the CLFV Yukawa Y/ in eq. (3.13) via the couplings of the
Higgs bosons to quarks and the effective Higgs-gluon coupling induced at the top threshold,

Qs a a puv
Ehgg = %h GW,G me, (3.20)

In addition, CLFV SMEFT operators with heavy quarks can induce dimension-seven glu-
onic operators of the form

- 1 as (e aw) = L s (o Faw) =
Ly=Coog - (Go, G ) erer + Cocog o (Go, G ) epen + hee. (3.21)
~ 1
where G = 56”"0‘56135 .

At the top threshold, C GGl are induced by the scalar operators with matching coefficients

_ v _ Lo
[CGG]TS - g Ht [CLeQu:| rett ) [CGG]BT - g E |: LEQ’I.L:| ertt 5 (322)

I N P B Pt
|:CGG:| re 2 my [CLeQu:| rett’ |:CGG:| or 9 ™y [ LeQu} ortt (323)

Notice that both sides of egs. (3.22) and (3.23) are renormalization-scale-independent, at
one loop in QCD.

4 CLFV deep inelastic scattering

We obtain in this section the expressions for deep inelastic scattering (DIS) cross sections
in the presence of CLFV SMEFT operators. In section 4.1 we factorize the generic DIS
cross section into leptonic and hadronic structures, matching the latter onto partonic hard
matching coefficients convolved with parton distribution functions (PDFs), reviewing the
standard derivation in QCD, followed by generalization to contributions from arbitrary
SMEFT operators. We simplify to tree-level cross sections for the remainder of the analysis,
and in section 4.2 we collect the tree-level partonic cross sections induced by all the CLFV
SMEFT operators we consider. In section 4.3, we provide numerical values of the cross
sections multiplying the SMEFT operator coefficients, and obtain initial estimates of EIC
sensitivity to each coupling based on the partonic cross sections. In section 5 we will go to
the more realistic case of detector-level cross sections.

4.1 Factorization of the cross section

4.1.1 General cross section

The generic cross section differential in the momentum transfer ¢ = k — &’ in the scattering
((k)p(P) = '(K) X (px) is
do 1

= 55 [ L IME > CX)P @) (P +g—p)dtla—k+E). (D)
q X

where S = (k+ P)?, ®[, is the outgoing lepton ¢’ phase space, and the sum is over all other
final state particles X. We do not yet specify whether we sum over ¢, p spins, allowing for

- 11 -



the possibility of polarized beams. We sum over ¢ spins. We will use the standard DIS
kinematic variables,

Q? 2P
2P’ Y= 2P

Q*’=—-¢*>, z= zyS = Q2. (4.2)

To form the cross section differential in the DIS variables z, y, we insert the delta functions
defining these variables,

do do q> 2P-q
= [ d*q—= oly— ——1. 4.3
dz dy / 1314 (x+2P-q) (y 2P-k> (4.3)

It is convenient to pick a particular frame to perform the integrals with the delta functions,

though the result is still Lorentz-invariant. For example, in the Breit or CM frames, the
proton can be put in the 42 direction, and P, q take the forms

n

_ n _ n
P:nz-Pi’ q:nzqi+nzq 2Z—+-qT7 (44)

2 2

where n, = (1,2), n, = (1,—2%). Then we use the delta functions in eq. (4.3) to integrate
over n,-q,n,-q. To do the gr integrals, we express the ¢ phase space integral to leading
order in electroweak interactions:

41,/
[~ [ Gmda=n?). (45)

which will let us do the gp integral (using also azimuthal symmetry). In the end, our

formula eq. (4.3) becomes

do
dx dy

= o5 2| M = £X)* (2m)'6' (P + g — px). (4.6)
X

where the value of ¢ has been fixed by the above delta function integrals, e.g. in frames
where P takes the form in eq. (4.4), we have
ys n.

_ Ny ~
—E _ P2 4+Q\1— 4.
nopo WPy 40 yar, (4.7)

q:

where Air is a unit vector in any direction transverse to n, (azimuthally symmetric).
eq. (4.6) is our basic starting formula for a DIS cross section.

The bulk of our calculations will come in evaluating the squared amplitudes \M\Q in
the presence of arbitrary SMEFT operators that can mediate the process /P — ¢’ X, where
primarily we shall be interested in £ = e and ¢ = 7 as in figure 2. All of the operators or
channels we consider give amplitudes that can be expressed in a form,

M(lp — X) = Cr (¢'(K)] Orep €(R)) (X| Opaa [D(P)) (4.8)
1

where each operator is factored into a leptonic and hadronic part, the two parts containing
the relevant leptonic and hadronic fields:

Olep ~ Z/Fllga Ohad ~ (jf’F{L(jf ) GQBGW/ ) (49)

- 12 —



k/

p A X

Figure 2. The DIS process induced by CLFV SMEFT operators. The gray blob represents
arbitrary CLFV interactions mediating ep — 7X.

and in general we will lump constant prefactors into Oyep. Here I'; j, are any allowed Dirac
matrix structures, and the gluon field indices may be contracted in different ways, e.g.
GG, GG. These effective operators may also arise from contractions of other operators, in
which case relevant propagators or other factors are lumped into the coefficients. In the
sum over operator structures I, any appropriate contractions over Dirac or flavor indices
are understood.

With amplitudes of the form eq. (4.8), the cross section eq. (4.6) also factors into
leptonic and hadronic structures,

do

d dy :IZ}L”@)WU’ (4.10)
where
Liy = 555 CrCy (Ek)| E7E €K (€ (K| ETH (k) (4.11a)
Wiy =Y_2m)'(P + q— px) (p(P)| Ofaq |1 X) (X| Ofq ID(P)) (4.11b)
X

where T' = 749740, O = Of, and the ® in eq. (4.10) represents any appropriate index
contractions. We have assumed that the inclusive state X is purely hadronic, appropriate
for us working at tree level in electroweak interactions.

At this point we have not yet specified whether the incoming lepton and proton are
polarized or spin-averaged. In the leptonic part, we can pick out right- or left-handed
polarizations by summing over spins but including projection operators in the leptonic
Dirac structures FlI’J, i.e., again at tree level,

A 14+ A
Lis = 5550105 Y (k)TM u(k Ya(k )T ——u(k) (4.12)

spins

1+
T CiC T (T T 500 )

9

322

where \p = 1 for R, L-handed incoming ¢. For the case of SM electroweak interactions,
with photon and Z boson exchanges, expressions for the traces in eq. (4.12) can be found
in, e.g., [45]. In the simplest case of tree-level photon exchange in the SM, we will relabel
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I,J — ~ff' indicating the photon coupling to quark flavors f, f’ in the hadronic part, and
the tensor eq. (4.12) takes the value

o2
erep ,
L2 = =Sl (g — inee), (4.13)
where ey is the electric charge of quark flavor f in units of e, and aem = €?/(47). The
tensor structures appearing in eq. (4.13) are:

y KPR+ RVE 2 s
g = g" —2 ey = ook P koKl (4.14)

When Wi; — W, sp in eq. (4.11) is evaluated for partonic initial states, at tree level, we
will simply obtain the Born cross section for eq. (4.10). In general we need to match Wy
onto quark and gluon PDFs (polarized and unpolarized) in the proton state. We sketch
this matching procedure in the next subsection.

4.1.2 Hadronic tensor

The hadronic part of the amplitude Wr; in eq. (4.11) can be expressed, as in usual DIS,
as convolutions of perturbative matching coefficients and PDFs. Using the delta function
to translate one of the operators, and summing over X, we obtain:

/d4$€’“ (P)| Oifaa()O1aa (0) [p(P)) - (4.15)

This forward matrix element of the product of operators can be related to twice the imag-
inary part or the discontinuity of the matrix element of the time-ordered product of the
operators (e.g. [46, 47)):

Wiy =DiscTyy, Tij= Z‘/Glllﬂf 17 (p(P)| T{Offa() Ofaa (0) } [p(P)) (4.16)

which can be evaluated from ordinary Feynman diagrams. This operator product typically
contains two pairs of quark or gluon bilinears, separated by x. We will perform an operator
product expansion (OPE) to match onto products of a single bilinear operator containing
quark or gluon fields, separated only along the light-cone direction n, conjugate to the
proton momentum P. In general, the product of operators in eq. (4.16) will match, at
leading power (twist) onto:

Wiy — /dr[CéJ(r)Oq(r) +CH(r)Os(r) + L Oy (r) + L O5(r)] (4.17)

where O, 5 are quark bilinear operators:

O, (r) = / iieiZTQ(zﬁz)%W(zﬁz,O)q(O) (4.184)
Os(r) = / ;l—;e_i”q(z Z)’% V51 (20, 0)¢(0) (4.18b)
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Figure 3. Matching products of operators in hadronic tensor eq. (4.15) onto quark or gluon bilinear
operators in eq. (4.18) or eq. (4.19) at tree level, using partonic matrix elements in external quark
or gluon states with momentum £P. The operators O/ are the hadronic part of generic SM or
SMEFT operators or amplitudes, and proton matrix elements of Qg5 or O, 5 give (un)polarized
quark and gluon PDFs in the proton, see egs. (4.20) and (4.20b).

and O, 5 are gluon bilinear operators:

Oy(r) = — —4dzre_izrﬁ’;ﬁ?GM(zﬁz)Y(zﬁz, 0)G*a(0) — (r — —7) (4.192)
™

Og(r) =i / —4dzre‘”’"ﬁ’;ﬁgGu,\(zﬁz)Y(zﬁz, 0)G,(0) + (r — —7). (4.19b)
™

In egs. (4.18) and (4.19), each pair of quark or gluon fields are separated only along the
light-cone direction n, conjugate to the large proton momentum along n., and the W, Y
are fundamental or adjoint Wilson line gauge links along 7, ensuring gauge invariance (in
this paper, we can take W =Y = 1). Matrix elements of these bilinear operators in the
proton state give the unpolarized and polarized PDFs [48-51]:

1

A
F(€) = 23 N OERP) ) Ay(6) = (p. M| OglersP) . N). (4200)
A

j
4,9,9,9

elements of the operators on either side of the equation, with hard propagators between

The matching coefficients C in eq. (4.17) are computed by matching partonic matrix

extra fields on the left-hand side contracted or integrated out. This procedure is illustrated
in figure 3. At tree level we will not encounter mixing of quark and gluon operators, but
at higher orders they will mix.

SM QCD: in the usual case of QCD in the SM, for photon exchange diagrams, we obtain
for the hadronic tensor in eq. (4.11) that contracts with the leptonic tensor in eq. (4.13),

Wiy = DiSCi/d% "I (p(P)| T{qr~" qp (2)av"qr(0)} [p(P)) - (4.21)
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To match the operator in this matrix element onto those on the r.h.s. of eq. (4.17), we
compute matrix elements of each in a quark state (see figure 3):

WD = Disci [ d'a et (q(6Ps N T(ap1"ap (2)a"as0) 6P N)  (422)
4a? PHpY

with momentum &P and spin A, and where the transverse tensor structures are:

PhgV + PVgh w1

P.q ’ ‘L P.q

W v
=g —

gy P PLqs . (4.23)

Meanwhile, the quark matrix elements of Oy, Os in eq. (4.18) are:

(@(€PiN)| 041 a(€ePi ) = 3=~ 1) (1.24a)
(@(€P; \)| O5(r) [q(£P; \)) = A(S( = 1). (4.24D)

This tells us that the matching coefficients in eq. (4.17) for the operator in eq. (4.21) are:

v _ L 4x?PrpY
Cg,l;ff’ = —271’6(7“ — TNy - P)ie/fjéff/ . (4.25b)

Using these matching conditions in eq. (4.21) and the PDF operator definitions in eq. (4.20),
and contracting the perturbative matching coefficients in W#}'f, with the leptonic tensor
in eq. (4.13), we obtain for the cross section eq. (4.11) for the photon channel in SM QCD
DIS at LO:

O'LO
ddx)\j\gf = 20y g 62{[1 + (L= y)?|fy(z) — AeAry(2 — y)qu(g;)} , (4.26)

for incoming e and proton target spins A, 7, and where

a2 Sz

Q*
Averaged over incoming spins, we obtain the familiar unpolarized DIS cross section at LO
in QCD:

oy = (4.27)

d LO
dc;‘:l“y — 209 zq: e2fy(@) [1+ (1 -p)?] . (4.28)

SMEFT four-fermion operators: we can generalize the above derivation in the SM
for generic four-fermion operators in SMEFT. The leptonic tensor for a given operator still
takes the form eq. (4.12), and the hadronic tensor eq. (4.15) will take the form:

Wi = Disci [ d' 1 (p(P)| T{qsTap @apThas O} p(P) . (429)
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where f, f are the particular quark flavors appearing in a given operator from, e.g.,
eq. (3.14). The operator in the matrix element matches onto O 5 in eq. (4.18) in similar
manner as in the SM above and illustrated in figure 3, with the partonic matrix element
analogous to eq. (4.22) now given by:

W9 = Disci [ da e (g (PN T{a;ap (@)apThas (0) las(€P3 ) (4.30)

5o T EPELEP + T 5.

=2m0(§ — x)

where any L, R projections of the quark fields gy, s/ are understood to be contained in F,IL"]
The matching coefficients in eq. (4.17) for these operators onto O, 5 are:

CI7¢4( ) = 2mo(r — :L"nz-P)4Pl_q Tr [:sz’fi(:n}’ + q)rﬂ (4.31a)
CLou(r) = 2m8(r — an.- P)zui.q Tr [xpfg (=P + q)r,fm] . (4.31D)

These perturbative coefficients contracted with the leptonic tensor in eq. (4.12) will give
the partonic cross sections when plugged into eq. (4.10), and we can write, similar to the
SM formula eq. (4.26) the four-fermion operator contribution to the full cross section:

da;\d); = L35 /dr Cq (1) fal2 )+ ArC5 ¢4( )qu(x)}a (4.32)

using eq. (4.24) for the PDFs. At tree level the integral over r here just removes the delta
function in eq. (4.31). The contraction of L;; with each of C’ 5 gives the tree-level partonic
cross section from each operator.

For example, for the scalar LeQu operator in eq. (3.14), the operator contributing to
ep — 17X is

(Cge)Qu)ij(Oge)Qu)ij = 050, Ohnd »

4G o i1+ ;
where Of;p \/f (C’ge)Qu)UTLeR, Oa = Usuly = ' 275 u’, (4.33)

where here 7, j = u, ¢ label the quark flavors. So the leptonic “tensor” eq. (4.12) for initial
electron spin A, and hadronic “tensor” in eq. (4.30) in a quark state of momentum £P and

spin A\, are:
g GRyQ*1+ X |, 1 2 i L+ A
L) = I S (g W = amad(€ - )= (434)
The matching coefficients eq. (4.31) for the hadronic tensor are then
Cf(r) =C2(r) = wé(r — an,-P), (4.35)

and at tree level the gluon coefficients are zero. Thus the contribution of the operators
eq. (4.33) to the cross section is

dos \,  GRyQ*1+ A (
dedy 4w 2 Z ‘(CLQQ“)”

[fu; (x) + ArA fu; (2)] - (4.36)

i,j=u,c
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and similarly for @; antiquark contibutions. The procedure for other four-fermion operator
contributions is also similar. (Many of the resulting cross sections have been given recently
in ref. [43].) The contribution of dipole and Higgs operators follows substantially the same
procedure as SM QCD or SMEFT four-fermion operator matching as well. We collect all
relevant partonic cross sections in section 4.2.

SMEFT gluon operators: the matching procedure for products of gluon operators
from eq. (3.21) is similar:

Ly =05 00+ 0,00, +he., (4.37)
1 o 1 as_
where Olep [ng} re 34 —TLER, Olep [CGG} mﬁﬁTLeR’

G _ v mz c __ va oyapv
Ohad_GuuG a ’ Ohad_G;wG "

The cross section in eq. (4.10) then takes the form

do®
drdy =LeWe+ LegWe+ LogWea + LacWae (4.38)
where
yQ? <a3>2{1+xe 21— ) 2}
L An 4.
¢ 397206 \ 4r 2 [Caal,,| + B [Caal..| ¢> (4.39)
yQ? <as>2{1+)\e 21—\, 2}
L= Qs _ =Xy
G 327296 \ 47 2 [CGG]TG 2 [ng] er

Lo = L*G’G 335216 (ZS>2{ . +2)\€ [CGG]; [Caé] re T : ;Ae [Cec] :T [CGG] GT} ’
and
Wo = [ da et (p(P)| Gy GO (2) GG (0) I (P)) (1.40)
W= [ o (p(P)| G GO ()Gl G (0) Ip(P)
G= [ a4 p(P)| GG ()G G (0) Ip(P)) = Wogla = ~0).

The matrix elements of the gluon PDF operators in eq. (4.20b) in a partonic gluon state
wtih polarization A (figure 3) are

(9(EP:N)| Oy(r) g(€Pi X)) = T{3(r = €na-P) + 6(r + s Pl era (41)
(9(EP5 V)| Og(1) [9(€Ps N) = 718(r — €0z-P) = 8 + €1z P)] SepuapnZes”s]

where ¢ is the polarization vector for the gluon in polarization state A. Meanwhile, the
tree level matrix elements of the operators in eq. (4.40) in a gluon state (figure 3) are

W =W = 8meQ?5(§ — 2)eiera, Wik =0. (4.42)
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Thus the gluon matching coefficients in eq. (4.17) are:
Gy _ pGry _ 2 _ GG
Cg (r) = Cg (r) =8mQ°0(r — zn,-P), Cg =0, (4.43)

and at tree level the quark coefficients are zero. The contribution of the gluon operators
eq. (4.37) to the cross section eq. (4.10) is then

do$ly, Q' ? L+ A
d:ndyT 4771;6( ) folw ){ 2 (“CGG]W
1-— X

2

2

2) (4.44)

)

For other possible SMEFT operator channels I, J in the hadronic tensor eq. (4.15),
we can compute the matching of the T-ordered products of operators in eq. (4.16) onto

+ ‘ [Ccé] Te

2
+

(Jicecl,,

+ ’ [Ccé} er

quark and gluon bilinears eq. (4.20) in the same way as we hve illustrated above. With
more exclusive measurements on final states we may even become sensitive to more general
parton distributions in the proton. In this paper, we shall limit ourselves to tree-level
results in QCD, which will always yield the naive Born-level parton model prediction,
which we collect in section 4.2 for all the SMEFT operators we consider.

4.1.3 Tree-level cross section

At LO in QCD, following the steps in the previous subsection at tree level in the matching
onto PDFs in hadronic tensor, we obtain the DIS cross sections induced by the CLFV
operators introduced in section 3 in terms of the partonic cross sections 0’ - where i,j €
{L, R} denote the helicity of the electron and quark/gluon, respectively, and a = q,9
(where ¢ = u,d, s,c,b or their antiquarks) denotes the partonic species. For beams with
electron and proton polarizations A, r, we obtain the generic cross section

1d0’)\e)\ 1 1— X . R 14+ e
—— e = Z{ 26(UﬁL+UﬁR)+ 5

falz, Q). (4.45)

(ORL + ORR)

oo dxdy 2 <

1 1=Xe, 4 . .a 1+Xe, .4
+2Z[ ) (=61, + 0tR) + 5 (URL+URR)])\TAfa(:E,Q2),

where A\, = £1 for R, L polarizations, respectively. Each individual gi; on the right-
hand side is the cross section for the specified incoming polarizations, normalized by ¢g in
eq. (4.28), i.e

o = 3 %3&2 Z | M(e(k, \)a(@P, A)) — € (K)d'))* 27)*6*(@xP +q—pa),  (4.46)

a/

with the incoming parton ¢ = ¢, g having the momentum fraction x of the proton mo-
mentum P. The spin and flavor of the outgoing parton a’ are determined by the SMEFT
operator(s) mediating the amplitude M.

In the case of the unpolarized cross section, the dependence on polarized PDFs Af in
eq. (4.45) drops out, and we obtain the familiar spin-averaged unpolarized cross section:

T 23 (6l + b+ O+ e ) Si(2, Q7). (4.47)
7

oodx dy
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Since the absolute value of polarized PDFs are always smaller and have a larger uncertainty
than their unpolarized counterparts [43, 52, 53], we will focus on unpolarized targets in
this work and defer the impact of nonzero Ar to future work. For example, single-spin
asymmetries could be used to study the polarized beam effects since the PDF uncertainties
cancel to a good degree. In the next subsection we give the expressions for the partonic
cross sections corresponding to different operators.

4.2 CLFYV partonic cross sections

4.2.1 Vertex corrections and vector-axial four-fermion operators

The Z couplings cgj’)

Ceu, Ceq and Cge, which are the product of a quark and lepton left- or right-handed vector

and cey, and the four-fermion operators Crg v, Crg,p, Cru, Crad,

current, induce DIS cross sections whose = and y dependence are similar to neutral current
DIS in the SM. For example, defining the prefactor F as

_ 1 Q!
Csiy (QF +mZ)?

we find that the partonic cross sections for u-type quarks are given by

Fy (4.48)

W, 6 Q*+m% ’ Q>+m3 ’
AU
s F{ ] 2+ L o] [+ 5| E 0] }
Z i z
2 2
OﬂéR = FZ{ [ce@]Te Z“R + m2 Z [CSU]TCUiuZ‘ + Z m2 Z [Ceu]reuj-ui (449)
z i#i z
2 2 2
i 1 3 Q*+m
i = Fz(1 - y)z{ [C(L; + C(L;] . un + 777122 A [Crul e,
2
Q?* + m2Z
+ Z — Lu]Teujui
i z
2 2
U}L—ZL - FZ(l a y)Q{ [Ce@]Te Zuy, 722 [CQG]TSUZ‘U'L + Z TZ [ Qe]TeujUi ’
JFi

where u; = {u, ¢}, and [Cg.] includes factors of the CKM matrix as in eq. (3.17). The

U s
partonic cross sections for 1, CZ, cf—type (anti)quarks are given in appendix B.
The Z couplings cg; + cﬁi and ce, induce contributions that are diagonal in quark
flavor, and, as seen in the relevant terms of eq. (4.49), can interfere with the quark-flavor-
diagonal components of the semileptonic operators in eq. (3.14). Note the Z coupling
contributions and four-fermion operator contributions have different dependences on Q?,
which, as we will discuss in section 5, will lead to different transverse momentum and

rapidity distributions for the 7 decay products, and thus to different efficiencies.

4.2.2 Dipole operators
In the case of dipole operators given by eqs. (3.7) and (3.11), we factor out the prefactor
Q7

Faip = 2 (4.50)
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For the Te coefficient of the dipole operators, the electron is right-handed, and the u-type
quark contribution to the cross section is

61, = 0rr =0,

u ‘ T T

0rr = Faip(1 — y)’ {F'y} L Qut 252 (Q2 + m2) TZlre| -

» c N
i = Fup(1-0)|[13] @t 3 oy T (451)

The d-type quark contribution is obtained by the following replacements
Zup — Zdy,  Zup — Zdp,  Qu — Qd, (4.52)

and, since the helicity of massless antiparticles is opposite to their chirality, the antiquark
contributions can be obtained from the quarks by the replacement

Gl o 5l (4.53)

. are identical, upon replacing the lepton helicity label R — L.
For completeness, we give the expressions in appendix B. Notice that for the photon dipole
'Y, the power of Q? in Fyip, is not sufficient to cancel the divergence at Q? — 0 seen in
eq. (4.27). The terms proportional to [T'%|* and to the ' -T'% interference are, on the other

hand, finite at Q% — 0.

The expressions for [T ]

4.2.3 Higgs, scalar and tensor four-fermion operators

In the case of Higgs Yukawa operators eq. (3.13) and scalar and tensor operators in the
last line of eq. (3.14), we define the prefactor

Q4
Fg=—"—. (4.54)
4ct st m?

Starting from the 7e component of the operator coefficients, the e is right-handed. The
partonic cross sections initiated by u-type quarks receive contributions from both scalar and
tensor operators. In both, the u is right-handed. In addition, Higgs exchanges contribute
to this channel, and the Higgs couples to both right- and left-handed u quarks. The total
contributions of all these operators to the partonic cross sections are:

AU

AU
o1, =0rr =20,

cui o) [T 2\ [c® i
Uq}J%R - Fsy { ‘[CLEQU} Tew;u; +4 <1 B y> [CL‘?QU} Teu;U; + 2 [Y;L—e W

+>° 2}

JFi

]+ 1 (1-) [Oha]..,.,

2

2

— Y]], —— 4.55
2 [ ]Te m%{+Q2 ( )

AU; 2
oL = Fsy
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The partonic cross sections for the u-type antiquarks are given in appendix B. For d-
type quarks, the main difference is the absence of a tensor operator, and the chirality of
the incoming d quark, which is now left-handed. The relevant expressions are given in
appendix B. For et operators, the results are the same, but the electron is left-handed.

4.2.4 Gluonic operators

We finally consider gluonic operators. These come from two sources, first, through
eq. (3.20), which talks to er through the Yukawa interaction eq. (3.13); and second, from
eq. (3.21), induced by scalar and tensor operators below the top threshold. The left-handed
and right-handed gluon will give same results,

2 2

A N 1w 9
&l _U%R_FGyz{‘[CGG]eT_SM{ Y| +1[Cqel.,l },
v? 2
N . 2
6 =0% = FGy2{|[CGG] 302+ 2 {Y:]l + [Cac] Te’ } (4.56)
where here the factor Fg is
1/as\2 1 QS
Fre - (28 4.
¢~y (47r> A st mZU2 (4.57)

4.3 Numerical results for partonic EIC cross sections and sensitivity

To get an idea of the number of CLFV events that can be produced at the EIC, we calculate
here the total DIS cross section from different SMEFT operators, obtained by integrating
eq. (4.47) over z and y in the range z,y € [0,1]. To illustrate the S dependence of the
SMEFT cross sections, we use a few benchmark points,

1. E. =20 GeV, E, =50 GeV, VS = 63GeV,
2. B, =10 GeV, E, = 250 GeV, v/S = 100 GeV,
3. E. =20 GeV, E, = 250 GeV, v/S = 141 GeV.

These are typical beam energies of EIC [21, 55], with the last point corresponding to the
maximum /S the EIC plans to achieve. The renormalization and factorization scales are
chosen as urp = up = @, and we assess the scale uncertainty by varying pup = pupr between
@/2 and 2Q. We use the NNPDF31_lo_as_0118 PDF set [54], and we evaluate the PDF
errors by calculating the cross section for the 100 members of this PDF set. Furthermore,
we have compared the results of our numerical calculations with those obtained using
MadGraph5 [56] and found excellent agreement. We show the cross section from various
CLFV operators with A, = 0 in tables 1 and 2. It is straightforward to include the
polarization of the electron beam, see eq. (4.45).

The cross section for SMEFT operators grows as /S increases, with more marked
increase for the dimension-7 gluonic operators. The CLFV Z couplings and four-fermion
operators induce cross sections that are comparable to the Z boson contributions to stan-
dard DIS, multiplied by the square of the operator coefficients, scaling as (v/A)*. Operators
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NE 63GeV | 100 GeV | 141 GeV VS 63 GeV | 100 GeV | 141 GeV
L o1 (pb) | o2 (pb) | o3 (pb) TR o1 (pb) | o2 (pb) | o3 (pb)
e | 186(4) | 42(1) | 7.6(2) Cop 1.30(3) | 3.1(1) | 5.6(2)
7L o1 (pb) | o2 (pb) | o3 (pb) TL o1 (pb) | o2 (pb) | o3 (pb)
(Cro.v)uu | 80(4) | 20(1) | 38(2) | (Cru)uwa | 39(2) | 95(4) | 19(1)
(Crou)ew | 7:8(4) 20(1) 372) | (Crw)ew | 31(3) | 7.8(7) 15(1)
(Cro.v)ue | 1.0(2) 2.5(6) | 5.2(1.1) | (Cru)ue | 1.4(2) 3.7(4) 7.5(8)
(Crow)ee | 0.7(3) | 1.9(7) | 4.0(14) | (Cru)ee | 0.7(3) 1.9(7) | 4.0(1.4)
(Cro.plaa | 44(2) | 108(4) | 21(1) | (Cra)aa | 28(1) | 7.1(3) 14(1)
(CrLo.plsa | 39(2) | 9.7(4) 19(1) | (Cra)sa | 1.6(2) | 3.9(6) | 7.8(1.2)
(Croplsa | 39(1) | 9503) | 19(1) | (Cra)ea | 14(1) | 34(1) | 7.03)
(Crop)as | 0.8(3) | 2.0(8) | 41(15) | (Cra)as | 1.6(2) | 4.1(4) | 8.3(9)
(Cro.p)ss | 035(31) | 1.0(8) | 2.0(1.7) | (Cra)ss | 0.33(27) | 0.9(7) | 1.9(1.5)
(CrLo.ples | 0.28(26) | 0.8(7) | 1.7(1.4) | (Cpra)ss | 0.14(10) | 0.5(3) | 1.1(6)
(Cro.plav | 0.57(7) | 1.6(2) 3203) | (Cra)ay | 1.6(1) 4.0(2) 8.0(5)
(Crop)ss | 0.13(7) | 0.4(2) 1.1(5) | (Cra)ss | 0.26(19) | 0.7(5) | 1.6(1.1)
(Cro.p)w | 0.07(4) | 0.3(2) | 08(2) | (Cra)w | 0.07(6) | 0.3(1) | 0.8(0.5)
TR o1 (pb) | o2 (pb) | o3 (pb) TR o1 (pb) | o2 (pb) | o3 (pb)
(Cge)ad 7.5(3) 19(1) 37(2) | (Cgelas | 5.7(5) 14(1) 29(2)
(Coe)sd 41(2) | 10.3(5) | 21(1) | (Cgoss | 23(2) | 5.8(5) 12(1)
(Cge)ba 14(6) | 3.7(1) | 74(3) | (Coeles | 0.20(11) | 0.6(3) | 1.4(7)
(Coe)av L7(1) | 4.3(3) | 87(5) | (Coe)ss | 0.32(19) | 0.9(5) | 2.0(L.1)
(Coe)ws | 0.07(6) | 0.3(1) | 0.8(5)

Table 1. Numerical coefficients a;; that control the cross sections o; = a;;|Cy|? for the CLFV
process ep — 7X induced by CLFV Z couplings, vector and axial four-fermion operators. The
subscript ¢ = {1, 2,3} denotes each of the three benchmark points discussed in the text, at VS =
63,100, 141 GeV, respectively, while J is the operator label. Here we omit interference terms between
Z couplings and four-fermion operators. The labels 77, r denote the polarization of the 7 lepton
emitted by the effective operators. The cross section is computed with the NNPDF31_lo_as_0118
PDF set [54]. The error estimates includes PDF and scale uncertainties. Terms quadratic in Cp,
and Ceq are identical to Crg, v and Crg,p, respectively, and are not given explictly.

with a sea quark in the initial state are suppressed by the PDF of the s, ¢ or b quark. The
suppression is not too severe, but notice that the PDF and scale errors become sizable,
especially in the case of operators dominated by the s and b contribution. For these op-
erators, it will be important to extend the analysis beyond leading order. We stress that
we use the PDF and scale errors only as a rough estimate of the theoretical error, a more
robust assessment requires extending the calculation to next-to-leading order (NLO).
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VS 63GeV | 100GeV | 141 GeV VS 63GeV | 100GeV | 141 GeV

L o1 (pb) | o2 (pb) | o3 (pb) L o1 (pb) | o2 (pb) | o3 (pb)
Y/, (107%) | 0.22(2) | 0.73(5) | 1.7(1) | Cae (107°) | 0.103(5) | 0.32(1) | 1.77(7)

re 26(2) | 35(3) | 43.6(4.5) T, 0.0174(3) | 0.088(2) | 0.276(5)

L o1 (pb) | o2 (pb) | o3 (pb) T o1 (pb) | o2 (pb) | o3 (pb)
(Cow)uu | 0.723) | 178(6) | 35(1) | (Cou)uu | 83(3) 203(7) | 399(15)
(Cou)ea | 0.67(2) | 1.63(7) | 32(1) | (C)eu | T6(3) 186(5) | 367(13)
(Ciou)ue | 0.16(2) | 0.40(6) | 08(1) | (O, )ue 17(3) 43(7) | 90(12)
(CHou)ee | 0.093) | 0.25(8) | 05(2) | (Cfp)ee | 10(4) | 26(9) | 55(19)
(CSio)aa | 0.44(1) | 1.10(3) | 22(1) | (Cllolas | 0.15(2) | 0.39(5) | 0.8(1)
(Ciio)sa | 034(2) | 0.84(5) | L7(1) | (Cilio)ss | 0.046(38) | 0.12(9) | 0.26(21)
(Codea | 0.32(1) | 0.80(3) | 1.6(1) | (Ciligles | 0.031(23) | 0.09(6) | 0.19(11)
(Co)a | 0.148) | 0.35(6) | 0.7(1) | (Cilig)ss | 0.028(9) | 0.09(5) | 0.19(9)
(C3io)w | 0.013(1) | 0.05(2) | 0.13(5)

Table 2. Numerical coefficients a;; that control the cross sections o; = a;;|Cy|? for the CLFV
process ep — 7.X, induced by CLFV Higgs couplings, photon and Z dipoles and scalar and tensor
four-fermion operators. The subscript i« = {1,2,3} denotes each of the three benchmark points
discussed in the text, at V'S = 63,100, 141 GeV, respectively, while .J is the operator label. Here
we omit interference terms between photon and Z dipoles and between Higgs couplings, scalar and
tensor four-fermion operators. The cross section is computed with the NNPDF31_lo_as_0118 PDF
set. The error estimates includes PDF and scale uncertainties. We give here the cross section for
the 7e component of the operators, in which the 7 lepton is left-handed. The results are identical
for the er components, with the difference that a right-handed 7 is emitted.

The scalar and tensor four-fermion operators induce contributions of similar size as
vector operators, with some enhancement in the case of the Cg)’e)Qu' The photon dipole
IS gives a large contribution to the cross section, but, as we will discuss in section 5,
the divergence at Q2> — 0 implies that the shape of the pr distributions of the 7 decay
products is hardly distinguishable from the SM backgrounds. The Yukawa operator Y,
contributes to DIS via the Higgs coupling to light quarks and the effective gluon-Higgs
coupling induced by top loops. At the EIC, the dominant contribution arises from the
Higgs coupling to b quarks. The cross section is however too small to provide bounds on

Y/ that are competitive with the LHC or low-energy probes.

We can use the cross sections in tables 1 and 2 to provide a first estimate of the EIC
sensitivity to CLEF'V operators, as a function of a selection efficiency ¢,,, defined as the
number of signal events that pass the cuts required to reduce the SM background to ny
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events. We consider separately the three decays channel 7= — e vevy, 77 — p v,
and 7~ — Xpv,, where X}, denotes an hadronic final state. The branching ratios in these
channels are [57]

BR(7~ — ¢ Ders) = 17.82 % 0.04%, (4.58)
BR(7™ — 5 vy = 17.39 £ 0.04%, (4.59)
BR(17™ — Xpv,) = 64.8%. (4.60)

Assuming the backgrounds are known with negligible errors, we can estimate the upper
limit on the CLFV coeflicients at the 1 — « credibility level, when n events have been
observed and n; events are expected, by solving the equation [57]

I'(1+n,np+ns)

l—-a=1-
“ (1 +n,m)

(4.61)

where n; is a function of the SMEFT coefficient, of the decay channel and of the selection
efficiency
ns(Ci, ey Xj) = L % (06, |Ci*) x BR(T — Xjv7), (4.62)

with £ the integrated luminosity. For the cross section o we use the central values given
in tables 1 and 2. We however notice that processes initated by sea quarks have large
theoretical uncertainties, which can significantly shift the upper bound on the SMEFT
coefficients.

In tables 3, 4 and 5 we give the 90% CL bounds on the product of the operator
coefficients and the efficiency €, assuming n = n; and for two choices, n, = 0 and n; = 100.
We consider a center of mass energy of /S = 141 GeV, and assume an integrated luminosity
of 100fb~!. In the case of Z couplings and four-fermion operators with valence quarks,
the EIC could reach better than percent sensitivities with ey ~ 10% in the 7 leptonic or
hadronic decay channels. Flavor-changing operators and operators with heavy quarks could
also be probed at the few percent level. In these cases, however, theoretical uncertainties
cannot be neglected. Considering, e.g., the extreme case of the operator [Crg]p, varying
the cross section in the uncertainty range given in table 1 causes the 90% CL upper limit
to vary between 5.7 - 1073 and 12 - 1073, This large range can be narrowed by including
NLO QCD corrections. We will present a detailed comparison of sensitivities of EIC with
other collider and low-energy probes in section 9. Here we anticipate that the EIC can be
quite competitive for four-fermion semileptonic operators, both diagonal and non-diagonal
in quark flavor. We will present an estimate of the selection efficiencies €,, in section 5.

5 EIC sensitivity to CLFV

Next we perform a detailed Monte Carlo simulation to explore the potential of probing
CLFV effects via e"p — 77X at the EIC with collider energy E. = 20 GeV and E, =
250 GeV (benchmark point 3 at v/S = 141 GeV in section 4.3). Tt is straightforward to
generalize our analysis to other collider energies. The main challenges for the identification
of 7 CLFV at the EIC are, first of all, that, differently from muons, the 7 leptons decay

— 95—



T — €UglVs OF T — Ul Vr T = Xpv,

nb:0 nb:100 anO nb=100
() + ) am| | 42-1073 | 12-107% | 22-107% | 6.1-1073
|Cepr/Ent] 49-1073 | 1.4-1072 |26-1073 | 7.0-1073

(CrLo. v)uu/Emnl | 19-1073 | 52-107% | 1.0-1073 | 2.7-107°
(Cro.p)euy/@mnl | 1.9-107% | 52.1073 | 1.0-107% | 2.8-1073
(Cro.v)ucy/@n| | 511073 | 1.4-1072 | 2.6-1073 | 7.3-1073

)

( een/€my| | 5.8-1073 | 1.6-1072 | 3.0-1073 | 8.3-1073
(Cro.p)ady/Eny| | 25-107% | 6.9-107% | 1.3-107% | 3.6-107?
(Cro. p)sdy/Eny| | 2:6-107% | 7.3-107% | 1.4-107% | 3.8-107°

(Cro.p)edy/Enyl | 26-107% | 7.4-107% | 1.4-107% | 3.8-107?
(Cro.p)dsy/Em| | 57-107% | 1.6-1072 | 29-107% | 8.1-107°

(CrLo.p)ssy/Enpl | 82-107% | 23-1072 | 4.2-107% | 1.2-1072
(Cro. p)bsy/Enyl | 8:9-107% | 25-107% | 46-107° | 1.3-107?
(Cro.p)avy/En,| | 6.4-1073 | 1.8-107% | 3.3-107% | 9.3-1073

(Cro.p)sby/Eny| | 1.1-1072 | 3.1-107> | 5.8-107% | 1.6-1072
(Cro.p)ov/Eny| | 1.3-1072 | 3.7-107% | 6.9-107% | 1.9-102

Table 3. EIC sensitivity to CLFV Z couplings and vector four-fermion operators with left-handed
quark and leptons, from the 7 electronic, muonic and hadronic decay channels. We assume /S =
141 GeV and £ = 100 fb~!. The two sets of 90% CL bounds are obtained assuming that the EIC
will observe n = n, = 0 and n = n, = 100 events. ey and €199 accounts for the selection cuts that
ensure 0 and 100 background events, respectively, and are functions of the decay channel and of
the operator structure. Bounds on the right-handed operators C.,, and C.q4 are the same as Crg,u
and CLQ,D-

very quickly inside the detector and, secondly, that all decay channels involve missing
energy, complicating the reconstruction of the 7 momentum and thus of the DIS variables
x and y. It is therefore necessary to identify distinctive features of the signal events, in
order to disentangle them from the SM background. Based on the 7 decay modes, there are
three classes of final states: (1) e ™p = 77X = e ve; X; (2) e p =7 X = p v, X; (3)
e p— 7 X — vy Xp X. In the first case, signal events are characterized by an electron and
missing energy recoiling against at least one jet. In the second case, the electron is replaced
by a muon, which, as we will see, largely suppresses the SM background. Finally, in the
hadronic channels the signal events have missing energy, at least two jets and no charged
leptons. The major backgrounds from SM processes include neutral current (e~ p — e~ j)
and charged current (e”p — 1,j) DIS. Other backgrounds, such as lepton pair production
(e7p — e £T¢7j) and real W boson production (e"p — e~ W*j), can at this stage be
ignored due to the small cross sections.

We use Pythia8 [58] to generate 10® and 107 events for the background and sig-
nals, respectively. A transverse momentum cut on the final states transverse momentum
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T — €Ugly OF T — Ul Vr T—= Xpv,

ny =0 ny = 100 ny =0 ny = 100
|(CrLw)uur/Eny| | 26-107% | 741073 | 1.4-107% | 3.8-1073
(Cru)eur/Enyl | 29-107% | 821072 | 15-107 | 4.2.107°
(Cru) 4.2-107% | 1.2-1072 |22-107%|6.1-1073
(CrLu)ee/Eny| | 5.8-1073 | 1.6-1072 | 3.0-1073 | 8.3-1073
(CLd)ddy/€ny] | 3.1-107% | 85-107% | 1.6-107% | 4.4-1073
(CLd)sdy/Eny| | 41-1073 | 1.2-107% | 2.1-1073 | 5.9-1073
(CLa)bdy/€ny| | 44-1073 | 1.2-1072 | 23-107% | 6.3-1073
(CLd)ds\/€ny| | 40-1073 | 1.1-107% | 2.1-1073 | 58-1073
(CLd)ss\/€ny| | 8:3-107% | 23-1072 | 43-107% | 1.2-1072
(CLa)bsy/eny] | 1.1-1072 | 3.1-1072 | 5.7-107% | 1.6- 1072
(CLd)aby/Eny| | 4.1-1073 1.1-1072 2.1-1073 | 5.9-1073
(CLd)shy/Eny] | 91-1073 | 25-1072 | 4.7-107% | 1.3-1072
(CLa)
(Cqe)
(Cqe)
(Cqe)
(Cqe)
(Cqe)
(Cqe)
(Cqe)
(Cqe)
(Cqe)

CrLd)bb/€ny| | 1.3-1072 3.7-1072 6.8-1073 | 1.9-1072

Cqe)ady/Eny| | 1.9-1072 5.3-1073 1.0-1073 | 2.7-1073
Cqe)sdr/eny) | 25-107% | 7.0-107% | 1.3-1072 | 3.6-10°
Cqe)vay/€ny| | 42-1073 1.2-1072 2.2-1073 | 6.1-1073
Coe)ds\/eny) | 22-107% | 6.0-107% | 1.1-107 | 3.1-107*
Cqe)ss/Eny| | 3.3-1073 9.3.-1073 1.7-1073 | 4.8-1073
Cqelvsy/Eny| | 9.7-107% | 2.7-1072 | 5.0-107% | 1.4-1072
Cqe)aby/€ny| | 3.9-1073 1.1-1072 2.0-1073 | 5.6-1073
Cqe)svr/Eny| | 82-1073 | 23-1072 | 43-1073 | 1.2-1072
[(Cqe)bby/Eny| | 1.3-1072 3.6-1072 6.8-1073 | 1.9-1072

Table 4. EIC sensitivity to CLFV four-fermion operators with left(right)-handed leptons and
right(left)-handed quarks, from the 7 electronic, muonic and hadronic decay channels. The two sets
of 90% CL bounds are obtained assuming that the EIC will observe n = ny, = 0 and n = n, = 100
events. €y and €199 accounts for the selection cuts that ensure 0 and 100 background events,
respectively, and are functions of the decay channel and of the operator structure.

pr > 10 GeV is applied to the DIS background generation. The Delphes package is used
to simulate the detector smearing effects [59]. We use in this analysis the EIC input card
developed by M. Arratia and S. Sekula, based on parameters in ref. [60] and used and
provided in [61, 62]. As the EIC handbook does not specify muon identification parame-
ters [60], we assumed the same performance for muons and electrons, and we modified the
EIC Delphes card accordingly. This assumption relies on having a dedicated muon detector
in the EIC design, which is currently being discussed.? The anti-k; jet algorithm with jet
cone size R =1 and pr > 5 GeV will be used to define the observed jets.

2We thank M. Arratia for clarifying this point.
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T — €Vely OT T — Uy Vs

T = Xpv,

ny =0 ny = 100 ny =0 ny = 100

T¢ \/En 1.8-1073 | 5.0-1073 |9.5-107% | 2.6-1073

IT% /€| 22-1072 ] 6.1-1072 | 1.1-1072 | 3.2-1072
Y. /| 0.90 2.5 0.47 1.3
ICac/eny| 2.8 7.7 1.4 4.0

(C o) uu/Eml | 61-1073 | 1.7-1072 | 3.2.1073 | 8.8-107%

6.4-107% | 1.8-107% |3.3-1073|9.2.1073

6.6-107% | 1.8-1072
82-1073 | 2.3-1072
4.0-107% | 1.1-1072
4.6-1073 | 1.3-1072

O o) uey/Eml | 131072 | 3.6-1072
O ou)eer/Eml | 1.6-1072 | 4.4-1072
ClLea@)ddy/Eny| | 7.8-1073 | 2.2.1072
89-1073 | 2.5-1072
9.1-107% | 25-1072 | 4.7-107% | 1.3-1072
Clrea@)ds\/eny| | 1.3-1072 | 3.6-1072 | 6.7-107% | 1.9- 1072
22-107%2 | 6.2-1072 | 1.2-1072 | 3.2-1072
26-1072 | 7.2-1072 | 1.3-1072 | 3.7-1072
ClLed@)dv\/€ny| | 1.4-1072 | 3.8-1072 | 7.0-107% | 2.0- 1072

Clea)shr/em] | 26-1072 | 7.3.1072 | 1.4-1072 | 3.8- 102
ClLeaq)op/Em| | 321072 | 9.0-1072 | 1.7-1072 | 4.7-1072
3 _ _= _ _
(C o uuy/Eml | 58-107* | 1.6-1073 | 3.0-107* | 8.4-107*
60-10-%| 1.7-107% |[3.1-.10~*|87.-10~*

6.4-107* | 1.8-1073
81-107%*|22.10°°

(
(C o ucy/@ml | 1.2-1073 | 341073
(CY)ou)eer/@m] | 1.6-1073 | 431072

Table 5. EIC sensitivity to CLFV ~ and Z dipole couplings, Higgs couplings, gluon couplings
and scalar and tensor four-fermion operators, from the 7 electronic, muonic and hadronic decay
channels. We assume /S = 141GeV and £ = 100fb~!. The two sets of 90% CL bounds are
obtained assuming that the EIC will observe n = n, = 0 and n = n, = 100 events. €y and €19
accounts for the selection cuts that ensure 0 and 100 background events, respectively, and are
functions of the decay channel and of the operator structure.

In figures 4 and 5 we show the transverse momentum distributions of the hardest elec-
tron (p$), muon (p4.) and of the leading (pJT1 ), sub-leading (p%? ) jets and the missing energy
(Er) distribution induced by various four-fermion SMEFT operators. The distributions
are normalized by the total cross section for each individual contribution, i.e. normalized
to a total integral of 1. (Thus these figures compare the shapes but not relative sizes of in-
dividual cross sections.). We note that these distributions are very sensitive to the flavor of
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Figure 4. Electron, muon, leading and subleading jet pr distributions and missing energy dis-
tribution induced by four-fermion operators with different flavor components at the EIC, with
E. =20 GeV and E, = 250 GeV (V'S = 141 GeV).

the quark in the initial state, while they do not strongly depend on the polarization of the
7 lepton. In figure 4 we consider the purely left-handed operators (Crg,v )i and (Crg,p);jj,
where ¢ = u,c and j = d, s,b. In the massless limit, these operators create a left-handed 7
and the different kinematic behaviors in figure 4 are solely due to the flavor of the quark
in the initial state. The strange and heavy quark components (Crg p)ss, (Cro,v)ce and
(Crg.p)ww would favor small pr or Er, due to the suppression of the sea quark PDFs at
large transverse momenta, while the valence components (Crg.u)uu and (Crg.p)dd have
significant tails at large pr and K. Figure 5 shows the same distributions for the left-
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Figure 5. Electron, muon, leading and subleading jet pr distributions and missing energy distribu-
tion induced by four-fermion operators with different 7 polarization at the EIC, with E, = 20 GeV
and E, = 250 GeV (V'S = 141 GeV).

handed operators (Crg.u)uu and (Crg,p)dd, and the right-handed operators (Cey)yu and
(Ced)dd- In the massless limit, the 7 lepton is left-handed polarized for (Crg.u)uu, and
(CL@,p)dd (solid lines), and right-handed polarized for (Cey)uy and (Ceq)aq (dashed lines).
Figure 5 shows that the kinematical distributions we are considering in this work are not
sensitive to the 7 polarization. This is true in particular for the pr of the leading jet,
which, being produced in the hard scattering e”"p — 777, does not depend on the 7 po-
larization. In figures 4 and 5 we only show vector and axial operators. We verified that
scalar, pseudoscalar and tensor four-fermion operators give rise to similar distributions.
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Figure 6. Electron, muon, leading and subleading jet pr distributions and missing energy distribu-
tion induced by SMEFT operators with left-handed 7 leptons and by the SM background (DISBG)
at the EIC, with F, = 20 GeV and E, = 250 GeV (VS = 141 GeV).

As discussed in section 4, flavor-changing Z couplings, photon and Z dipoles, and
gluonic operators induce DIS cross sections with different dependence on Q? with respect
to four-fermion operators. As a consequence, also the pr and Er distributions show
different features. In figure 6, we show kinematic distributions for the SM background and
SMEFT operators with left-handed 7 leptons. The distributions induced by operators with
right-handed 7 are similar to those with left-handed 7, and will not be shown here. We
use (Crg,u)uu and (CrLg.p)w as examples of four-fermion operators, and, in addition, we

(1), )

show the signal from the left-handed Z coupling cr, = CLo Lo from the photon and
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Z dipoles I, and I'}, and from the CP-even gluonic operator Cgg. All distributions are
again normalized to area one.
With the results depicted in figure 6, several comments are in order:

o The SM distributions tend to peak/grow at small values of pr and Er. In the case of
the electron and leading jet pr distributions, we begin plotting the DIS background
only at 10 GeV, in order to limit the number of events we had to simulate, as the SM
cross section blows up rapidly as these pr — 0.

e The electron pr distribution induced by valence four-fermion operators, Z couplings,
¢ and gluonic operators shows a slower decrease at high pr compared to the SM.
Still the very large SM background implies that even imposing hard cuts on the

electron pr is not sufficient to fully suppress the SM background.

e Muons in the background sample are generated by the parton shower and by the
decay of hadrons. Therefore, most background muons have very small pp. For signal
events, the muon spectrum is similar to the electron pp spectrum.

e The pr spectra of the two leading jets induced by four-fermion operators with va-
lence quarks, Z couplings, I';, and gluonic operators are harder than for the SM
background. For heavy-quark operators, the shape of the signal is similar to the SM
background.

e Fr in the background sample is generated by charged-current DIS, by the parton
shower and by the decay of hadrons. The background distribution is peaked at small
Fr, but, differently from the muon pp distributions, charged-current DIS causes a
sizable tail at larger values of B 2 20 GeV.

e There is a collinear enhancement for the pr of leptons and jets from the photon
dipole operator (Fs)m. Consequently, the distributions from I'], are similar to the
DIS background.

These observations are summarized in figure 7, where we show the cut efficiency as
a function of the kinematic cut for both the signals and background. In these plots, we
consider one observable at a time. Figure 7 shows that the cut efficiencies for the SM
background and for the « dipole operator IS, drop quickly as we increase the pr or Fr
cut. This is particularly true for the muon channel. Here, asking for a muon in the final
state already suppresses the SM background by a factor of about 1073, and requiring that
p‘% > 10 GeV brings the suppression to 107°. The same pr cut reduces the signal events
by about ~ 10%, corresponding to the 7 branching ratio in this channel. We also note
that the Z boson dipole operator I'}, typically has the largest cut efficiency. Although
the cross section is small compared to other SMEFT operators, the large cut efficiency
implies that the EIC will impose relatively strong constraints on the Z dipoles. Cgag
and cr, = c(Ll; + cg)j show a comparable cut efficiency. However, the cross section from
the gluonic operators is very small, O(107°) pb, so that we do not expect very strong
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Figure 7. Cut efficiency for the SM background (DISBG) and the signal induced by SMEFT
operators with left-handed 7 leptons, as a function of the cut on the electron, muon, leading and
subleading jet pr or on the missing energy. We only implement one cut at a time.

constraints on these operators. Based on figures 4-7, we suggest the following kinematic
acceptance cuts to suppress the background for the three classes of decay modes:

e T~ — e Uy at least one electron, one jet and

p5 > 10 GeV, pil >20 GeV, Br>15GCeV, |nl,|nj1| < 3. (5.1)

e T — pu puur: at least one muon, one jet and
Pl >10 GeV, ph >20 GV, Bp >15GeV, |nul,|nj1] < 3. (5.2)

A rejection on electrons is also applied if p > 10 GeV.
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(Cro,v)uu | (Crov)ee | (Crop)id | (Cro.p)ss | (CLo,p)ew C(ng); + C(LS;
€ous (%) 9.9 2.6 5.8 3.2 0.91 49
(Cew)uu (Ceu)ee (Ced)da (Ced)ss (Ced)vb Cep
€cut (%) 9.6 2.5 5.6 3.1 0.85 3.3
(Caa)re (I')re (I')re (Cca)er (T er (' )er
€cut (V0) 6.8 0.15 19 6.4 0.15 18

Table 6. Cut efficiency in the muonic channel, in units of 1072, for various SMEFT operators at
the EIC with energy E. = 20 GeV and E, = 250 GeV (/S = 141 GeV). There is no background
after including the kinematic cuts.

e 77 — v, + X} no leptons and at least two jets with,

P >20GeV, pi >15GeV, Br>15GeV, |njl,Inpl <3.  (5.3)

Here n; = —Intan(f;/2) is the pseudorapidity of the particle i with respect to the p
direction, with i = e, u, j1 2.

In the electronic and hadronic modes, the typical cut efficiency of the SM background after
we include the cuts in egs. (5.1) and (5.3) is O(10~*). Combining the inclusive production
cross section with the background cut efficiency, the background cross section after the cuts
is around O(1) pb, which is still much larger than the signals. To get sensitive bounds in
these channels, it is therefore necessary to further refine the analysis. In the hadronic mode,
this could be done by including jet-substructure information to single out the jet emerging
from 7 decay, which is expected to be displaced from the primary vertex, have small hadron
multiplicity and to be correlated with the missing energy [63]. We will pursue this direction
in future work. Here we will focus on the muonic channel, which is essentially background-
free and thus allows for strong constraints on the CLFV coefficients. The distributions of
L p%l and Br from ep — 7(— pv,v-) + X are shown in figure 8, with Wilson coefficients
set to one. Most of our results do not change notably if we extend the rapidity cuts in
egs. (5.1)—(5.3) into the more forward/backward regions |n| < 4 or 5. Tracking and particle
identification performance at EIC, however, will vary over rapidity regions. We assumed
uniform identification parameters for muons and electrons in our rudimentary study. It
will be interesting in future studies to study the performance particularly for forward and
backward rapidities. As a preliminary example, we compare the muon pseudorapidity 7,
distributions for several possible signals and the DIS background in figure 9. We note
that 7, from most of the signals would favor the central rapidity region, although the
background falls a bit faster for forward rapidity than most of the signals. This is especially
true of the dipole IS signal, which peaks significantly in the forward region. The distinct
7, distributions between signals and background will be interesting in future studies to
further optimize EIC sensitivity, although we may need to consider smaller pr triggers,
especially if we want to consider forward jets.

The cut efficiency ey (i.e. percentage of events left intact by the cuts) for different
SMEFT operators is shown in table 6. Notice that, as in eq. (4.62), €cyt is defined after
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O owuu| | 19 | [(CF0 )| | 02
o] | 20 | [(CPh)eu| | 0.2

[(Crg,v)uwl | 06 | [(CLu)uul 0.8 )
Croulel | 06 | [(Cru)eul | 0.9 ( )
Cro.vuel | 32 | 1(Cra)uel | 26 | [(Clou)ue| | 81 | [(CEu)uc| | 08
(Crov)eel | 36 | | el 3.6 | |(Chgu)ee| | 10.0 | [(CE0u)ee| | 1.0
|(CLQ,D dd| 1.0 |

) )
) )

) ) )

) (CrLu) )

) (Cra)dal 13 | [(Creaq)ad|l | 32 | [(Cge)aal | 0.8
(Cro,p)sal | 1.1 [(CLa)sdl L7 | [(Creaq)sal | 3.7 | [(Cqe)sal | 1.0
(Cro.pleal | 1.1 (CLa)bd] 1.8 | |(Creaq)eal | 3.8 [(Cqelval | 1.7
(Cro.plasl | 3.2 [(CrLa)as] 2.2 | |(Credq)asl | 7.3 [(Cqe)asl | 1.2
(Crg.p)ss| | 4.6 |(CLa)ss| 4.6 | |(Creaq)ssl | 12.3 | [(Cge)ssl 1.8
(Crg. plesl | 5.0 I(CLa)bs] 6.1 | |(CLea@)vsl | 145 | [(Cqe)vs| | 5.4
(Crq,plal | 6.7 | |(CLa)as] 4.3 | [(Credq)al | 14.6 | [(Cge)an| | 4.1
[(Cro.p)sol | 115 | [(CLa)ss] 9.5 | [(Crea@)sel | 272 | [(Cqe)ss| | 8.6
|(CLQ,D)bb| 13.6 [(CrLa)es] 13.6 [(CLeaq)vb] 33.5 [(Cge)ol 13.6

(

() + el | 1.9 |Cey] 27 | [T reser| | 47 | |(CY)reser| | 5:0
Y’ .| 941 | |(Caa)reser| | 1075 | [(Cae)reser| | 1075

Table 7. EIC sensitivity, in units of 1072, to CLFV operators at 90% CL with E. = 20 GeV,
E, =250 GeV (V'S = 141 GeV) and £ = 100 fb~'. Bounds on the right-handed operators C.,, and
Ceq are almost the same as Crg .y and Crg p.

factoring out the branching ratio in a specific channel. For four-fermion operators, €yt is
only sensitive to the flavor of the initial state quark, and does not depend on the Lorentz
structure and on the flavor of the quark in the final state. We can therefore use the eyt

shown in table 6 for Crg v, CrLg,p, Ceuw and Ceq for the other four-fermion operators in

BG

oi = 0, that is, we obtain

our basis. In the muonic channel, after combining all the cuts,
a background-free process. The typical €.yt for four-fermion operators with valence quarks
is around ~ 6%-10%, while it reduces to ~ 1%-3% for operators with heavy quarks.
Notice however that we have not imposed additional selection criteria, e.g. b tagging in
the final state, which could further suppress the background with more moderate cuts,
thus increasing €.y for heavy quarks. cep, C(Ll; + cﬁ)j and the gluonic operators also have
a sizable eqyt, from 3% to 7%. 'S, has the biggest efficiency, around 20%. For the photon
dipole, on the other hand, €yt is very small, ecyt ~ 0.1%, as expected from figure 6. The
cut efficiency is not sensitive to the 7 polarization, the difference between operators with

left-handed and right-handed 7, such as Crg v and Ce,, being about few percent.

For the background-free channels, we can use the Bayesian posterior probability
method to determine the upper limits on the CLFV coefficients; see eq. (4.61) with n; = 0.
The 90% CL upper limits on the CLFV operators at the EIC, assuming E. = 20 GeV,
E, = 250 GeV and £ = 100 fb~!, are given in table 7. The EIC can put very strong
constraints on the light quark components of four-fermion operators, ranging from 0.2%
to few percent in dependence of the Lorentz and quark-flavor structures of the operators.
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With our cuts, the small €., causes the heavy quark components to be relatively less well
constrained, at the 10% level. The limits on Z boson CLFV couplings and dipole opera-
tors are comparable to the four-fermion operators. Finally, it will be difficult to give useful
constraints on the Yukawa and gluonic operators, because of the small production cross
sections at the EIC.

The polarization of the electron beam will be very useful to single out the chiral struc-
ture of SMEFT operators. Since the cut efficiencies of CLFV operators are not sensitive
to the 7 polarization, the limits on CLFV coefficients with A, # 0 can be written as

|Ci(er, Ae)| (e, Ae =0)|, |Ci(er, Ae) (er, Ae =0)]. (5.4)

B 1 c _ 1 c
VI VIR
Here ey, g is the helicity of the incoming electron in e”p — 77 X. It is clear that a negative
Ae would improve the limits of the operators with left-handed electron, while it would
weaken the results for the right-handed electron operators and vice versa.

6 Complementary high energy limits on CLFV operators

CLFV interactions have been probed at other high-energy collider experiments. In par-
ticular, LEP and the LHC have searched for CLFV decays of the Higgs boson [64], Z
boson [65, 66], and t quark [67-69]. The relevant scales for these processes are the decay-
ing particles’ masses, well within the regime of validity of SMEFT. The ATLAS experiment
has also looked for the process pp — Te [42]. In this case, the invariant mass of the er
pair can reach values larger than 3 TeV, and the comparison of the LHC and projected EIC
limits requires to make sure that one is working in the regime of validity of the EFT.

6.1 Z, Higgs and t decays

The OPAL collaboration at the LEP experiment constrained the branching ratio of the
Z boson into 7e to be BR(Z — er) < 9.8-107° (95% CL) [65]. This limit was recently
superseded by the ATLAS collaboration [66], which found

BR(Z — er) <81-107% (95% CL). (6.1)
This branching ratio is mostly sensitive to the operators c., and C(Llj’), which induce CLFV
Z vertices, and to the dipole operator I'Y,. Their contributions to the branching ratio are

_ o, e Ll 2 MY (Iret 24 el |2
BR(Z_>67-) - f‘Z<4HCL<p+cL<p:|Te‘ +ZHC€<P]7'6| +ﬁ (’ [FZ]QT’ + [FZ]Te‘ ) ) (62)

where the branching ratio includes both e™7~ and e~7" channels, and we used

G Fm% =~
Iy = ry. 6.3
i 3v2r d (6.3)
The dimensionless number T z is, at leading order in QCD and EW corrections,
Tz =Y NIz}, +77,), (6.4)

f

— 37 —



with NJ = 1 for leptons and N/ = N, for quarks. In terms of the observed Z width,
I'z = 3.76. From egs. (6.1) and (6.2) we get the 90% CL limits

el < 1.0-1072, [el) + ] < 101072, |[[Y]er. | < 1.9-1072 (6.5)
The Higgs decay width into Te is given by [70]
T(Hy — e 7t +77et) = % (02 + D2 (6.6)
Using the bounds on the branching ratio [64]
BR(Hy —» e 77 +77et)=B. <4.7-107% (95%CL), (6.7)
and the relation:
(022 + 12, = 22 e T, (6:5)

where the SM Higgs width is T'syy = 4.07 - 1072 GeV, one gets the strong constraint [64]

[Ye

6}7'6,67'

<2.0-1073, (6.9)

The ATLAS experiment has put bounds on the top branching ratio BR(t — ¢¢¢’) <
1.86-107° (95% CL) [67]. The analysis is sensitive to the er, u7 and ey channels, putting
the strongest constraints on the latter. To obtain a constraint on the er channel, we first of
all get the yield and shape of the ¢ — ger and t — gu7 signal distributions by subtracting
the signal histograms with and without 7 vetos in figure 3 of ref. [67]. We then estimate
the t — ger fraction of signal events by accounting for the different electron versus muon
acceptance, obtained from the yields of the two validation regions given in ref. [68]. We then
used signal and background events in a likelihood analysis using pyhf [71-73], obtaining®

BR(t — ger) <2.2-107%, (6.10)

Dedicated analyses in the 7 channels are in progress, and preliminary results for BR(t —
qut) show bounds at the 10~ level [69]. The BR for the decay ¢ — qet 7~ is [74]

1 2
BR(t = qe"77) = — (mt)
61, \4mv

<[a([1Cta0)eal + [Cradrea] + [Carl el + | ICetlra] )
+‘[C§1,3)Qu}mqt + H beou). q2+48’[cf’e)QuL6qt 2

2}, (6.11)

where we expressed the SM top width as

3
My

r 12
16702 " (6.12)

L't — Wwb) =

3We thank C.A. Gottardo for illustrating the procedure for the extraction of bounds on t — ger from
ref. [67], and for checking the limit in eq. (6.10).
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Figure 10. Observed and background events in pp — er, at V'S = 13TeV with luminosity of
36.1fb~ !, as a function of the 7-electron invariant mass m,. [42]. The dashed area denotes the
uncertainty on the backgrounds. The red, magenta and green lines denote the sum of the background
and signal events induced by SMEFT operators.

with f‘t a dimensionless function of Vi, my and myy. In terms of the measured top width,
T, = 1.01751] [57]. The resulting constraints on top CLFV operators are

<0.1, (6.13)

[CLoulrey <035, [Clig <07, [C.

} Teqt ] Teqt

where the limit on Cr,, Cge and Cg, is the same as the one on Crqg .

6.2 CLFYV Drell-Yan

The SMEFT operators in egs. (3.7) and (3.14) can also affect the process pp — er, which
has been studied in refs. [42, 75]. These analyses look for er, ex and pr pairs in several
invariant mass bins, and they provide the strongest constraints at high invariant mass,
where the SM background is highly suppressed. They are thus most sensitive to four-
fermion operators [76]. In the er channel, ref. [42] considered 6 invariant mass bins, from
Mer < 300GeV to mer > 3TeV. The number of observed and background events in the
four invariant mass bins we consider are shown in figure 10.

We generate CLFV Drell-Yan events from SMEFT operators with a trivial modification
of the POWHEG implementation of ref. [44]. We include NLO QCD corrections, which, as
shown in ref. [44], can give a ~ 30% correction in the high invariant mass bins, and the
parton-level events are showered with Pythia8, which we also use for the decays of the
7 lepton. We apply the selection cuts described in ref. [42], in particular the electron
and the jet from hadronic 7 decays are required to have pr > 65GeV and |n| < 2.5.
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90% CL 90% CL 90% CL
CLQ’U, Cop | uuw | 9.8-107% | ue | 1.9-1072 | ¢c | 9.6-1073
Cr. wu | 9.9-107% | uc | 20-1073 | cc | 9.7-1073

Cro.ps Cea | dd | 1.4-107% | ds | 281073 | db | 4.9-107°
ss | 63-1073 | sb | 1.2-1072 | bb | 2.9- 102

ClLa dd | 1.4-1073 | ds | 2.8-1073 | db | 5.0-1073
ss | 63-1073 | sb | 121072 | bb | 2.9- 1072
Coe dd | 83-107% | ds | 1.5-1073 | db | 5.0-1073

ss | 4.0-1073 | sb [ 1.2-1072 | bb | 3.0 1072
Creag | dd | 1.2-1073 | ds | 3.3-1073 | db | 581073
ss | 521073 | sb | 1.5-1072 | bb | 2.5-1072
O | uu [81-107* | uc | 231078 | cc | 8.0-1073

tt | 2.5-1072
C(Lse)Qu wu | 3.5-107% | we | 9.9-107% | ¢c | 3.4-1073
re 0.10

Table 8. 90% CL bounds on four-fermion LFV operators from the LHC. The coefficients are
evaluated at the scale u = 1TeV. For quark-flavor-changing operators, the bounds on the g;g; and
¢;q; components are identical.

We simulate the detector and 7 tagging with Delphes. The effect of selecting hadronic
decays, of the cut on the electron and jet pp, and of the efficiency of 7-tagging combine
to give a selection efficiency between € = 0.24 and € = 0.27 in the four different invariant
mass bins. The efficiencies do not show a strong dependence on the Lorentz or flavor
structure of the four-fermion operators. We also simulated Z vertex corrections and dipole
operators, but, for coefficients compatible with the bounds in eq. (6.5), they are negligible.
The top scalar operators [Cge)Qu} and [Céle)Qu} contribute to CLFV Drell-Yan via
the gluon fusion process gg — TeTe%ﬁ the loop levéelT.ttWe parametrize the finite one-loop
corrections as form factors that are function of the external momenta. The form factors are
implemented as effective new vertices in a dedicated UFO model file, which is then used in
MadGraph5. We have compared the cross section with the amplitude in appendix B.2 to the
MadGraphb code and found excellent agreement. QCD corrections are taken into account
by introducing a constant x factor in our simulation, i.e. kK ~ 3 [77]. We checked that this
is a reasonable assumption by simulating off-shell Higgs production via gluon fusion in the
relevant invariant mass bins with MCFM [78, 79]. Non-standard Yukawa couplings would
contribute via the same mechanism, but the constraints from off-shell Higgs production
are much weaker than those shown in section 6.1.

In table 8 we show the 90% CL bounds on the coefficients of effective operators, evalu-
ated at the renormalization scale u = 1TeV. To obtain the bounds, we use a generalization
of eq. (4.61) to multiple bins [80]. Since the uncertainties on the background are non-
negligible, we generate a large number of pseudoexperiments, assuming the number of
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signal and background events in each bin to follow a Poisson distribution. The mean u; of
the distributions of signal events is given by eq. (4.62), generalized to several bins. For each
value of the operator coefficient C, the mean p;, is picked randomly in the lo intervals
shown in figure 10. Each pseudoexperiment is characterized by a number of signal and
background events, ng, and np,. We consider only the pseudoexperiments with n;, < n;,
where n; is the number of observed events, and we construct the confidence level by count-
ing the ratio of pseudoexperiments for which ng, + np, < n;. If this ratio is less than 10%,
C is excluded.

The bounds in table 8 are dominated by the last two bins, and our results agree well
with ref. [81], which also recasts the analysis of ref. [42] in terms of SMEFT operators. The
LHC puts very strong constraints on operators with two u or two d quarks. The bounds
deteriorate to the few percent level in the case of operators with heavy flavors. Converting
into a new physics scale, vector operators with valence quarks give A 2 6.5 TeV, while
operators with one valence and one sea quark give A 2 4 TeV. These scales are larger than
the probed me,, and the SMEFT analysis is thus justified. For operators with two sea
quarks A 2 1.5-2TeV, and in this case it might be more appropriate to consider explicit
BSM degrees of freedom. The bound on top scalar operators are also at the few-percent
level, of similar size as other heavy flavors. The bound on the photon dipole I'] is at the
10% level, much weaker than from 7 decays.

We have so far assumed that the SMEFT is valid up to scales of a few TeV. For BSM
physics contributing at tree level in the s-channel, ref. [42] found comparable limits on the
masses of new CLFV degrees of freedom, in the range of 4-5 TeV. The limits in table 8 can
be weakened if BSM particles are exchanged in the t-channel, as for example in the case of
scalar leptoquarks discussed in section 10. At LO in QCD, we can study this scenario by
replacing the coefficients of SMEFT four-fermion operators with

M2
C—Co— (6.14)

M2 —t’
where M denotes the mass of the exchanged particle. We find that the bounds on the
light-quark components of the four-fermion operators in table 8 worsen by a factor of 5 (2)
for t-channel exchange of a particle of mass M = 1TeV (2TeV).

7 Low-energy observables

We next discuss CLFV low-energy observables. The relatively heavy mass of the 7 lepton
compared to light hadrons offers a rich array of channels to search for CLFV 7 decays
including 7 — e7y, the purely leptonic channels 7 — 3e and 7 — euu, and semileptonic
decays such as 7 — en?,n) and 7 — entr—. Table 9 summarizes the LFV decay modes
that we consider and the current experimental upper limits on each branching ratio (BR) at
90% C.L. While most of the 7 decays are associated with the CLFV quark-flavor-conserving
interactions, the decay modes 7 — ng and 7 — eK*7F can probe the LFV quark-flavor-
violating interactions. In table 10, we present a tabulation of which operators contribute
to each decay channel. The parentheses indicate decays that are induced only at 1- and/or

— 41 —



Table 9. Summary of the low-energy decay modes and current experimental limits on their branch-

ing ratios [57].

Decay mode Upper limit on BR (90% C.L.)
T ey <33x10°8
77 e etel <2.7x10°8
TT = e ptu” <2.7x1078
7~ e nd <80x10°8
T —en <92x1078
T —en <1.6x1077
T~ e K3 <2.6x1078
TT e wtaT <23x1078
T e K <3.7x1078
T e KT <3.1x1078
BY — e*rT <28x107°
BT —» gtetr— <74x107°
BT —w ate 7t <2.0x107°
Bt — Ktetr— <4.3x107°
Bt —» Kte 1t <15x107°

Decay mode V2 X

V2®D  p?p?

w4

T — ey v
T —eete” v
T—eutp” v

T — en”

T —en

T—en

T — ng
T—=ertn™ v
T — eK*nT

()
v
v

NENENENEN

\
\

BY — etrF
Bt = gtetr¥
Bt = KtetrT

NN R N N T S NN

Table 10. Illustration of the contributions from six different types of gauge-invariant CLFV oper-
ators to low-energy decay modes. The parentheses imply that the operator induces the decay only
at 1- or 2-loop level.

2-loop level. For example, the LEV Yukawa interaction originating from 12¢? can induce
T — e~y through 1- and 2-loop diagrams. The semileptonic four-fermion operators denoted
as ¥* contribute to the leptonic 7 decays via renormalization group running.

Heavy D and B mesons, J/1 and T and other quarkonia can decay into electrons and
7 leptons, offering additional handles on CLFV interactions. D and B decays probe flavor-

+

changing couplings. At the moment, there are no bounds on Dy — 7=eT. This decay would

put interesting constraints on the uc and cu components of the flavor matrices introduced
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in section 3, which, as we will see, are otherwise unconstrained at low energy. B decays
put strong constraints on the bd, db, bs and sb elements. Quarkonium decays constrain the
cc and bb components, but the limits are weaker than those from 7 decays.

We start this section by introducing the low-energy basis in section 7.1. We then discuss
quark-flavor-conserving 7 and quarkonium decays in section 7.2 and quark-flavor-violating
observables in section 7.3. Additional low-energy observables that indirectly probe CLFV
interactions are studied in section 8.

7.1 The low-energy basis

In order to study the low-energy observables, we first map the LFV operators listed in
section 3 onto a low-energy SU(3). X U(1)em EFT (LEFT). The matching can be done
more immediately in the basis of refs. [82-84], from which we differ only in the fact that we
factorize dimensionful parameters so that the Wilson coefficients of the LEFT operators
become dimensionless.

At dimension five, we consider leptonic dipole operators

Ls=——é" gt {re}m epFu +hc., (7.1)

where p, r are leptonic flavor indices.
At dimension six, there are several semileptonic four-fermion operators. Those relevant
for direct LF'V probes have two charged leptons. There are eight vector-type operators

4G _ _ _ - _ _
Le = i (C\%L eryter ipyuur + O epyter dpyudr + CHhg RV €R URYUR

+ C¥hr erv"er dryudr + CYi R Erv*er Uryuur + CVir ErY er dryudr
+ Ct g ey er Uryuur + C¥lg ényter JR%dR>, (7.2)
and six scalar-tensor type operators

4G

£6: W

(CgﬁR €rerurLuRr + ngRR €LeRr deR + C%‘%R éLUlWCR ﬂLUuyuR (7.3)
+ C’%CII%R éLO"uyeR dLU;wdR + Cgl%L €eLeR URUL + ngRL éLeRdeL) + h.c.

There are in addition four purely leptonic operators

4GF _ _ _ _ _ _
Lo =~ V2 [C\E/eLLeL’Y“ ererper + CVrrErY €rerVueR + CVLRELY €LER VU R
=+ (CSe%RéLeRéLeR =+ hC):| . (74)

LFYV operators can also affect probes with one or two neutrinos, in which the neutrino
flavor is not observed. There are four operators with two neutrinos, which will affect rare
meson decays,

4G -
£6 - _TQF (C\U/%L DL’Y#VL ﬁL"yuuL + C{//CIIJL DL’YMVL dL’YudL —+ C{I/'%R ﬂL"}/“VL ﬂR’YuUR
+ CY R 7Ly VL JRWMR) ; (7.5)
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and five charged-current operators

4Gp

Lo=—"75

(Cyidff I/L’)/ ey, CZL'Y;LUL =+ C\Vfif{ VL’}/ ey, dR’y“uR (7.6)

Cr%%ﬁ l/LO"u €R dLUquR + CSRR VLEeR dLuR + CSRL VLEeR dRuL) + h.c.
The coefficients of the operators in egs. (7.2), (7.3), (7.5) and (7.6) are not all independent,
if one matches from SMEFT. For example, the four-fermion contributions to the semi-
leptonic vector operators with charged leptons in eq. (7.2) are given by:

[=5 i [CLQ,ULeﬁ + 85 ehp )z (7.7a)
c¥a],, = [Cran] +oulei)+ely] au (7.7b)
[Coke] = [Cu], +usleee] 20 (7.7¢)
(C¥hn] = [Ced] 00 [cee] zan: (7.7d)
(Cin]_, = [Coa]_ +0u|el) + eB] 2un (7.7¢)
¥R ] Vs = :CLd]Teji—F(s i+ e zan, (7.7f)
Otin] = [VexnCacVdio] 4 ilees] 7 (7.7¢)
i, = |Cac] .+ diilce] 7 (7.7h)

The coefficients of the leptonic operators in eq. (7.4) are given by:

ee Ze 1 3 1 3
(Ctia] = [Cutlyy+ 22 [(cg; +e)) bt () +.cg;)ptasr} (7.82)

4 e [( () +c%;) Opr + (c( ) +C(3)> rfspt} )

4 Ly

ee Ze

[CVRR] prst = [Cee]prst + 4R {(Ceip)pr 6st + (cecp)pt 557’} (78b)
Ze
+TR [(Cep) g1 Opr + (Cewp) gy Opt]

ee 3
[CVLR] prst = [CLe]prst + Rer (62; + C(L;) 6St + Zey, (Cego)st 51’7“? (780>

ee v? / /
(8] .., = gz () (V) 0+ (YD) (Vo) ) (7.84)

The coefficients of the vector charged-current operators in eq. (7.6) are given by:

{C\V/eLdﬁL} vecii = [CLQ,DVCTKM - VCTKMCLQ:U} reji {C(Lm boe {VCTKML.ZJ (7.9a)
], =0 (7.9b)
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while the neutrino operators in eq. (7.5) are

[CVLLLTW = [VoxmCra,n V] o 0 el - c(f’;} Zuys (7.10a)
it ]Weﬁ = [VkuCrauVorn| o 00 B AN (7.10b)
[CXi] i Cr ] o b - Cf’;} Zug (7.10¢)
[CYi] i [CLdLeﬂ”ij [C(nglfc(flﬂ Zdp- (7.10d)

The scalar and tensor operators, Cge)Qu, C’f’e)Qu and C' Ledq» and the LEV Yukawa Y/
match onto scalar and tensor operators eq. (7.3) at low energy. In the neutral current
sector one finds

2

|Cétin] [— ~[Clonu] T 5J2”nﬁ{[Y’} VY, (7.11a)
Cotw] = 0z a [Y’} Ya (7.11b)
8t = g, i -[Y] Y. (7.11c)
], = +[0LedQLeﬁ —6ij2”nj%{[y;f]wyd (7.11d)
[ i T -6 - (7.11e)
[CTRR_ i = 0 (7.11f)
while the charged-current operators in eq. (7.6) are

o], = [VnClial (7.12a)

it = [VCli (7.12b)

cgrt] i = [CLedQVéKMLeﬁ- (7.12¢)

At the b and ¢ thresholds, the scalar operators also induce corrections to the gluonic
operators in eq. (3.21), yielding

[Caclre = 3 Z Cskr + Cshi)reqq [Cacle,= 5 Z Cskr + CShiLkrgg
q bc q bc
(7.13a)
1 ) v eq 1 ) v eq
[CGGLE ~ 9 ) m —[Csir = Csir)reqq - [CGG} er 9 ) m —[Csir — CsirLrgq
q=b,c q q=b,c q
(7.13Db)

The running of the LEFT operators between the electroweak scale and the scales
relevant for 7 and B decays was computed in ref. [83] and is summarized in appendix A.3.
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The most important effects are the QCD running of the scalar and tensor operators, and the
penguin contributions from operators with b and ¢ quarks onto purely leptonic operators
and operators with light quarks. The coefficients of LEFT operators, evaluated at the
scale 4 = 2GeV, as a function of SMEFT operators at the scale g = 1TeV are given in
tables 22, 23 and 24. In the computation of 7 decay rates we follow very closely ref. [34],
which adopts a different basis for the low-scale operators. We provide the appropriate
conversion formulae in appendix C.

7.2 Quark-flavor-conserving decays

. 1,3 . .
We first discuss bounds on I'Y, c(Lw ), cep and quark-flavor-conserving four-fermion oper-

ators from 7 decays. In this section, we give explicitly the full expressions for the decay
rates of two decay modes, 7 — ey and 7 — en"m~, which lead to many of the strongest
limits on these operators. Expressions for all other 7 decay rates we consider, along with
relevant input parameters, are collected in appendix D. All branching ratios are expressed
in terms of LEFT operator coefficients evaluated at the scale u = 2GeV. These can be
expressed in terms of SMEFT coefficients at the high-energy scale u ~ A via the matching
formulae given in section 7.1 and the RGEs discussed in sections A.1 and A.3.
The branching ratio for 7 — e~ is given by

BR (1 — e) = 7 mz:;m [y (rs) I+ y(rg)mﬁ], (7.14)

where 7; is the 7 lifetime, given in table 25. Writing

GZm5~ \ 7!
= (5 093 FT) , (7.15)

with the dimensionless factor I'; = 1.12, we obtain

BR (7 = o) = 272 L (1), (), ] = 0,1 (19), ).
(7.16)

The 7 — e~y branching ratio is thus enhanced with respect to other modes by the two-body
phase space, and by the dipole operator appearing at dimension five at low energy. We
notice that 7 — ey also receives contributions from the tensor operators [85], which shift
the original contribution as

T)er = 5)er = (P2 Ol (7.7
092 = 95— 5 (D) Ottt (7.170)

with the non-perturbative parameter (illy7(0)/v) =~ 1.6 x 107* at u = 2GeV (see ap-
pendix D.1.2 for details). As we will show, this is mostly relevant for global analyses,
because in a single operator analysis 7 — emm provides a bound on the tensor Wilson
coefficient that is four times stronger than the one from 7 — ev.
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In the case of 7 — em ™7™, the differential decay width is given by

TT% _ b <1 _ pzr>1/2(1 _ )2 {62 (’Q,L‘z n |Q,R|2) (7.18)

40T, S
s (1-Z) RGP |2

(140 + |4al?) + (B1+ Ba) |},

where s is the invariant mass of the charged pions, s = (p,+ + p,-)? and we define the
dimensionless quantities § = s/m2 and p, = 4m2/m2. § is kinematically allowed to be
in the range pr < § < 1. Here we follow the expression in ref. [34], where the Wilson
coefficients are assumed to be real. Q’L7 r» Ar,r and Br g are combinations of Wilson
coefficients and form factors

Q= o (0x(5) ~ Ta(s) = Aa(5)) (Coe)y + 2 (O + C8a) (7.190)
+ %Fw( ) { (CSkR + CSRL) reuu T (OSRR + CSRL) edd} ,
Q= o (0x(5) = Tals) = Anls)) (Caa)ey + A 2 (ghn+ C8h)., (7.190)
+ %Fw(s) {T}n (Cskr + CSRL)eruu + (CSRR + CSRL) *Tdd} ;
Ap = Ao - (re) + \/‘;7 BR(0){(C5hr) . = (Cfhm)reun (7.20a)
Ap = oo - (15) B O {(Cif),_,, ~ O} (200
Br = {(CVLL CVLR) redd — (CviL + CVLR)Teuu} (7.21a)
X |3AL + (25 +1) {(CVLL CVLR) oy~ (CVLL+ CVLR)Teuu} }a
Bpr = {(CVRR) odd (CVLR) — (CVRR) rewn — (CVLR)uuTe} (7.21b)

X _3AR +(2541) {(CVRR) dd (CVLR> — (CVRR) rewu — (CVLR)umeH

ddte

and 1 = (my +ma)/2. Q7 p depend on the Wilson coefficients of the scalar and gluonic
operators, and on the scalar form factors I'z(s), Ar(s), 0r(s), for which we follow the
conventions and determinations in ref. [33] (for related work see [31, 32, 86]). A g encode
the contributions of dipole and tensor operators, with the value of B7"(0) taken from
ref. [87]. Finally, By, r encode the contributions of vector operators and their interference
with dipole and tensor operators. For the vector form factor Fy (s) we use the extraction in
ref. [33]. In the left panel of figure 11, the solid line depicts the vector contributions to the
differential decay rate of 7 — er ™7~ . Compared to the dashed line that assumes Fy/(s) = 1,
the blue line has a peak around § ~ 0.2 originating from the p(770) resonance. Analogous
enhancements are also seen in the scalar contributions as discussed in [34]. Because of the
resonance contribution, the branching ratio in this mode is relatively large. Neglecting the
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Figure 11. Vector contributions to the differential decay rate of T — er ™7~ (left) and 7 — en* KT

(right). The solid lines include vector form factors as a function of 8, Whlle they are fixed at 1 in
the dashed lines. The Wilson coefficients are set to unity.

e e 1 3
(re) ., (%), (V). (ci)) (€D)re  (cep).
6.7x1077 34x107° 1.1x1072 | 40x10"% 4.0x10™%* 40x 104

Table 11. 90% C.L. upper limits on lepton bilinear operators, assuming a single operator is turned

on at the scale A = 1TeV. The bounds on the the dipole and Yukawa operators are dominated by

T — e, while those on the Z couplings c(Llj) and ce, by T — e,

interference terms, the following useful expression for the BR can be obtained

BR (T — e7r+7r—) ~1.9 x 102T¢|% + 1.0 x 10~ 8|CGG| +0.13|CSkp + C&hL |,

2
“ho 5‘ 1L + VLR (g )
2

: (7.22)

<0 17’ Csir + CSRL] re(gp©

+ L 0‘ TRR — [CFRR] o

where the notation (gq)© (") indicates that the isoscalar or isovector (uu =+ dd) combina-
tion of Wilson coefficients has to be taken. A similarly large branching ratio, due to the
#(1020) resonance, can be seen in the 7 — eK K~ mode [36, 88], which we discuss in
appendix D.1.3. Because the scalar, tensor and gluonic contributions are affected by larger
theoretical uncertainties [33, 36], we do not use this channel in our main analysis, and
remark on its impact in the multiple operator scenario discussed in section 9.2.

In order to compare sensitivities across various CLF'V 7 decays, we present the numer-
ical results for the remaining decay modes, neglecting interference between operators with
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different Lorentz structure. For leptonic 7 decays we have?

BR (7 — cete™) ~ 7.82 x 102|152, +0.36 (| VL e + 05C¥R ) - (7:230)

BR (1 = eptp™) = 39152, + 017 (|82, + [C¥rle,,) (7.23b)

while for semileptonic 7 decays we have

2

BR (7 — er”) = (5.6 x 1072|[C¥ 5 = C¥L]efum

2
+0.14[Cgh — Cgly] ) (7.24a)

2

e(qq)®

BR (1 — en) ~ ([3’3 x 107 MCVLR CVLL]Te(qq)(O)

)
ed ed 2
+0.15|CSfn — CShe

ETSS

+1.9x 10~ “CSRR ngRL]eT(qq)@

2
+6 6 X ].0 ’C VLR — CVLL

TESS

+1.4 % 10°8|Cuql?,, (7240)
BR (7 = en') = ([1.3 x 107 [ 5 = OV 1] o0 2
+ 1.1 x 1072|[Chn — CShL] erpaq® 2)
+6.1x 10~ ‘CVLR Citr iess +0. 14‘CSRR Cétr, ;5
+5.5 % 10—810(;@\76. (7.24c)

Note that Wilson coefficients corresponding to operators with opposite chiralities (L <> R)
contribute to each decay mode with the same prefactors.

With the above results at hand, we can get a reasonable picture of the constraints
imposed by 7 decays on various CLFV operators. Table 11 shows the upper limits on
lepton bilinear operators. Starting with photon-dipole operator, we see that 7 — ey gives
the strongest limit. The bound on I'Y, is obtained by considering operator mixing between
the Z- and y-dipole operators. The running effect is given by I'S (m¢) = —2.0 x 1072 T%(A)
with A = 1 TeV, yielding (I'})_, < 3.4 x 10~°. Moreover, the 7-e LFV Yukawa coupling
induces the photon-dipole operator at 1- and 2-loop level (the expressions are given in
appendix A.2). The resulting limit is 1.1 x 1072, which is consistent with the result in [70].

A noteworthy feature of CLF'V 7 decay phenomenology is a somewhat large contribu-
tion of the vector operators to 7 — er 7~ compared to other 7 decay channels. This is
caused by a resonant effect in the pion vector form factor as seen from the left panel of
figure 11. The bounds on the 1?p?D-type operators, C(Ll:’) and ¢y, in table 11 are pre-
dominantly given by the 7 — er™ 7~ channel. The contributions stem from the tree-level
Z-exchange process as listed in section 7.1. Similarly, in a single operator analysis, most of
the semileptonic vector operators receive the strongest bounds from the 7 — er ™7~ mode.

“Here, we neglect contributions from scalar four-lepton operators to leptonic decays as they do not give
relevant limits on CLFV operators of our interest.
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Crouv | wu | 21 x107% | cc | 1.1 x 1072* | ¢ | 3.4 x 1073
Cow |wu | 21x107% | cc | 1.1 x1072* | tt | 4.1 x 1073*
Cru |uwu|21x107% | cc | 1.1x 1072 | tt | 4.1 x 1073

Crop | dd | 21 x107% | ss | 1.2x 1073 | bb | 2.5 x 1072
Coq | dd|21x107% | 55| 1.2x 10738 | bb | 2.5 x 1072
Crq | dd | 21x107* | ss | 1.2x 10738 | bb | 2.5 x 1072
Coe | dd | 85x107% | ss | 1.2x 10738 | bb | 3.9 x 103

Creag | dd | 21 x 107 | ss | 2.3 x 107 | bb | 3.6 x 102

Cfou | uu | 20 x 1074 | cc | 9.0x 1073 | ¢ | 1.0 x 107

O | uu | 18 x107% | cc | 85x 107 | ¢t | 1.5 x 10761

Table 12. 90% C.L. upper limits on the quark-flavor-conserving semileptonic operators, assuming
a single operator is turned on at the scale A = 1TeV. The superscripts represent that the strongest
limit is imposed by decay modes (*) 7 — ent7™, () 7 = ey, (}) 7 — en and (*) 7 — en’. For the
scalar and tensor operators, the bounds apply to both the 7e and er components.

In table 12, we show the upper limits on the four-fermion operators, where the symbol “x”
indicates that 7 — en ™7~ provides the most stringent bound. For the vector operators, we
consider the RGEs for the heavy quarks (¢ = t,b,¢) from 1TeV to 2 GeV. For light-quark
operators, running effects are negligible. The details of the RGEs are given in appendix A.
The isoscalar (Cqe). 4, and the strange components of vector operators are not constrained
by 7 — emm. In this case, among the observables in table 9, the strongest bounds arise
from 7 — en, marked with “§” in table 12. As discussed in appendix D.1.3, 7 — eKTK~
imposes stronger constraints on strange operators, | [CLQ, plress| < 2.4 X 1074, and very
similar constraints on ss components of Cr4, Ceq and Cge.

The last three rows in table 12 correspond to the limits on the quark-flavor-conserving
scalar and tensor operators. Here, we take into account the QCD self-running of these op-
erators. In addition, there are several paths in the RGEs: (1) threshold corrections of the

heavy quarks to Cge and C 5 as in egs. (3.22) and (3.23); (2) mixing between Cge)Qu and

C’f’e)Qu; and (3) mixing from C’S’E)Qu to I'S. These paths enable us to constrain the operators
from 7 — e, yielding the predominant bounds on the top-quark operators. The induced
Ceog and CG@ are not large enough to compensate for the suppression factor of roughly
O(1078) as seen in egs. (7.22), (7.24b) and (7.24c). The mixing to the dipole operator
is proportional to the Yukawa coupling, while the threshold corrections are enhanced by
the inverse of the coupling in the lighter-quark case. For the charm-quark scalar operator,
although each related decay channel gives the comparable limit of O(1072), 7 — en’ pro-
vides the slightly stronger bound. Apart from the heavy up-type quarks, since no mixing
is present, it is straightforward to examine (Creqq)p,, whose bound results from the contri-
bution of C5 to 7 — en’. The rest of the light-quark operators are primarily constrained
by T — en .

Finally, we comment on LFV quarkonium decays such as Y(25) — e and J/¢ — Te.
The current experimental bounds on BRs of these decay modes are O(107%). Based on the
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analysis in [89], we find that the resulting limit on the four-fermion operators is roughly
0(0.1), which is weaker than those from 7 decays. Therefore, we do not include the
quarkonium decays in our analysis.

7.3 Quark-flavor-violating observables

We now turn to the quark-flavor-violating operators that can be constrained by B meson
decays as well as 7 decay involving strange mesons. As in the previous section, below we
only give a rough sketch of each BR to have an idea of which decay modes are relevant.
All the expressions of BRs are listed in appendix D.2.

The channels 7= — e~ Kg and 7~ — e~ 7= KT put bounds on the sd and ds compo-
nents of the LFV down-type operators:

2
BR(r~ — e Ks) ~6.9x 1072 |[Cfg — C¥lL]  —(d 4+ s) (7.252)
+0.14[Cttke — O8]~ (@),
BR (7'_ — e_7r+K_> ~0.17 ‘C\e/(iL +Cir i +0.16 ‘ngRR + ngRL’2 (7.25b)
Teds Teds

Wilson coefficients with opposite lepton chirality contribute to each decay mode with the
same prefactors. Compared to 7= — e Kg, the 7= — e 7" K~ decay has a stronger
sensitivity to Wilson coefficients of the vector semi-leptonic operators. This enhancement
stems from the K*(892) resonance, which is seen in the right panel of figure 11.> On the
other hand, the scalar contribution is comparable between the two decay modes.

The bd and db elements of the LFV down-type operators contribute to By — 7e and
BT — 7%7e modes:

2 2
BR (Bg — 77e*) ~ 6.0 ’ [e e Tebd‘ +84.8 ’ [Cétr — |8 | (126a)
BR (BY - wtret) = 5.72 ‘ C¥L + Ot Tebdr +89 ’ (et + ngRLLebd i (7.26b)

Similarly, By — 77e~ and BT — 77 Fe™ are described via the interchange of b ++ d, and,
as usual, we are showing only one lepton chirality. For the bd components of the vector
operators, although both decay modes give similar bounds, By — 7~ e™ gives the somewhat
stronger bound due to its slightly stronger experimental limit. The opposite situation can
be seen in the db components, which are most strongly restricted by BT — 7#7+e~. On
the other hand, in the case of the scalar operator, the prefactor in By — 7~ e™ is enhanced
by roughly (mpo/m,)? compared to the vector operator, making this the most restrictive
decay channel.
The last elements are bs and sb, which are restricted by Bt — Kte®rT:

2
BR (B = Ke'r) = 9.92|[Cohy, + Cttal [+ 1224 |[Cithn + O]

(7.27)

Tebs ‘ Tebs

The resulting upper limits on the four-fermion operators are summarized in table 13.
Overall, these limits are less than or equal to O(1073). The third column represents those

®In this panel, we only plot the vector contribution from V(s) in eq. (D.35).
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Crop | ds | 46 x107% | sb | 1.2 x 1073 | db | 1.9 x 10~%
sd | 42x107% | bs | 2.1 x 1073 | bd | 2.2 x 1073*
Cog | ds|46x107% | sb | 1.2x107% | db | 1.9 x 1073
sd | 4.2x107% | bs | 21 x 10730 | bd | 2.2 x 1073+
Crq |ds|4.6x107% | sb|12x107% | db | 1.9 x 10~
sd | 42x107% | bs | 2.1 x 1073 | bd | 2.2 x 1073*
Cge | ds| 4.6x107% | sb | 1.2x 1073 | db | 1.9 x 10~
sd | 4.2x107% | bs | 21 x 10730 | bd | 2.2 x 1073+
Creag | ds | 43 x107% | sb | 1.1 x 1073 | db | 5.7 x 10~
sd | 43x107% | bs | 1.9x 1073 | bd | 5.7 x 10~**

Table 13. 90% C.L. upper limits on the down-type quark-flavor-violating semileptonic operators,
assuming a single operator is turned on at the scale A = 1TeV. The superscripts denote that the
limits come from 7 decay modes (®) 7 — erK or (}) 7 — eKg, or B meson decay modes (*)
By — e, (°) Bt — nfre or (/) BY — K*tre. The limit on the scalar operators is applicable to
both the Te and et elements.

BR (90% CL) BR (90% CL)
m—ev | (1.2304£0.004) x 107% | KT = 7fvw | <1.78 x 10710
K —ev | (1.582+0.007) x 10™° | Kp — 7w | <3.0x107°

D — ev <88 x 1076 Bt - ntuvp <1.4%x107°
D—7v | (120£027)x107% | Bt 5 KTvv | <1.6x107°
Dy — ev <83x107°

Dy —1v | (548 4£0.23) x 1072

B — ev <9.8x 1077

B—pv | (6.46+2.74) x 1077
B—r1v | (1.0940.24) x 1074

Table 14. Charged current and neutrino processes sensitive to CLFV operators. All limits are
taken from ref. [57], with the exception of K+ — v, for which we use the more recent result in
ref. [90].

of ds and sd components and their bounds originate from 7 — ew K for the vector operators
and 7 — eKg for the scalar operators. These decay modes are represented by “$” and “1”,
respectively. The fifth column corresponds to the bounds on the bs and sb elements from
the BT — K're channel symbolized by “i”. The constraints on the bd and db elements
from By — Te (%) and BY — 7"7e (b) are in the rightmost column.

8 Indirect bounds: charged current and neutrino processes

Invariance under the SU(2);, gauge group implies that some of the SMEFT four-fermion
operators in eq. (3.14) induce LF'V operators with one or two neutrinos rather than charged
leptons. These can mediate meson or nuclear [ decays with a ev; or 7v, in the final

+

state, or flavor-changing-neutral-current meson decays such as K+ — w7v.,. These
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observables probe LFV indirectly, since the flavor of the neutrino is not identified. However,
the agreement between experiment and SM predictions for these processes can put severe
constraints on the coefficient of LFV four-fermion operators and provide useful information
on their flavor structure. The branching ratios that we use in this section are summarized
in table 14.

Leptonic decays of charged pseudoscalar mesons are particularly sensitive to new scalar
interactions. CLFYV interactions can contribute to these processes, since the flavor of the
outgoing neutrino is not determined. The branching ratio is given by

BR(P*d — 0ty

G2V |2 m2 2
_ F‘ zJ’ TPf%um%< _mig (8.1)

8
2)

1
X ((5&/ H/;]|2

where the CLF'V operators do not interfere with the SM contribution. Here, the indices u;

2
mp vedu vedu

{CSRR — CSRL

vedu
{CVLL } .
v lji

|+
votii * (e, + mg)

and d; correspond to constituent quarks of pseudoscalar meson P.

In the case of light pseudoscalar mesons, the ratios Rp = I'(P — ev)/I'(P — pv),
with P = 7, K, are very well determined. The general expression in the SMEFT (extended
with light sterile neutrinos) is given in ref. [91]. Neglecting flavor-conserving operators,
and considering only CLFV in the 7-e sector, the ratios R; and Ry are

2 2

RW _ 1 vedu My vedu vedu

R;?M =1+ ’V ‘2 |:CVLL:|VTedu + me(mu + md) [CSRR o CSRL :|l/,-edu ’ (82)
2

RK _ 1 vedu m%{ vedu vedu

RSM I+ Vi [CVLLL/Tesu el + ) [CSRR CSRL ]wesu (8.3)
Comparing theory and experiment (see [91] and reference therein) one obtains
R, Rk

RSV = = 0.996 £ 0.005, W = 1.0048 £+ 0.0048, (8.4)

which, because of the enhancement of 1/me, leads to strong bounds on the scalar operators.
For the D mesons, we can look at the ratio between the 7 and p or e leptonic decays.
Using the input in table 14, we obtain

I'(D — pv) I'(D — ev)
RYy= ———— "2 =10.312£0.072 RS = 0.013 8.5
D= T(D = ) ’ DD S0 ~ (8:5)
I'(Ds — /UJ) I'(Dg — ev) _3
R, = ——> 12 =10.100 & 0.005 S ==———<<15x107°. 8.6
D: = T(D, = 1v) ’ D« = (D, 5 7v) ~ 0 (86)

Similarly, for B mesons the ratio of B — ev and B — 7v is constrained to be

I'(B — ev) 9
=== . 107~ .
R =[5 o ) < 09710 (8.7)
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(Cou)re | wu | 13x 1075 [ ue | L7 x 10735 | cu | 5.1x 10707 | cc | 4.3 x 1073
tu | 8.5x 107°%

(C&)Qu)w cu | 4.2x1072% | ¢y | 1.7 x 1073¢

(ClLedg)re | dd | 1.3x107%* | ds | 5.7x107°* | db | 3.4x 1073* | sd | 5.1 x 10761
ss | 23x107°F | sb | 1.4x 1073 | bd | 8.3 x 107°F | bs | 3.6 x 107 ¢
bb | 2.2 x 107 2¢

(ClLedg)er | bd | 1.8 x1073% | bs | 7.6 x 1073*

Crouv |wu|33x107°" | uc | 1.0x1075° | ut | 1.4x1073* | cc | 3.2 x 107°°
ct | 1.0 x 1073~*
Cra ds | 1.0x1075" | sb | 1.0x 1073* | db | 1.4 x 1073*

Table 15. 90% C.L. limits from charged-current leptonic decays and neutrino processes, assuming
a single operator is turned on at the scale A = 1TeV. The superscripts denote limits from decay
(*) R/R3M, () Ric/R3M, (%) RS, and RS, , and (*) R and R/, and from decay modes
(*) K — nvv and (*) B — (K, n)vv. Purely leptonic decays of pseudoscalar mesons constrain
the T7e component of the scalar operators C’LIP)QH and Cp . 0. Limits on the er components of

ratios

scalar operators are much weaker. For example, |( Le)Qu)ech| < 0.22. On these components, we
only quote bounds that are better than 0.1. Cprg,v and Crq are constrained by K — wvv and
B — (K
show one flavor combination.

,m)vv. In this case, the bounds on the ji and ij components are the same, and we only

The expressions for these ratios are

2 2\2 2
gt — (DT M) M 1
D m2 —m2 | m2 . — . - 2
T mz —2 vedu D vedu _ (vedu
L+ Vel =2 | [CYTrde T mmimimy [CERE — CSRT e
(8.8)
2
2
-2 Vedu mp vedu vedu
2 _ "p _
RS mi, —m; 2 1+ [Veal” { VLL} cde | melmetma) [CSRR sk Lfedc
P m — m? m2 d m? d d 2
T -2 |[Cvedu __mp vedu _ wedu
L [Veal = | OV rde T mmimermy [CERR — CERL e
(8.9)

with d — s for Dy decays, and mp — mp, d — b, ¢ = u for B decays.

The operators Crg, v, Crg, p, Cru and Crq also induce effective interactions with two
neutrinos of different flavor. In these cases, strong constraints can arise from bounds on
K — mvv, B — Kvv and B — 7wvv. For kaon decays, the differential decay rate can be
expressed as [92, 93]

dU(K* — ntvwy)  Gami vd 2
dzdy 12873 ’ ’ Y, %) {CVLL%-CVLRLWJM (8.10)
dP(KL — TI'OI/Z‘D]') o G%mK 2 1
dzdy T 12873 f+ (0 )’ (972)2
2
{CVLL CVLR} vivys {CVLL CVLR] vivsds| (8.11)

~ 54 —



where y = 2p,, -pK/m%(, Z=Pr pK/m%( The function p is given by

p(y,z) =4(z +y —1)(1 —y) — 4rr, (8.12)

with 7 = m2/m%, and the limits of integrations
0O<y<1—rn 1—y+lr—“<z<1+rﬂ. (8.13)
-y

Integrating over the phase space, we get

2
BR(K+ — 7T+Z/Z'ﬂj) = 1.76 ‘ {C{//%L + C{//%R] al (814)
viljs
BR(K, — m%;7;) = 3.63 ‘ C¥L+ C%R]W.sd — ¥ + ¥R ] sas)
(2] )

From B — Kvy;v; and B — wy;v; we can use the expressions for B — Ker reported in
appendix D.2, and take the limit of zero lepton masses.

The limits on the Crgu and Crq operators from processes with two neutrinos are
shown in table 15. Here we neglect the SM contributions and assume that the bound is
saturated by SMEFT operators. For K — wvv, this approximation leads to a weaker, and
hence more conservative, bound.

9 Interim summary — constraints on SMEFT operators

In this section we summarize and display our results so far on constraints from low- and
high-energy experiments on coefficients of CLFV SMEFT operators. First in section 9.1 we
summarize results for turning on one SMEFT operator at a time. In section 9.2 we preview
what a more global analysis might look like by considering two scenarios of constraints on
multiple CLFV operators that contribute simultaneously. A full global analysis is deferred
to future work.

9.1 Single-operator dominance hypothesis

We summarize here the upper limits on the LF'V couplings discussed in sections 5, 6 and 7,
obtained by assuming that a single operator at a time is turned on at the high scale A.
While not necessarily reflecting the pattern of Wilson coefficients in concrete extensions of
the SM, this analysis nonetheless provides a good guidance on the relative sensitivity of
various probes of e-7 CLFV. Our findings are summarized in figures 12-22. The leftmost
and rightmost vertical axes in figures 1222 present the bounds on the dimensionless Wilson
coefficient C(;n = 1 TeV) and the scale A, respectively. The value of A is obtained by taking
4GrC/+/2 = 1/A%. The blue and pink bars represent existing 90% C.L. limits from the
LHC and low-energy observables, respectively. The pink bars are labeled by the decay
mode that gives the strongest limit as in tables 12 and 13. The green bars show the EIC
sensitivity, assuming v/S = 141 GeV and an integrated luminosity £ =100fb~! (the bound
on the Wilson coefficient scales as 1/ \/Z) The light green bars are based on the analysis
with muonic 7 decay, for which the cuts discussed in section 5 allow to reduce the SM
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Upper limit on LFV coupling and lower limit on new physics scale

10

0.1

[AS1]V

TTIT] T |||m}nm}mmi-mr

100

m EIC(left: 7> u ;“VT) m EIC (left: 7 > X}, vy)
—ey Toenn Tenn TN —
1

m LHC (middle)
—ey I
(3)

= Low energy (right)
y ‘z Y g CLy Cep

>
L)
H
Il
5 1073
&}
1074
107
1076
ey T
I r

Figure 12. Upper limits on I'S ,, Y/, c(Llj’) and ce, from the EIC (light green, left), LHC (blue,

middle) and low-energy observables (pink, right). The rightmost vertical axis depicts the lower
limit on the scale of new physics. The darker green bar overlaid on the light green one is the
expected sensitivity in hadronic 7 decays at the EIC assuming the efficiency is 100% with no SM
backgrounds.

background to a negligible level. The cut efficiencies are given in table 6, and vary between
10% and 1%, depending on whether the SMEFT operators include valence or sea quarks.
The darker green bar overlaid on the lighter one depicts the maximally optimistic scenario
utilizing hadronic 7 decay channels, and assuming that the SM background can be reduced
to ny = 0 with €,, = 1. The indirect bounds discussed in section 8 are indicated by a mark
“x” in orange.

The bar charts in figures 1222 contain several interesting messages. For the ‘vertex
correction’ operators (dipoles, gauge-fermion, Higgs-fermion) the bounds are depicted in

figure 12. The main take-away points are:

 The photon dipole I' receives by far the strongest constraint from 7 — ev, corre-
sponding to the effective new physics scale A 2 200 TeV. This is the highest scale
currently probed by e-7 LFV transitions. High-invariant-mass Drell-Yan is not very
sensitive to this operator, leading to weak limits from the LHC. The EIC can in
principle provide better constraints, but, even in the most optimistic scenario, they
would be three orders of magnitude weaker than from 7 — e~.

 Similarly, the Z dipole I'; is most strongly constrained by 7 — e, via RGE running.
The second best limit is currently from Z — et at the LHC. To be competitive with
T — e, however, the branching ratio BR(Z — er) needs to reach the prohibitive
level of 2- 1071,
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Upper limit on LFV coupling and lower limit on new physics scale
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Figure 13. Upper limit on Cr4 (leftmost axis) and lower limit on new physics scale A (rightmost
axis) from the EIC (left), LHC (middle) and low-energy observables (right). The symbol “x”
indicates indirect bounds discussed in section 8. For the EIC expected sensitivity, the light green
bar corresponds to the result in table 7, while the dark green one represents the case in hadronic
tau decay mode assuming €,, = 1 with n, = 0 in tables 3-5.

Upper limit on LFV coupling and lower limit on new physics scale
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Figure 14. Upper limit on C7,, (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
ny = 0 in tables 3-5.
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Upper limit on LFV coupling and lower limit on new physics scale
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Figure 15. Upper limit on Crg,p (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
np = 0 in tables 3-5.
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Figure 16. Upper limit on Crg,u (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
ny = 0 in tables 3-5.

— H8 —



Upper limit on LFV coupling and lower limit on new physics scale
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Figure 17. Upper limit on C.q (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
np = 0 in tables 3-5.

Upper limit on LFV coupling and lower limit on new physics scale

= EIC (left: 7 - uv,vy) = EIC (left: 7 - Xy, v;)
m LHC (middle) =
= Low energy (right) —
107! _
—1
107 _
>
& - >
I : ;]
3 107 1 =<
&) —i0
107 _
107 _
Toenn Toenm Toenn _: 100

[Ceduw  [Ceue  [Ceudut  [Ceudew  [Cadee  [Ceudt  [Cadn  [Cauhe  [Ceulu

Figure 18. Upper limit on C,,, (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
ny = 0 in tables 3-5.
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Upper limit on LFV coupling and lower limit on new physics scale
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Figure 19. Upper limit on Cg. (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
np = 0 in tables 3-5.
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Figure 20. Upper limit on Creqq (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
ny = 0 in tables 3-5.
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Upper limit on LFV coupling and lower limit on new physics scale
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Figure 21. Upper limit on C’(Lle)Qu (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
np = 0 in tables 3-5.
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Figure 22. Upper limit on Cf;)Qu (leftmost axis) and lower limit on new physics scale A (rightmost
axis). For the EIC expected sensitivity, the light green bar corresponds to the result in table 7,
while the dark green one represents the case in hadronic tau decay mode assuming €,, = 1 with
ny = 0 in tables 3-5.
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o The most severe limit on non-standard Yukawa couplings [Y/],. originates from the
ATLAS search for h — 7e [64]. The strongest low-energy limit on [Y/]. comes from
T — ey, which is roughly a factor of five weaker than the LHC. The EIC can at best
probe Yukawa couplings of order one.

1, .3

e The constraints on the Z couplings CLotCry and ¢, are dominated by 7 — ert 7,
which limits these couplings to be less than 4 - 10™%, corresponding to a new physics
scale of 10 TeV. High-invariant mass Drell-Yan is not sensitive to these couplings,
since the cross section shows the same dependence on V'S as the SM. The best LHC
limit therefore comes from Z — er. A measurement of the Z — et branching ratio
at the 107® level will be competitive with low-energy constraints. At the EIC, these
couplings can be probed at the few permill level.

Bounds on the four-fermion operators with vector/axial and scalar/tensor Lorentz
structure are reported in figures 13—19 and 20-22, respectively. We note that:

e The wu component of the vector-like operators Crg uy, Cey and Cpr,, and the dd
component of the Crg p, Ceq, Crq are very well constrained by hadronic 7 decays,
in particular 7 — ert7~. The LHC limits are currently weaker by a factor of five,
and the EIC, especially with improvements in the hadronic channel, can reach levels
comparable to the LHC.

e The dd component of the isoscalar operator Cg. is constrained at low-energy by
7 — en. Current LHC limits are already comparable with low-energy. The dominant
constraint on the ss components of vector-like operators is also from 7 — en.

o The sensitivities to the cc and bb elements of Crq/ru, Crou/p and Ceq/e,, are com-
parable among the EIC, LHC and low-energy observables. At low energy, these
operators are constrained via mixing with leptonic operators and semileptonic op-
erators with light quarks, with the weak loop causing a ~ 10~3 suppression in the
amplitude. High energy processes are relatively less suppressed.

e The top component of the vector operators has a large mixing with c%; + cgg and

Cep- As a consequence, these operators are constrained by 7 — er™n~ at the few
permill level.

e The uu, dd and ss components of the scalar operators C’ge)Qu and Cr.qq receive their

+7~. LHC limits are a factor of five to

dominant direct constraints from 7 — erw
ten weaker. The cc and bb components are equally well constrained by high- and
low-energy experiments, while the top component runs at two loop onto I'], which
dominates the bound. Low energy and collider constraints on the uu component of
the tensor operator C’f’e)Qu are similar, while low-energy dominates on the cc and #t

components, due to the mixing of the tensor operator onto the dipole.

e Concerning quark-flavor-changing decays, 7 — Kge, 7 = eKwn, B — 1e, B — mTe
and B — Kre allow to constrain the off-diagonal components of d-type vector and
scalar operators. A bound on By — er at the same level as the recent LHCD limit
on By — pt [94, 95] would provide complementary information.
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Finally, we note that the results from the indirect observables (orange “x” in the plots),
when available, provide limits that are comparable to or stronger than those from the direct
observables.

We conclude this survey with some considerations on the current and future impact of
LHC and EIC searches for e-7 CLFV:

e Collider searches play a crucial role in bounding off-diagonal elements of up-type
four-fermion operators, while the low-energy observables are insensitive to them. For
the t-g components, weak running onto flavor-diagonal operators is very suppressed
by small Yukawa and CKM elements, so that top decays provide the only sensitive
probe. The uc and cu components could be constrained by D — er, which will be
investigated at LHCb [96].5 For both pseudoscalar and axial operators, however, the
Drell-Yan limits imply the prohibitive BR(D — er) ~ 1077 — 1078,

e Inclusion of hadronic 7 decays in the EIC analysis provides a great opportunity to
improve the sensitivity by a factor of 10 depending on LFV operators.

9.2 Towards a global analysis

The discussion has so far focused on a single coupling analysis. In most extensions of the
SM this is not a realistic scenario, as several operators are generated at the matching scale
A. ‘Switching on’ more than one coupling at the high scale could in principle result in
cancellations that weaken the bounds reported in previous sections. We next discuss the
extent to which this is possible, showing that complementary information from colliders in
general and EIC in particular becomes very relevant. Our discussion below is exploratory
and we refrain from a global analysis that is beyond the scope of this work.

To facilitate the identification of directions in parameter space that are unconstrained
by low-energy probes, in table 16 we summarize the dependence of the 7 and B branching
ratios used in our analysis on LEFT semileptonic operators, defined at the matching scale
between the SMEFT and the LEFT. For exclusive channels, the contributions are more
easily organized by constructing combinations in which the quark bilinears have well defined
parity transformations [33, 34]. Since the interference between operators with left- and
right-handed electrons is suppressed by the electron mass and always negligible, in table 16
we only show operators with left-handed electrons, similar conclusions can be drawn for
operators with right-handed electrons.

For down-type operators, assuming the presence of a single operator structure with all
the flavor entries simultaneously turned on does not entail a significant weakening of the
constraints. Consider for example the operator Cry. From the summary in figure 13 we
can see that only two components receive the strongest constraint from the same process,
namely dd and bb, which are both limited by 7 — er*n~ (the sd and ds components
contribute to 7= — e" K7+ and 7~ — e~ K7, respectively, for which there are two
independent constraints; similar considerations apply to the sb and bs components). When
we simultaneously turn on [Crq,,; and [CLqgly,, T — er and 7 — ell become relevant and

5We thank M. Fontana, D. Mitzel and M. Williams for communications on this point.

— 63 —



Decay mode CVLLivir CVLL-vir Cshmtshu CSkRr_srL CThr
T — ey (uw), (cc)
T —eltl (cc), (bb)
T — en® uu — dd uy — dd
7 — en®) uu + dd, ss uu + dd, ss
(cc), (bb)
T —=ertn™ uu — dd, uu + dd, ss uu
(cc), (4D) (cc), (b))
T eKTK™  wu+dd, uu—dd uu + dd, uu — dd u
ss, (cc), (bb) ss, (cc), (bb)
7 — eK} sd—ds sd —ds
TT e KTt sd ds
7T e K at ds sd
BY — ¥ db, bd bd, db
BT - rte 71t db bd
BT — ntetr— bd db
BT —» Kte 1t sb bs
BT - Ktetr™ bs sb

Table 16. Dependence of low-energy decay channels on the coefficients of semileptonic LEFT
operators at the matching scale u ~ v. We focus here on operators with left-handed electrons, an
analogous table can be made for operators with right-handed electrons. The parentheses imply that
the operator induces the decay mode at the loop level, either in perturbation theory, e.g. via the
RGE running of (C\e/(iL-s-VLR)Tebb onto four-lepton operators or the matching of (C’g?{k—SRL)erl)b
onto C,~ at the my, threshold, or via hadronic loops, e.g. the contribution of (Cf§R ).y, to 7 — €7
We ignore d-type tensor operators, which are not induced by matching onto SMEFT.

Scenario Operators
)3
A C‘(thp), [CLQ,U]’U,LH [CLQ7D]dd7ssa [CLu]uua [CLd]dd,ss
1,3
B C(Lw), [CLq,pldd,ss,bbs [CLdldd,ss,bb

Table 17. Multi-operator scenarios A and B.

the limits only slightly deteriorate, |[Cr4]yyl < 5.3-107% and |[CLal,,| < 4.8 - 1072, at the
90% CL.

The situation changes if we simultaneously turn on two or more operators at the same
time. As an example, we consider two scenarios, in which we turn on: A) the left-handed

Z-coupling operator C(Ll; + C([il

and the light-quark components of all operators with two
left-handed leptons and B) c(qu)) + cﬁ)’ and all flavor-diagonal components of the two down-
type operators with two left-handed leptons, [Crq] and [CLg, p]. The nonzero coefficients
in the two scenarios are summarized in table 17. Including operators with two right-handed
leptons would not further weaken the limits, since, as we already noted, the interference of

vector operators with leptons with different chirality is suppressed by the electron mass.
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In the left panel of figure 23, we show the 90% C.L. limits on [Crqu] ,,, and
[CLQ,Ul,oqq in the scenario A, marginalized over the six remaining couplings. The re-
gion between the two pink lines is allowed by low-energy experiments. The blue solid
and dashed lines correspond to the limits from the LHC. The solid line corresponds to
the EFT analysis of section 6, while the dashed line is obtained by assuming that the
effective operators are induced by the ¢-channel exchange of a new particle with mass
M = 1TeV, see eq. (6.14). The green solid (dash-dotted) line represents the projected
EIC sensitivity in hadronic 7 decay mode assuming the efficiency is 1 (0.2) with zero SM
background. We see that now there are enough couplings to engineer cancellations in
the leading hadronic channel, 7 — ertn~. In the axial direction there are still enough
constraints from 7 — em, 7 — en and 7 — en’. The isoscalar combination of vector
couplings, [CLQ,u + CrLul, oy
servables we consider in section 7, leading to the appearance of a free direction. Including

+ [CLo,p + CLdl. 44 is however unconstrained by the ob-

the 7 — e KT K~ channel closes this free direction, since the process receives contributions
from both isovector and isoscalar operators. The fit including the 7 — eK ™K~ mode is
presented by the pink dotted contour. Even with the inclusion of this mode, colliders are
very competitive with low-energy.

The right panel of figure 23 presents the bounds on [Crg plresy and [Crg]reps in the
scenario B, where the rest of the operators are marginalized in the same way as in scenario
A. As can be seen from table 23, modulo a small component induced by the b Yukawa,
the purely leptonic and the semileptonic operators with light quarks receive a contribu-
tion that is proportional to the vector combination [CLg, p + CLdl,,,, leaving the axial
combination [Crg, p — CLd, ., unconstrained by low-energy processes. The free direc-
tion can be closed using LHC data, which currently impose percent level constraints. In
this case, assuming that the effective operators are induced by the ¢-channel exchange
of a mediator with M = 1TeV (dashed blue line) only weakens the bound by a factor
of two. The EIC can potentially do much better and improve the bounds by a fac-
tor of five. In addition, while high-invariant-mass Drell-Yan is sensitive to the sum of
all quark flavors, the EIC could clearly identify the CLFV mechanism by tagging the b
quark in the final state. Similar considerations hold for off-diagonal couplings. While
B — 7Te” + 77 e" and B — wre are sufficient to constrain both the vector and ax-
ial combinations [Crg, p + CLd]Tebd, g B — K7e and 7 — eK7 only constrain the vec-
tor combinations [Crg, p + C’Ld]mb& o and [Crg p + CLd]Tesd,ds’ and 7 — eKg the linear
combination [Crg, p — Crdl ..y — [CLQ,D — CLdl, .4 Collider information is thus always
necessary to complement the strong constraints from low-energy.

For scalar and pseudoscalar operators, table 16 suggests that the isovector uu — dd
component of scalar operators and the bs and sb components of pseudoscalar operators are
unconstrained at low energy. In this case, however, the SU(2)z, x U(1)y invariance of the
SMEFT implies that the scalar and pseudoscalar linear combinations are not independent,
and the observables included in our analysis are sufficient to fully constrain all the diagonal

components of C’ge)Qu and all the components of C40-
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Scenario A Scenario B

T T T[T T T[T T T [T T T[T TT[TTTH . PIrTr[rIrT[JrTr[rrr[rrrrrr1g
- ,«"’ NN‘\\ -1 - LT T -
L o4 6\ S . r -~ S 1
\/‘2:’ ‘DQQ RS - ol \\\\ E
5 S «Y — 41— R4 N —
e Y - ’ \\ _
4 hS ’
B / \ -1 - / \ .
II \‘ L I, \\ -
Q r v 2 R—
E -/ A S T YV
1 P \ — L Vo4
X o (- "
=} ! 1 X o l\ E
o o1 [ o 0OF 1 T —
3 \ i = F I
1 - g - o o oo
o \ > N { N | \ N
- Fo Q- L &) \ 7
) \ 7z 1 = 2 @ ;
— - \\ & ,' 1 B \\ ‘b ! ]
X Y / - \ A% / i
o \ < / - \
- % 4
S, ! AN Q>
5= \\ ,I — —4 |- N /QQ —
\, ’ - < 2D -
EN ’ ~ ’
- ~ R — L o ’,’ K .
| \\\ ’,/ i - R - .
___________ - 6} - —]
Ho ool oo T by a by H bl ol by by vl s lyaal d
) -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
3 2
[Cioulw X 10 [CLoplb, X 10

Figure 23. The 90% C.L. limits in [CLQ,U]uu — [CLQ,D]dd (scenario A, left) and [CLQ,D]bb —[CLdlwb
planes (scenario B, right). The pink lines are limits from 7 decays, while the pink dotted contour
presents the case incorporating 7 — eK ™K~ channel. The blue and green solid lines are bounds
from the LHC and EIC (e,, = 1 with n, = 0), respectively. The blue dashed line assumes a t-
channel exchange of a particle with M = 1TeV at the LHC, and the green dash-dotted line assumes
€n, = 0.2 in the EIC sensitivity.

10 Leptoquark models

To illustrate the EF T framework we consider three simplified models involving scalar lepto-
quarks (LQ). In the notation of ref. [97], we consider the leptoquarks 5 /5, and S /2, which
are color (anti)triplets and weak isospin doublets, with weak hypercharge —7/3 and —1/3,
respectively.” We further restrict the interactions of S, /2 by requiring that it couples only
to L-handed leptons (SlL/Q) or R-handed leptons (552). Apart from the LQ gauge-kinetic
term and mass terms, the SM Lagrangian density is extended by:

aa o pa oL
Lor, = Ai® ufytf Sl +he., (10.1)
aa o a oR
ﬁsﬁz — AR qR'L7—2€RSI/T2+h.C.7 (102)
_ Yaa Jo pa of
L5, = N0 &y 61§, + hue. (10.3)

In the above equations we have denoted by e and a the quark and lepton generation indices,
respectively. In what follows we will continue to use greek letters for quark generation and
latin letters for lepton generation indices.

Assuming the L() masses to be considerably above the electroweak scale (consistently
with LHC phenomenology [99-103]), we integrate out the L and match onto the SMEFT
effective Lagrangian. Each of the above models matches at tree level onto a single four-

"These fields correspond via charge conjugation to Ry and R, in the notation of ref. [98].
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fermion operator in SMEFT at dimension six. At loop level one can generate more oper-
ators. However, for the purposes of studying lepton flavor violation the most relevant one
is the photon dipole operator mediating 7 — e~y. For the one-loop matching coefficient we
will use the results of refs. [97] and [22]. For the three models we find:

o Integrating out S’IL/Q generates Or, and the dipole, with coefficients

2
v
[CLU](; o} = 72 (AT )GB(AL)Olb7 (104&)
bof T aME,
e _ 3 vms T yea ar 3 mor
") = g, SO0 00T =y B ] (0a0)
[F,ﬂm x Y. ~0, (10.4c)

where Y; = my /v is the charged lepton Yukawa coupling and we have set the electron
mass to zero in the last equation. Hermiticity implies

*

[Cral = [Cral e (10.5)

LFV 7 decays probe {ny} and [Cryleras, while EIC processes probe the complex
eT
conjugate of these coefficients.

o Integrating out 532 generates Og. and the dipole, with coefficients

2

_ v T \a «
[CQG} afab o 4M%Q (/\R) B()\R) b’ (10'63)
e]™ 3 T e aT 3 T
o] = g, SOR 00T = e S [Cal o 06
e X Ym0, (10.6¢)

o Integrating out §1 /2 generates Orq and no dipole operator due to a cancellation
between the photon emission from internal quark and LQ lines [22, 97]. For the
four-fermion operator we find

2

[CLd} afab - 4M[2/Q

(AH)aB(R)et . (10.7)

Introducing two vectors that express the LQ couplings, e.g. (v;)* = A" and (ve)® =
A€ (the index a runs over the three quark generations), we can express the induced LFV
couplings as an outer product of the two vectors, [Cis]reas = vf.‘vf, where M labels four-
fermion operator. Our analysis assumes that each Wilson coefficient is real, which enables
all the coeflicients to be expressed by only five independent parameters. For example, if
[C’M]7611721731 are chosen as three independent parameters, the rest of the components are

described by a product of one of the three elements and a ratio, ro = v2/v! or r3 = v3/v}.
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Figure 24. The region of Ax? < 2.71 in [Cru]i — [Cru)uw (left) and [Cru)ee — [Cru]ew (right)
planes. While the purple contour represents existing limits from low-energy experiments and the
LHC, the dashed green line corresponds to the EIC expected sensitivity in hadronic 7 decays under
the assumption of €,, = 1 with n; = 0. The projection of these regions onto each axis corresponds
to the 90% C.L. allowed region for that coupling.

In what follows, we determine the allowed regions in parameter space by minimizing a
x? function which includes LFV 7 decays, B meson decays and LHC searches. We present
our results in terms of two-dimensional plots marginalizing over the remaining three free
parameters in each model. The regions we obtain correspond to Ax? < 2.71, which gives
a 90% C.L. limit on single operator couplings when we project the obtained confidence
regions onto one dimension.® Below, we present our fitting results in several scenarios.

In the case of the Sf/Q LQ model, since the induced operators are those of up-type
quarks, the LFV 7 decays can only restrict quark-flavor-conserving elements, namely,
[Cruluu,cet- On the other hand, the LFV searches at the LHC play a significant role
in bounding off-diagonal components [Crylyc/cy and [Cruli e as well as the first- and
second-diagonal elements. Figure 24 shows the results of x? fitting in [Cru]i — [CrLu]uu
and [Crylee — [Crulew planes. In the left panel, the bound on [Cf,]s is determined by the
low-energy observables via the RGEs as the collider searches cannot constrain the flavor-
diagonal top-quark operator. Conversely, in the right panel, the width of the contour along
the vertical direction is controlled by the LHC limit. While the single-operator analyses
presented in tables 7, 8 and 12 show the constraint on [Cry]e. is O(1072), the contour
indicates the relatively strong limit ~ 6 x 1073, which originates from 7 — e~ contribution.
This happens because in this particular model there exists a correlation between four-quark
and dipole operators, as shown by the matching conditions in eqgs. (10.4).

Unlike the SIL/2 LQ case, in the 5’52 and §1 /2 models, all the elements of the induced
operators can be constrained by both low-energy observables and LHC searches. The

8The resulting contour in two dimensions corresponds to the allowed region at 74.2% C.L.
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Figure 25. [Upper] the contour that satisfies Ax? < 2.71 in [Cqelaa — [Cqelsa (left) and [Cralad —
[CLd)sa (right) planes. [Lower] the same contour as the top two panels but in [Cgelpq — [Cqelws (left)
and [Cralpa — [Crales (right) planes. Current limits from low-energy experiments and the LHC are
depicted by the purple contour. The EIC expected sensitivity in hadronic 7 decays is described by
the dashed green line under the assumption of n, = 0 and €,, = 1.

allowed regions in these models are depicted in figure 25. In the upper two panels, the
contours in the vertical direction are controlled by 7 — er™ KT and 7 — eKg. On the
other hand, the LHC search contributes to the bound on [Cgelqq due to the comparable
limit to that from 7 decays as seen from the single-operator analyses in table 8 and 12. In
the lower two panels, an order of magnitude difference between the 552 and §1 /2 models
is found in the width of the contours in the [Cjs|py direction. This is due to the fact
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[CrLu]uw | [-0.37, 0.37] | [Cru]ue | [—2.0, 2.0] [Crulus | [—348, 348]
Sy | [Crulew | [-20, 2.0] | [Crulee | [=56, 5.6] | [Crules | [-348, 348]
[Cralew | [—348, 348] | [Crulie | [—348, 348] | [Crulee | [-5.3, 5.3]
[Coelaa | [-0.66, 0.66] | [Cqelas | [—0.44, 0.44] | [Cqelap | [~1.6, 1.6]
Sths | [Cqelsa | [-0.40, 0.40] | [Cqelss | [-1.1, 11] | [Coelsw | [-1.2, 1.2]
[Cqeloa | [-2.0, 2.0] | [Cqelps | [-2.1, 2.1] | [Celon | [-3.7, 3.7]
[Cralaa | [<0.23, 0.23] | [CLalas | [-0.44, 0.44] | [Cralay | [-1.6, 1.6]
Sis2 | [Cralsa | [-0.41, 0.41] | [Cralss | [-1.1, 1.1] | [Crals | [-1.2, 1.2]
[(Cralea | [-2.0, 2.0] | [Cralss | [-21, 21] | [Crale | [-21.6, 21.6]

Table 18. 90% C.L. ranges for the Wilson coefficients (in units of 1073), in the three leptoquark
models considered here. The ranges are obtained after marginalizing over all other couplings.

that the RGEs of [Cg.]p involve top-quark Yukawa coupling, resulting in relatively large
corrections to LEFT operators as seen from table 23.

In figures 24 and 25, we also report the prospective reach of the EIC with £ =100fb~!,
in the ideal scenario in which the 7 is reconstructed through the hadronic decay channels,
and the SM background can be reduced to n, = 0 with €,, = 1 (this corresponds to the
dark green bands in figures 12-22). While for the couplings involving light quarks and top
quark the EIC is not competitive (almost the entire plotted region is allowed), the EIC
can be quite competitive for couplings involving the charm and beauty quarks, both flavor
diagonal and off-diagonal. These simple models illustrate a general lesson emerging from
our study: the discovery window for CLEV at the EIC comes mostly from semileptonic
interactions that involve one or two heavy flavors.

The currently allowed 90% C.L. ranges for each coupling are summarized in table 18.
When comparing our leptoquark analysis to previous studies in refs. [22, 104, 105], several
remarks are in order:

e We improve the bounds on the first-generation quark-flavor diagonal couplings by
including 7 — er ™7~ and the LHC searches. This leads to constraints that are an
order of magnitude stronger than the expected sensitivity at the EIC.

o As discussed in [22], 7 — e7y constrains the quark-flavor diagonal components of the
four-fermion operators in the SlL/2 and 552 models, yielding a somewhat stronger
limit on [Cry]e than those from the LHC and other low-energy decay channels. For
this coupling, prospective EIC limits are quite competitive. On the other hand,
T — en,7 — entw and the LHC searches, which are newly incorporated into
our analyses, give the most stringent bounds on the rest of the second- and third-
generation diagonal elements.

e Concerning the quark-flavor changing couplings, the LHC searches currently provide
the strongest bounds on the uc and cu elements, but the EIC can be quite competitive
in the future. In addition, the recent ATLAS search for LFV top-quark decays enables
us to put bounds of O(0.1) on the flavor-violating operators involving top quark.
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o For the strangeness-changing couplings, the inclusion of 7 — ex® KT improves the
limits on sd and ds elements by a factor 10 compared to previous analyses.” The
bounds on the sb and bs components are improved by incorporating the latest ex-
perimental results of B¥ — K*re, yielding stronger limits than the LHC and future
EIC sensitivities.

e As illustrated by figures 24 and 25, we find that after inclusion of low-energy con-
straints the CLFV discovery potential at the EIC arises mostly for LQ couplings
involving the charm and beauty quarks, both flavor diagonal and off-diagonal.

Although our analysis focuses on LFV 7 — e couplings, with emphasis on the EIC
discovery potential, the above LQ models have several intriguing connections to other
interesting phenomenology, such as neutrino mass [106, 107] and B physics [108-111].
This would open a number of additional observables to probe LQ couplings. We defer the
analysis to future work.

11 Conclusions

It has been long recognized that searches for CLFV processes are a very promising tool
to probe new physics beyond the SM. In this paper we have performed, in the frame-
work of the SMEFT, a first comprehensive analysis of the CLFV sensitivity at the EIC
in the channel ep — 7X. The SMEFT is particularly appealing because it captures a
large class of new physics models originating at energies above the electroweak scale and
allows for a systematic comparison of all probes of CLFV in the 7-e sector. We consid-
ered all the dimension-six CLFV operators in the SMEFT, including CLFV Z and Higgs
couplings, photon and Z dipole interactions, and ten semileptonic four-fermion operators,
with different Lorentz and completely general quark-flavor structures.

For the DIS cross section ep — 7.X we found that, for all operators except Yukawa
and electron-gluon operators, the unpolarized cross sections at /S = 141 GeV are in the
1-10 pb range for SMEFT coefficients of order one!® (see tables 1-2). Operators with sea
quarks in the initial state give rise to somewhat smaller cross sections, as expected from
the suppression of the corresponding PDFs. In order to account for the decay of the 7
lepton, and to realistically assess the sensitivity of the EIC, we simulated SMEFT events
in Pythia8, using the Delphes package to simulate the detector smearing effects (see
figures 4-8). We found the muonic reconstruction channel 7 — u, v, to be very promising,
since moderate cuts on the muon py and on the missing energy allow one to eliminate all
SM background without excessively suppressing the signal. The signal efficiency depends
strongly on the flavor of the SMEFT operators, since operators with heavy quarks in
the initial state give rise to distributions peaked at smaller pr, which are more affected
by the cuts to suppress the SM background. The efficiency is on the other hand rather

°For [Cra]sq /ds, if we include indirect bounds from kaon decays, they are superior to other low-energy
limits as also discussed in [104, 105].

10Recall we have written the dimensionful couplings for the dimension-six operators as ~ c/ v?, where
v = 246 GeV is the electroweak scale and C' are dimensionless SMEFT coefficients.
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insensitive to the Lorentz structure of the SMEFT operators. In the electron channel
T — ev.v;, the background from neutral and charged-current DIS is always very large. In
the hadronic channels 7 — X}, v, the naive cuts we imposed in section 5, where we vetoed
leptons with pr > 10 GeV and asked for two jets with ppr larger than 15 and 20 GeV, are
not sufficient to fully suppress the SM background. We however did not use additional
information on the jet that emerges from 7 decay, such as the presence of a secondary
vertex, the hadron multiplicity or the correlation with Kz, which could provide more
efficient ways to tag hadronic 7 events [63]. At v/S = 141 GeV and £ = 100 fb~!, the EIC
expected sensitivity for the dimensionless SMEFT coefficients reaches C' ~ O(10~3=2))
for light-quark four-fermion, dipole and Z-coupling operators. Bounds on heavy-quark
operators result in C' ~ O(10~(2~1), while it is more challenging to constrain LFV Yukawa
and electron-gluon operators as their cross sections are strongly suppressed.

To assess the discovery potential of the EIC in 7-e transitions, we have compared its
sensitivity to other probes of the same interactions, across a broad range of energy scales,
ranging from other collider processes to decays of 7 lepton and B meson. In section 2 we
have provided simple order of magnitude estimates, substantiated by a detailed analysis
in sections 6, 7, 8, and 9. We summarize our main findings below, starting with the LHC
and going down in energy.

The LHC can probe LFV by studying the decays of the Z and Higgs bosons and of
the top quark. In addition, if the scale of new physics is larger than a few TeV, the same
semileptonic four-fermion operators that induce CLFV DIS can be studied in high-invariant
mass Drell-Yan pp — erX. The bounds we obtain are discussed in section 6.1 and table 8.
While the LHC has a clear edge in measuring Higgs and top quark-flavor-changing
couplings, we found that the EIC could competitively probe Z couplings and four-fermion
interactions with light quarks, especially if the efficiency in the hadronic channel can be
improved with respect to our simple analysis. Four-fermion operators with two heavy
quarks are somewhat more suppressed in Drell-Yan compared to DIS, because of the
presence of two heavy quark PDFs. Here the EIC could have a larger impact, provided
analysis strategies are devised in order to improve the signal efficiency. When comparing
the EIC with the LHC, it is worth keeping in mind that the formalism of the SMEFT might
not be applicable at LHC energies. The two colliders could thus be probing complementary
regions in parameter space, and are both necessary to fully constrain CLFV.

We then carried out a comprehensive comparison of the EIC and LHC sensitivity
with current bounds from 7 and B decays, including the radiative decay 7 — e7y, purely
leptonic channels, 7 — ef™¢~, and semileptonic channels. The limits obtained under the
hypothesis that a single SMEFT operator is present at the new physics scale are shown
in figures 12-22. 7 — ey gives the most severe limits, at least a factor of 100 stronger
than those expected from the EIC, on dipole and Z-coupling operators. In the single
coupling analysis, quark-flavor-diagonal four-fermion operators with light quarks are very
well constrained by 7 — ertn~, 7 — en, 7 — en’ and 7 — ew. In particular, the
constraints from 7 — er ™7~ on operators with valence quarks are currently a factor of five
better than high-invariant mass Drell-Yan and a factor of fifty better than the EIC in the
muonic channel. In the case of heavy quarks, however, contributions to 7 decay only arise
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at the loop level, and the EIC sensitivity on these operators is very competitive with LHC
and low-energy observables. While the muonic reconstruction channel is rather clean, the
full potential of the EIC is better represented by the hadronic channel, whose BR is a factor
of 4 larger than the muonic channel. Assuming, optimistically, that all the SM background
can be suppressed without losing any signal event, we find that the EIC sensitivity to
four-fermion operators can exceed that of the current LHC and low-energy experiments. It
will therefore be very important to more thoroughly explore the hadronic reconstruction
channels and devise analysis strategies to maximize the signal/background ratio.

Due to the prominence of 7 — enrm in the single coupling analysis, it is rather easy to
weaken the low-energy bounds by turning on several operators at the matching scale. In
this paper we refrained from a global fit to CLFV observables, but explored the impact of
multiple operators in two scenarios, turning on two down-type vector operators with generic
quark flavors, left-handed leptons and left- or right-handed quarks, and turning on five
operators with left-handed leptons and couplings only to the light u, d and s quarks. In both
cases, low-energy observables are not sufficient to constrain all operator coefficients and free
directions appear. As illustrated in figure 23, collider experiments are crucial to close these
free directions and discovery windows arise for the EIC in these more general scenarios.

Our analysis applies to any new physics originating at energies higher than the
electroweak scale. In section 10 we have applied our framework to study three different
leptoquark scenarios, which yield more than one LFV operator at the matching scale.
Leptoquarks provide interesting extensions of the Standard Model motivated both by
model building and by several phenomenological puzzles. We improve upon the current
literature by including state-of-the art analyses of 7 decays, in particular semi-leptonic
modes. As expected from the single-operator analysis, most of the LFV leptoquark
couplings are constrained quite severely by the LHC, 7 and B decays. We find that after
inclusion of low-energy constraints the CLFV discovery potential at the EIC arises mostly
for LQ couplings involving the charm and beauty quarks (see figures 24 and 25). We leave
to future work a more comprehensive analysis of leptoquark models and their implications
for lepton flavor violation and beyond.

To fully explore the EIC potential to probe CLFV physics, our analysis needs to be
extended in several directions:

e The LO DIS cross sections for processes initiated by a strange or heavy quark are
affected by significant theoretical errors, as shown in tables 1 and 2. To reduce the
error, and to have a more robust assessment of the theory uncertainties, it is necessary
to consider NLO QCD corrections. These corrections for the SM DIS inclusive cross
section range from O(10%) for light flavor contributions to O(20 — 50%) for heavy
flavors, and we may expect similar corrections to SMEFT contributions.

e As shown in figures 12 to 22, improving the analysis in the hadronic channels ep —
7X — v; X, X, which has the largest branching ratio, could highly impact the EIC
reach. It will be important to take advantage of the distinctive features of the jets
emerging from the hadronic 7 decay in order to devise a robust and efficient 7 tagger,
to suppress the SM background without losing signal events.
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e One of the most promising directions for the EIC is to probe CLFV operators with
heavy ¢ and b quarks, whose effects are suppressed by one electroweak loop in 7 de-
cays and by two heavy quark PDFs at the LHC. However, the missing energy, lepton
and jet pr distributions induced by heavy-flavor operators are peaked at small pp,
and thus severely suppressed by the cuts imposed in section 5. It will be important
to explore whether tagging b and c jets allows to achieve the same background sup-
pression with looser pp cuts, thus boosting the efficiency for heavy flavor operators.
Higher-order perturbative QCD corrections and resummation may be particularly
important to predict accurately the dependence of cross sections with jet pr cuts.

e New data on 7, B and D meson decays at Belle II, LHCb and BESIII, combined with
increased luminosity at the LHC and, in the future, with data from the EIC, will help
paint a complete picture of CLFV in the 7 sector. To fully exploit this wealth of data,
a global analysis (beyond single-coupling) is highly desirable. In this context, the
inclusion of more observables will help eliminate flat directions that emerged already
in our discussion. For light quarks, additional constraints can be obtained by includ-
ing the decays 7 — e K"K, 7 — eKgKg and 7 — ennm, whose branching ratios are
bounded at the few x107% level. For flavor changing interactions, D — et could be
measured at BESIII and LHCb, while By — et will be in reach of LHCb and Belle II.
At colliders, heavy flavor tagging at the EIC (e.g. [112]) could provide unambiguous
probes of the operator flavor structure, while angular distributions in high-invariant
mass Drell-Yan and helicity fractions in top decays can pinpoint the Lorentz struc-
ture of the contributing operators. Because of the similar sensitivity, we expect that,
in case of observation, by correlating observables at low and high energy it will be
possible to remove degeneracies and clearly identify the dominant CLFV mechanism.
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as(myz) 0.118 go 0.65 g1 0.36
m,(2GeV) | 2167038 MeV | my(2GeV) | 4671013 MeV | my(2GeV) | 9371 MeV
me(me) | 1.27£0.02GeV | mp(my) | 4187005 GeV | my(my) | 162.575 L GeV

Table 19. Standard Model parameters used in the solution of the RGEs

A Renormalization group equations and their solutions

In this section we consider the renormalization group evolution of SMEFT operators be-
tween A and the electroweak scale, and then between the EW scale and the low-energy scale
1~ 2GeV. We focus in particular on the mixing of operators that cannot be probed at tree
level (at the EIC or low-energy) onto operator that can. Our analysis is mostly limited to
leading logarithmic accuracy, but it also includes important threshold corrections, such as
the contribution of CLFV Yukawa couplings to dipole operators. In section A.1 we discuss
the evolution from A to the electroweak scale in the SMEFT, adding threshold corrections
in section A.2, and, finally, in section A.3 we consider the evolution in the LEFT.

A.1 Running between A and the electroweak scale

The RGEs in the SMEFT can be found in refs. [27-29]. We report them here for complete-
ness, in a slightly different choice of basis. We work in a basis in which both the u and d
quark mass matrices are diagonal, and define the SM Yukawa coupling as

(A1)

The values of the masses, in the MS scheme, are given in table 19. The hypercharge
assignments are

quéy Yu = % Yd:_%’ mz—%, Ye = —1. (A.2)
The running of the SM couplings is given by
i = — (e~ Syn) O (A3)
i = — (2 dng) L) (A4)
uigl(u) = g (110 + gnc> (g( 1 ))) , (A.5)
Vi) = 2Vl (9%iG02 = 80200 = 0300 — 150800 ). (AS)

where N, = 3, Ty = 1/2, ny is the number of active quarks, ny = 6 above the EW scale,
and ng the number of fermion generations. The RGEs in (A.3)—(A.6) are not affected by
the dimension-six CLFV SMEFT operators we are considering.

We consider the QCD running of scalar and tensor operators. In addition, because of
the very strong low-energy limits on the CLFV dipole operator I'], we take into account
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(Chio)ren  (Chogw)ren  (Chiow)reee (Ciou)rece  (Creaq)som

re 6.5-107% —0.46 2.9-10° -2.0-1073 —

re 9.3-107° —0.07 42.1077  —2.9-.107* —
(C8 o) rece - 1.12 013 _
(C ) rece — —2.8-1073 0.96 —
(CLeag)rebd — — — 1.12
(Cea)... —0.57 0.07 —127 29 32
(Cod)-. —0.85 0.1 ~190 44 —47

Table 20. The Wilson coefficients of dipole, scalar and tensor operators at u = m; induced by a
nonzero top-, bottom- and charm-quark scalar and tensor operators through operator mixing. The
starting point of the running is taken at A = 1TeV. The threshold corrections to Cae and Cpa
are given in egs. (3.22), (3.23), (7.13a), (7.13b). We evaluate them at p = m; (m;) for the top
(bottom) quark while = 2 GeV for the charm quark.

the mixing of the Z dipole and of the tensor operators onto I'S. For the tensor operator,
the mixing is proportional to the SM Yukawa coupling and thus is most relevant in the
case of operators involving the top quark. The bounds on IS, are so stringent that they
also constrain the top component of Cge)Qu, which mixes onto the tensor operator C’S;)Qu
at one loop. We thus solve the RGEs

d e _ 69% 2 e 32 (3)

Togn (). = G (1 tan”0w) D)o+ g N Wi [Chcqu] o (A1)
d . 16 (3)

dlog p ke = (477)2NC(ZUL + Zun) Vi [CL@Q“} reii’ (A-8)

d s _(0)

_ (1) 1 > 2] A(3)
(A.9)
o, = EA0C, + — [—4(y +yu) (2ye =Yg+ )92+392}C(1)
dlogu LeQu A7 T ~LeQu 8(471')2 q U e q u)J1 2 [~ LeQu
(A.10)
d Qs (0)
legMCLedQ = 1,0 CLed@s (A.11)
where
0 = _6Cr, WO = 2, (A.12)
with Cp = 4/3. The solutions of these RGEs take the form,
fowe (1) = A CL(A), (A.13)

where Cjoy is a vector of the coefficients on the Lh.s. of egs. (A.7)—(A.11), evaluated at
i = my, and Cy; is the vector of coefficients at the scale A = 1TeV on the r.h.s. The
coefficients A;; that solve these equations are given in table 20.
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Considering now vector-like operators, four-quark operators involving heavy quarks
(1,3)
Ly

piece proportional to the quark Yukawas, and a gauge component

d 16N, 1
(2 + ) = { Yulis (~Crou + Cru);; = 5 Yalj; (=Cro.p + Cra);

run into the Z couplings ¢ and ce, via the first diagram in figure 1. The RGE has a

dlog i ( )2
1/(g
+§ <2Ciu> ((ZuLCLQ,U + ZURCL“)z‘Z‘ + (ZdLCLQ,D + ZdRCLd)jj) }’
(A.14)
d 16N, 5 1.
dlog ¢~ (47T) {2 Yulii (Ceu)ii — 5 [Yalj; (Ced) 5

o (IYal2 = Vi Y2 Vi) (Caol
2
45 (22) (sun Cods + 200 (Cutdyy ~ 25052 (Can)) | (A15)
Cw
where V;; denotes elements of the CKM matrix. We use ¢ to denote u-type indices, ¢ €
{u,c,t} and j, k to denote d-type indices, j, k € {d, s,b}, and a sum over repeated indices
is understood in egs. (A.14) and (A.15).
The penguin contributions to the semileptonic four-fermion operators are

d 4
(Crou)u = ch (491) {yq(CLQ 0)ii + ¥a(CLq.p)jj + Yayu(Cru)ii

dlog p
2
g
+¥qya(Cra)jj + é (Cro.u)ii — (CrLq,n)jj) } (A.16)
d 4 91
dlogu(CLQ’D)kk = ch (a2 yq(CLQ Ui + yq(CLQ D)jj + YaYu(Cru)ii
2
+vqYa(CLa)jj — @ (Crou)ii — (CLq,pn)jj) } (A.17)
d 4 g%
legM(CLu)ll = 3NCW{Yqu((CLQ,U)ii + (CLo,n)jj5)
+Y3(CLu)z‘z‘ + Yqu(CLd)jj} (A.18)
d 4 g?
7dloglu(CLd)kk = 3N (47:)2 {Ydyol (Crov)ii + (CrLo,n)jj)
+yayu(Cru)ii + ¥4 (Cra) j; } (A.19)
d 4 9% 2
leg,u(Ceu)ll = g c (471')2 Yu(Ceu)ii + yUYd(Ced)jj + 2YUYq(CQe)jj (AQO)
d 4 g% 9
dlogu(ced)kk = chW YaYu(Ceuw)ii + ¥a(Ced)jj + 2ayq(CQe)yj (A.21)
4 ¢ _ 4y, ot Cow)ii + Coa).: +2y2 (C A.22
dlog,u( Qe)kk = g 6(471') YqYu( eu)iz‘ Yqu( ed)jj yq( Qe)jj , ( . )

where, as before, summation over u and d-type flavor indices ¢ and j on the r.h.s. of
egs. (A.16)-(A.22) is understood.
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Crou)e  (Cru)e  (Cew)tt | (Crop)ee  (Cra)w  (Cea)op  (Cge)vw
1 3
P 102 106 — ~10 1.9 - _
Cep — — 106 — — 1.9 —112
(CLQ,U)CC (CLu)cc (Ceu)cc
1 3
)+ 8.5 ~39 —
Cep - - 3.9
Crouv)u (Cruu (Ceu | (Cro.p)ex  (Cra)ek (Ced)it  (Cge)rk
(CLQ,U)ii —4.9 —0.65 — 4.5 0.34 — —
(Cre.n);; 45 —0.69 - —4.9 0.34 - —
(Cr),, —0.67 o7 . —0.67 1.3 - .
(Cra)y; 0.34 1.3 — 0.34 —0.67 — —
(Ceu>ii — — —2.7 — — 1.3 -1.3
(Cea) — — 1.3 - - —0.67 0.67
(Cqe)j; — — —0.67 — — 0.34 —0.34
(Cri)yep | —21 1.0 — 2.6 05 — -
(Cot)oe | AT - 47 - - -
(CLL) o | 26 1.0 - —21 —05 - -
(Cee).,—egg 7 - 2.0 — - —1.0 1.0
(CLe)rore 1.0 4.0 — 1.0 —2.0 - —
(Cre)gere — — 2.0 - - ~1.0 1.0

Table 21. The Wilson coefficients at p = m; induced by nonzero top-, bottom- and charm-quark
operators at the scale A = 1TeV, in units of 1073. The indices 7, [ and j, k denote, respectively, u-
and d-type flavor indices, and we consider mixing onto operators of different flavor, i # [, j # k.

In addition to the penguin diagrams, there are also current-current contributions shown
in the last three diagrams in figure 1. Neglecting again the operator self-renormalization,

we have [28]:

d
dlog i
d
dlog i
d
dlog i
d
dlog i
d
dlog
d
dlog i

Cr

Cr

CLu

QU =

Q?D -

Crq =

eu

Coe =

2

—— VekmYi Cra YdVéKM,

(47)
2

— = VY Cru Yo Vernn

(4r)?
2

T
—WYuVCKM Crq,p VexmYu

2

- deérKM CLQ7 vVermYds

(4r)?
4

—— YuVoxkMm CQGVC]}LKMYH’

(47)?
2

— VY Cew YuVeraur-

(47)?

(A.23)
(A.24)
(A.25)
(A.26)
(A.27)

(A.28)

Because of the CKM and Yukawa factors, these RGE always induce negligible effects.
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The penguin diagrams also induce the following leptonic operators that contribute to
T — epp and 7 — 3e [28, 29]. The RGEs for the left-handed operator Cpr, are

d 1. g
= —*Nc - Teit Tejj A2
legM(CLL)TW 5 (47T)2( (CLQ.u)reii + (CL@.D)rejj) (A.29)
2 g

+3Ne (4n)? {YIYq (CrLu)reii + (CLg,n)rejs)

+y17u(Cru)reii + YIYd(CLd)Tejj}

d 1. 9
= =N, - Teil Tejj A.
dlogM(CLL)TWe 3 (47r)2( (Cro,u)reii + (CL,p)rejj) (A.30)
) = AN ((Crgu)eeis + (Crop)ress) (As1)
leg,U, LL)reee — 6 C(47T)2 LQ,U )reii LQ,D)rejj .
2. g
+§Ncw V1¥q ((CLQu)reii + (CL@,D)rejs)

+317u(Cru)reii + YIYd(CLd)Tejj}

The RGEs for the ¢¢Te and feT¢ components are the same as eqs. (A.29)-(A.31).

d 2 g%

T ee :*Nci 2 e e)tejg eYulVeu)reir e ed)tejj ( A.32
o (Coc)rets = 3Neriis { 2vevalClac)rss + ¥e(Condres + ¥eva(Cesdress (432

and again the £¢Te component has the same RGE. Finally, the LR operator

d 4 g%
T = =N.——514¥e Teil Tejj
T 1 = Ve {veva (Cru)ees + (Cra)res)
+YBYu(CLu)Teii + YeYd(CLd)Tejj}a (A33)
d 4 g3
dlog i (CLe) ppre = §N07(4ﬂ_)2 2y1Yq(Cqe)rejj + Y1yu(Ceu)reii + Y1¥d(Ced)rejj ¢ (A.34)

The solutions of the RGEs in eqs. (A.14)—(A.34) take the form eq. (A.13), and the solution
coefficients are given in table 21.
A.2 Dipole contributions induced by the LFV Yukawa interaction

The 7—e LFV Yukawa coupling contributes to 7 — ey through one- and two-loop diagrams.
For the one-loop diagram, the expression is given by [70]

2
_ UMz ! mh 4
[F’ey} er - 167’r2m}2l (}/;)67' (1/6)7"7' <1Og mig - 3> ’ (A35)
2
e]™ _ VMt (NN iy my 4
[F7:| Te B 167['2771% (Y;)Te (Y; )TT <10g m% 3> ) (A36)

with the Higgs mass mj = 125 GeV.
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The two-loop contribution consists of several diagrams, known as Barr-Zee dia-
grams [113, 114], where not only top quark but also W boson runs in the loop. They
are given by

[Fi] er ML (YZ)@T {Qt {Re (Yu)tt f(@n) + i Im (Yu)tt 9(xn)}

87'('3 my

1
e (2rp + 2r) (2, + 2t5)

X {Re (Ya)y FH(xth, xz) + i Im (V) FA(mth, xtz)}

em / 1
~ 520 D)er [j%(mh) — 5g2 (. + Zm) Jv%(mh)], (A.37)
f NQieom . |
[F'ey] Te - g;?ﬂlf; (}/;)Te |:Qt {Re (Yu)tt f(xth) —iIm (Yu)tt g(fEth)}

- m (ZTL + ZTR) (ZtL + ZtR)

X {Re (Yu)s FH(ﬂftiu Tiz) — i Im (Yy)y FA(Cﬂth, l“tz)}

_ ;;e; (l/e/);k—e |:s7[;[y/(mh) 212 (ZTL + ZTR) jW(mh):| (ASS)

where z;; = mf/m?, and the Z couplings zy, and zy, are given in eq. (3.10). The loop

functions are given by

I ()
/dy - _x1n<y(1x_y)>, (A.40)
Fa(a,) =~ [ag(b) — bg(a)], (A41)
Fu(a,8) = — [af(6) — bf (@) (A.42)

2m? 1 m? m? m?

\4 w Vv Vv h

W |- _ v 1— h

T (mn) mj, _m%/{ 4 {( m%v) ! ( 2m%v> miy
I

X (Il (mw, mh) —

1 m2 1 m? m?
(6- g )+ 3 (1- k) 2t
4 2myy, 4 2myy ) myy

1(mw,my))

X (Ia(mw,mp) — Iz(mw,mv))], (A.43)
m2 , (ml

Il(ml,mQ) = — 272]0 —5 | (A44)
mi my
m3 (m]

IQ(ml, m2) — 272 —5 (A45)
mi my
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Iy (YY) e
re —2.0-1072 2.7-1077
(Cga).. — —2.59
(Caé)re o 0
Cohrs e | — ~1.94,
Crhn — 7.0-107% Q,Y,

Table 22. The Wilson coefficients of dipole, gluonic, scalar, and tensor operators at p = 2 GeV
induced by a Z dipole or a CLFV Yukawa through operator mixing. The Yukawa contribution
to IS, does not include the numerically larger effects from top quarks and weak bosons, given in
eq. (A.46). g denotes a light quark, ¢ € {u, d, s}, and the quark Yukawa couplings Yj is evaluated
at the scale p.

In egs. (A.37) and (A.38) we consider only the top quark. At leading log, the contributions
of b and ¢ quarks are accounted for by first matching onto LEFT scalar operators, C§hi and
C’g%R, which then run into tensor and dipole operators, as discussed in the next section.
These contributions are shown in table 22 and are negligible. Using the couplings and
masses of SM particles in eqs. (A.35)-(A.38), we obtain

1-1
] eT/j:p =—92x1075(Y)),, .. (A.46)
e 2—loop _
0] e = TOAXAOT (YY) (A.47)

One- and two-loop contributions are thus of similar size.

A.3 Running below the electroweak scale

The RGEs below the electroweak scale are listed in ref. [83]. For the QCD and QED
couplings, the one-loop running is given by

) =~z |3 Ve 3 (n+ )] (00" (A45)
pge) = 37y (7@ +naNQh mNQE) () ()

where n,,ng and n. are the number of active up-, down-type quarks and charged leptons.
For example, up to my scale, n, = 2,n4 = 3 and n. = 3.
The anomalous dimension of the dipole, scalar and tensor operators are

d e 1 [ e €
'UJ@ (F’Y>7_e =+ (47T)2 10@362 (F’Y>Te — 32Nc Z Qq (}/q)ww (CT%R)TG’LU’LU:l ’ (A5O)
- q
d eq L Te2(02 1 02 2 2 A
h g Cohn =~y (66 (Q2 +Q2) +642Cr ) Clfp + 96¢2QeQq Cihy |, (A51)
d _eq 1 2
N@CTRR = +(47T)2 ( (Qe +Q ) +292C ) CThr — 26°QeQqCghip |, (A.52)
d € 6 [ €
“@CSqRL = T anp? e? (Qg + Qz) + 92Cr | Céhys (A.53)
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where, in the last three lines, we have omitted the quark and lepton flavor indices Test
or erst. q here denotes both u and d-type quark, ¢ € {u,d}, while w € {u,c} for u-type
operators and w € {d, s,b} for d-type operators. A summation over repeated flavor indices
is understood. We integrate out the bottom quark at the scale y = my, while the charm
quark at the scale p = 2GeV. The solutions of the RGEs for '}, and (Y/),. are given in
table 22.

Purely leptonic operators at low-energy are induced by photon penguin diagrams. The
RGEs for the left-handed leptonic operators are

d ce 62 e e ee ee
M@ (CVLL)Teu,u = WQG [Nc Z Qq (CVqLL + CVqLR) + Qe (4CVLL + CVLR)

TEWW

( ) Q2 (CYLL) repup (A.54)
d

e (e = 375 )QQe o3 Qn (O + Cif) + Qe (1088 + i)

TEWW

(4 ) Q2 (CVLL) rppe (A.55)

d ee [ ee ee
M@ (CVLL) rece = 3( 2 Qe [N Z Qq (CVi1, + Cyir) + Qe (4CVLL + CVir)

TEWW

(4 ) 2Q2 ( VLL)Teee ) (A56)

while those for right-handed operators are

d Qe
M@ (C\e/eRR)Te,LL,u = ( ) 2Q2( VRR)’TE}LM Q { lN ZQ‘] VLR + Qe VLR‘|

wWwTeE

Ne ZQ(I CVkr +4Qe VRR‘| } (A.57)

TEWW

d e
o (CVRR) rpipe = ( ) Q2 (CYRR) ryupe + 36(4% { [N > Qq VLR+Q€CVLR‘|

wWwWTE

Ne ZQQ VRR+4QEC\6}8RR] } (A.58)

TEWW

d 2 e
H i (CVRR ) rece :( ) Q2 ( VRR)WWJF - Q {[ ZQQ ViR T Qe VLR]

wwTe

Ne ZQQ Vir +4Qe VRR‘| } (A.59)

TEWW

The RGEs for LR operators are given by

d ee € ee
S (CVLR)rete = 3(4 ) Qe [N ZQq (CYir + C¥ir) + Qe (4CVLL + CViR)

Teww

e* Q2 (CYLR) rens » (A.60)

( )
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d 4 2Q.
,U,@ (C\C/ELR>€€7-3 = ( ) QQQ( VLR)llTe + ° Q { [ ZQQ LR + VLR

wwTeE

Ne Z QqCykr + 4C\e/eRR] } (A.61)

TEww

Finally, the anomalous dimensions of the semileptonic operators are

d . 4,
,U,@ (CVqLL)Test = 3(47‘(‘)26 Qqést

Ne ZQq (C{B/LL + C:?LR) + Qe (401 CVLR)]
q Teww

12
dmr)?

4 'e ee
F €*Qqlst ( [Nc Y QuCiig + QC¥ir
q/

ZQqu ( VLL)Test ) (A.62)

/—\

d e
,u@ (CVqRR)Test = 3(

(A.63)

wwTe

" 19
+ [ NVe ZQq CVRR +4Q. VRR] > + (ar)? e QeQu (CYRR) rest -

TEeww

d | e 4
M@ (CVqLR)Test = 3(47T)2€ Qqdst

[N Z Qq ( viL T C\e/qLR> + Qe (4Cv1L, + CVLR)]

Teww

12 .
T (4n)2 €*QeQq (CVLR) rest - (A.64)
d ae 4 2 q'e ee
l‘@ (CYLR) stre = 3(4@28 Qqst| | Ne Y QyCiin + QeCiir (A.65)
q wwTe

|:N Z Qq R + 4Qe VRR:| ) ( ) 2Q€Qq ( VLR)stTe ’
We give the solution of the RGEs in eqgs. (A.54)—(A.66) in tables 23 and 24.

B Partonic cross sections for CLFV processes

B.1 DIS

Here we complete the collection of expressions for the partonic cross sections, as defined in
eq. (4.47), induced by the CLFV SMEFT operators, some of which we gave in section 4.2.
The prefactors Fz, Fgip, Fg and Fg are defined in egs. (4.48), (4.50), (4.54) and (4.57).

Vertex corrections and vector-axial four-fermion operators. In eq. (4.49) we gave
the u-type quark contributions to the partonic cross sections for the Z coupling and vector-
axial four-fermion operators. Here we give corresponding results for @, d, d-type quark and
antiquark contributions.
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(Crov)u  (Crw)u (Crop)w (Cra)m (Cew)tt (Cea)op (Cge)vp
cee | =39 35 3.0 30 |Cen | —19 3.0 18
ced 46 —44 -1.5 -15 | C¢hg | 95 -1.5 -9
C¥in 15 —19 3.0 3.0 C¥ir 35 3.0 —35
ced. | -75 9.5 ~15 15 | Cde | —44 —15 44
(Crou)ee  (Cru)ee )+l (Ce)ee  Cey
ce | —6.8 —6.8 342 cetn | —68  —158
cel 3.4 3.4 —421 Cekn | 34 79
cern | —6.8 —6.8 —158 cue . | —6.8 342
celn 3.4 3.4 79 cn 3.4 —421
Table 23. The Wilson coefficients (in units of 1073) at u = 2GeV induced by nonzero top-,

bottom- and charm-quark vector-like operators at the scale A = 1TeV, and by Z CLFV vector and
axial couplings. The u-type operators have flavor indices wu, while the d-type dd or ss.

(Crou)ie  (Cru)e  (Croplew  (Cra)w (Co)tt (Cod)ey  (Coe)b
[C 1] e 15 ~13 ~2.1 21 | [C%R) e 14 —21 ~13
[CVLLlre 4 -6 2.5 =13 | [CVRRlre 8 —L5 —6
[C\E/CLL]TH pe 11 =7 —4.6 —0.8 [C{Z/CRRL.H ue 6 —0.6 -7
[C’\C}ELR]Te o0 —22.5 28 —4.5 —4.5 [C’\‘}CLR}“ re —25 —4.5 27
(CLQ,U)(;C (CLu)cc C(Ll; + C(Li), (Ceu)(;c Cegp
[CHiL) e co 4.8 4.8 —132 [ VRRL—eee 4.6 118
[C¢ii) e | —09 2.8 —66 Cfan e, | 33 59
[CVLL T pe 5.7 19 —66 [ VRRL’/J, pe 1.3 59
(CYLR]re e 10 10 237 [CYLRI et e 10 —263
Table 24. The Wilson coefficients of purely leptonic operators (in units of 1073) at u = 2GeV

= 1TeV,
and by Z CLFV vector and axial couplings. Note that [C¢] [ leere,[C¥T L] upre and [C$7 1] pery are
also generated with the same contributions as the operators listed above.

induced by nonzero top-, bottom- and charm-quark vector-like operators at the scale A

For u antiquarks:

2 2
AU (O RIC)) N N
67 = Fz(1 —vy) { [ch + CLLP} Zup + Pz {CLQ’U]TWM + 27; Pz [CLQ’ULeuiuj }
JF1

A ) ) 2 A 2
ORL = FZ(l - y) ’[CGQOL—@ Zug T Pz [Ceu]reuiui + Z ‘pZ [Ceu]ﬂfuiuj

J#i
il 1 3 . 2 R 2
U%L - FZ{ ’ |:C(L<; + C%;} re Zup + Pz [CLU:ITS’U,Z‘U»L' + Z ‘pZ [CLu]TeuiuJ' }

J#i

2 2
Gip = Fz{ ’[Cego]Te zup, + 02 [CQelrouu,| + > ‘pz [C’Qe]muiuj }, (B.1)
J#
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where pz = (m% +Q?)/m%, u; = {u, c}, and [CQe]ujui includes factors of the CKM matrix

as in eq. (3.17).
For d type quarks, the partonic cross sections are
2 }

d;
O'LL—F{

2—'_Z

J#i

Pz {CLQ, D}

it el 752 (Cron] L,

~d; 5 ? o i
Opr = Iz ‘[C&P]Te I [Ced]TEdidi‘ + Z ‘PZ [Ced]mdjdi
i

) 2 2
a-LlR = FZ(l - y)2{ ‘ [C(Ll; + Cfc;} Te “dp + ﬁZ I:CLd]Tedidi’ + Z ’ﬁZ [CLd]’Tedjdi }
J#i

~d; 2 R 2 R 2
ORL = Fz(1—y) ‘[Cew]m Zd;, t+ Pz [CQG]Tedidi‘ + Z ‘pZ [CQe]Tedjdi‘ ) (B.2)
J#i

while for d antiquarks they are:

2+Z

J#i

Pz [CLQ,D]

{c% + csi)j} st Pz {CLQ’ D}

Ted;d;

adi N2
orr = Fz(1-y) { red;d,

~d; 2 ~ 2 N 2
ORL = FZ(l - y) ‘[C&P]Te ZdR + Pz [Ced]‘redidi’ + : : ‘pZ [CEd]Tedidj
i

o F{ [+, v 5 o+ s O, }
JF

’ } (B.3)

URR - FZ{ ‘[C&P]‘re Zdy, + pZ [CQe Ted;d; ‘ + Z "OZ CQe]Ted d;
J#i

where d; = {d, s, b}.

Dipole operators. For dipole operators, the u-type quark contributions were given in
eq. (4.51). The u quark contribution is obtained by the replacement,

Grr < Ohi, (B-4)

while the down-type contribution is obtained by eq. (4.52). The e component, meanwhile,
where the electron is left-handed, is given by:

2 2
i1 = Faplt =) |[15]_ @t 3 s
2 2
a.%R = Fdip(l - y) {Fe} QU CQ 32 (QQ?_mQZ) [FEZ]eT ’
Orr = Orr =0 (B.5)

The antiquark and d type components are obtained as before.
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Higgs, scalar and tensor four-fermion operators. The u-type quark partonic cross
sections induced by the Te component of Yukawa, scalar and tensor operators were given
in eq. (4.55), while the u-type antiquark contributions are given by:

A7 A7
o1, =0rr=0,

6'?%1 - FS@/Q{ '{Cl('fle)Q“} Teu;u; -4 ( - 2) {Cf;)QU} retit ! 2i [Y;L—e W

2
+3|[Chou] oy, T4 (1 B z) Chetn] 0, }

J#i
2
- Y. v?
~ Y — 2 1
i = For? [ Vil o o (B.6)
For down-type quarks, there is no tensor operator and the incoming d is left-handed
~d ~d ~d ~d
0Ly = 0Lr =01, = 0r =0,
2

. Ya v? 2
~di 2 d; /
9RL = Fsy { |[CL€dQ} Ted;d; B 2 [ €]T€ m%{ -+ Q2 + ]Z;é:z [CLEdQ} Ted;d; }

2

. Yy v?
~di 2 d; /
URR - Fsy 9 [}/C}Te m%{ +Q2 9

2

7 Y. v? 2
/\dl _ 2 dz /
9RR = Fsy { |[CL€dQ} Ted;d; B 2 [Ytg]Te m%[ + Q2 + ; [CLEdQ} Ted;d; }

2

7 Yy v?
~d; _ 2 dz !/
Orr = Fsy |5 Vel w2+ Q2 (B.7)

For et operators, the results are the same, but the electron is left-handed.

B.2 The squared amplitude of gg — e*7T at the LHC

The top component of scalar operator [Cge)Qu]eTtt contributes to the pp — er cross section

+7F. Since in the analysis of ref. [42] me,

at one loop, via the partonic process gg — €
ranges from about my to me, > 2my, it is here necessary to use the full one-loop results
rather than the heavy top quark mass expansion in egs. (3.22) and (3.23). With a slight
abuse of notation, we denote the squared amplitude of gg — e*77T, averaged over gluon

polarizations and colors, by

MP = 2% (1Caal +1Cacls +|Cal +]C 2P B
MP = Garzgs \[Ceolze +ICaoli: +|Coal, +[Cedl,. ) (B3
where s = m2_ and the functions [Cgalre Jer and [C5lre/er are defined, for s > 4m?, as
Coc) _mgw (4m? — 5)In? 1/3(3—4m%)+2m?—8+48 {0(1) ] (B.9)
GGlrefer = T 53 t 2m2 LeQulrett/ertt’ V-
(O Aoy = 10 V(5 = ) + 2 — s [c,.] (B.10)
GGlre/er = 2s Qm% LeQu Tett/eTtt ) ’
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The dependence of Cge and C 5 on s/ (2my)? is the same as for gluon fusion into a scalar
or pseudoscalar Higgs, see for example ref. [115].

C Conversion to a non-chiral basis of low-energy operators

Here we make contact with the basis used in ref. [34], which employs non-chiral quark
billinears with good parity quantum number, more convenient for the analysis of hadronic
7 decays. For dipole operators one has

2 A2

e Cpr, =
[ Jres DL = 5

CDR = (& [Fe]er . (Cl)

2um

The vector/axial couplings to the u quark are given by

A2 A2

CyL = el (CVir + CVIL) CiL = el (CYVir — CVIL) 5 (C.2)
A2 A2

Cyr = (CVRR CViR) Cir = (CVRR CViRr) - (C.3)

The matching for down—type operators is simply obtamed by replacing u — d.
For scalar and tensor operators, the conversion is

V2A% V2A%

Sk = Stirl; PR = : 4
Csr — [CSkr, + CSER)re » Cpr = r— [CSk1, — CSkrlr. (C.4)
U \fAQ eu u \[AQ
CSL - m,my [CSRR + CSRL]eq— 3 CPL = W [CSRR CSRL]eT R (CE))

and u — d yields the results for the d quark. At tree-level, the tensor operator is

. 2V2A2 L 2V202 .
Cry, = P (CTRR) er » Crr = - (CTRR)7e - (C.6)

u'lbr My My
D Compendium of Decay rates

D.1 7 decay rates

Below we report the expressions for LE'V 7-decay rates. Most of these results are taken from
the existing literature. We devote separate subsections to original results on 7 — eKm, the
tensor operator contribution to 7 — e, and 7 — e K TK ™.

o T — ey [34]

P e = "2 [|(r) |4

(rs),°) ®-

Besides, contributions from nonzero tensor semileptonic operators are given by

(T)er — (0)er — 4 <c + \/§> ZHVZ(O) (D.2)
)5 = @7~ @+ 55 ) T (D3)

The expressions of c3g and ¢35 in terms of the tensor semileptonic couplings and the
non-perturbative parameter IIy7(0) are given in section D.1.2.
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- 200.3 x 101 s [57] em 1/137.036 [57]

Gp | 1.166 x 1075 GeV=2 [57] | m. 1.78 GeV [57]

Mo 134.98 MeV [57] mpe | 139.57 MeV [57]
My 547.862 MoV [57] my | 957.78 MeV [57]
fr 130.2 MeV [116] BZ"(0) 0.195 [87]

a 0.11 GeV [34] s —0.11 GeV [34]
h 0.001 GeV? [34] h: | —0.055 GeV? [34]
fg/ 0.087 GeV [34] T 0.135 GeV [34]
n, 0.001 GeV? [34] h, 0.068 GeV? [34]
a, 0.022 GeV? [34] Qyyr 0.056 GeV? [34]
fx 155.7 MeV [116] M Ko 497.611 MeV [57]

Table 25. Input parameters for 7 decays.

e T 3¢ [117]
r 36) — a2 ,ms 2 2 . mr 1 x
(7= 3¢) = 48mv2 ‘( 7)er ( 7) ‘ 08 me) + Xy
mdG2
-+ 15367{2 |: ’(CSRR)eTee‘ + 16 |( VLL)TEG@’ + 8 ’( VLR)T666

|(CSRR)T66€‘ +16|( VRR)7'666| +8|( VLR)eeTe|2]

where X, is the interference term with the dipole operator

X, = - ﬂaem m?—GF Re
3(4m)2 vm,

+ (Fg) {(CYLR)Fece T 2 (CVLL) rece ) ]

<F§> {(CVLR)cere + 2 (CVRR ) 7ece }

‘ 2

(D.4)

(D.5)

Notice that in eq. (D.4) we use a single symbol to denote the contributions of both

the Teee and eete components of LEFT operators, for example
(CYVLL) rece = (CVLL)rece + (CVLL)eere -
o T—eptp [118]
r (T — e,u+,u,_)

Xmax Ymax
=[x [ ay
min Ymin

[ (S + €S o — 2 2 —om2y?)

64m3m3

+ i {’(C\eIELR) ‘2 ‘(CVLR)
64m3m3 Tep ppTe
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2
- 16%7’;%.1)2 {‘(P’i)T@ 2 + ‘(F’ey)eT 2}

() (et o) L (2 ) ]

2Y

where the interference term is expressed by

X = - 1(;:;1@3 [Re {(C%L)Tew (Fi); +(CVrr)repn (F’e*)ef}

x (Ti% (x —2m2) + nj‘)

+ Re {(C\B/GLR)TeW (Fi); + (CVLR) pyre (Fg)m}
x (niz (Z - 2mi) + nj‘) ] (D.7)

As for T — eee, in eq. (D.6) we use a single symbol to denote the sum of equivalent
contributions, for example

(C\e/'eLL)Teuu = (C's/eLL)Te,u,u + (C\e/'eLL)u;m—e + (C\e/'eLL)T,uue + (C\e/eLL),ueT,u ’

with the coefficients on the right hand side given in table 24. The parameters, X,Y

and Z, denote invariant masses m?j as

X = m%Q = (pe +pp,_)2 ) (DS)
2

Y = m%S = (p,uf +pp+> ’ (Dg)

Z=mis=m2+2m - X -Y, (D.10)

which are kinematically limited by

(me +m,)? < X < (m,; —my)?, (D.11)
2 1 112
Ymin,max = (Euf + E'qu) - |: (Ei_ — mi) ? + (Ei+ — mi) ? :l s (D12)
with
X —m?+m? m2 —m2 - X
E _ = c L =TI F D.13
K 2m12 ’ wt 2m12 ( )

r(7+_>e+M):m§<1—7:j‘24>2G2Ff§4“ALM]2+]A%\2}, (D.14)
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where fjs is the decay constant. AJL‘/{ R is expressed by

P=(C%e —C%n) —(C%e - CL)
(cstn—csti) -~ (Cstn—cs) | @19
A5 = (Ctin),,,, ~ (W), = |(CFin) (B,

2 (e —CéﬁL) o — (Cghn — CS8e) 6dd], (D.16)

TEeuUU

mﬂ'
_|_ L —
mr (my + mg)

for 7+ — et 70,

( VLR — VLL)Teds
edx edx

T o £ (md ) (CSRR - CSRL>eTsd —(d<s), (D.17)

( VLR) (C\e/dRR)Teds
mi

o ey (Gl = Cshe) | —(@ o), (DI3)

for 7+ — eT K.
o 7 —en) [34]
m3 m% 2
2

V2a

G%[< . <|OGG’7-6+|CGG|@7—) + AL + AL
msv

with
n q q h% q q
— q € _ e I eqk B eqx
Al = qzu:d I (CVLR CVLL)Teqq + e (e + 1) (CSRR CSRL)equ]
V2| £ (CVLR VLL>TESS+ S — (C§?§h —C§§£*L)msl, (D.20)
ha
Al = 1
q= ud

S

f ( VLR) o (CVRR)TESS}“‘ 2737 S(CSRR CSRL)TGSJ' (D.21)

{ (C{I/GLR> qare (C\e/qRR) reaq } + WW—I—W (CSRR CSRL) Teqq]
{

Here, f1*, hl* and a, denote decay constants. The BR for 7 — en’ can be expressed
by the replacement of n — 7/’.
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o T—emtm [34]

b _ (s — 4m2)"? (m2 — 5)°

ds 1536m3m,.s>/2
6
x [W&G% (1QLP +@5f?) — 4 (4m2 = s) |Fy (5)”
2
{ﬂ;mH (IALI + [AR] ) +V2sGp (Br, + Bg) H (D.22)

Q7.r» AL r and By g are combinations of Wilson coefficients and form factors, and
are given in egs. (7.19a)—(7.21b).

All the related input parameters are listed in table 25.

D.1.1 7 — ew K modes

We provide below a detailed expression for the decay rate in the channel 7= — e"n " K,
mediated by operators with structure eI’ sI'd. The decay 7~ — e~ 7~ K has a completely
analogous expression, in terms of the Wilson Coefficients of the operators eI'r dI's. Similar
considerations apply to the decay of 7+. Finally, note that while the PDG does not provide
a bound on the mode 7= — e 7K?, its theoretical prediction is related 7 — exT K~ by
isospin symmetry,

_ 1
(1 — er’K%) = §F(T —ertK™). (D.23)
To obtain an expression for I'(7 — ent K ~) we note that isospin symmetry gives
(r~ K|5T|0) = (K~ |s1'd|0), (D.24)

which in turn implies that for our LFV decay we can use the form factors ffj{(s) and
BE™(s) (s = (pk + px)?) appearing in the decay 7= — v, K

(K (pr)m (pr)|57"ul0) = (i — )" f17 () + (pxc + pr) fE7(5),
M2 — M2 g

(K (p ) (pr)|5ul0) = m 0" (),
(KOs (pe) 50 ul0) = ZKPE_PRPE picn(q) (D.25)
K
where V2 2
77 (s) = P (ffen(s) — 17 (s)). (D.26)

Moreover, in the limit m, — 0 the LFV decay rate I'(r — ertK~) can be read off the
expressions for I'(7 — v,7~ K°) given in ref. [119]. In terms of the effective couplings

V= {CVLL} eTsd [CVLR} eTsd [CVLR} sdre {CVRR} ersd (D27)
cA = [CVLL} red [CVLR} dre + [C\GZC%{R} red [C%R] rad’ (D.28)
€5 = {CSRR} ersd {CSRL] erTsd + [ngR%} Teds + [ngRE} reds’ (D29)
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cr=—i{[Cshn]__+[oshe]  -[ogh]  -[osk] .} @30
err = 2|Cihr| o (D.31)
orp = Q[C%QR} o (D.32)
we find
dr - A (s)(m2 — )2 (MF — M2)?
ds (r = e K™) = G = 512ﬂ3st3K
9 2 )2
< Jer{wer a2 (e + o)
+1S(s))* + IP(S)Iﬂ, (D.33)
where A\ (s) = A(s, M2, M%), X(a,b,c) = a® + b + ¢® — 2(ab + ac + be),
B (mz +28)A\rk (s)
and
V(s) = f{(s)ev = Ti(s),  Als) = fL7(s)ea +T-(s),
S(s) = fo™(s) (CV + mT(mj—mu)Cs>’
P(s) = 17 (02 = iy )
Ti(s) = —ro " (e o or) BE™(9) (D.35)

m2 +2s mg

Finally, for the vector and scalar form factors f15(s)/f£F(0) we use the numerical

results from ref. [120] and for the normalization we use the lattice QCD input f£7(0) =

&7(0) = 0.970(3) [116]. For the tensor form factor BEX™(s) we use the elastic unitarity
relation (accurate in the dominant region of phase space) [87, 119]

K
BE™(s) = B%ﬂ((gf x fE7(s) (D.36)

with the lattice QCD input BE™(0) = 0.686(25) [121].

D.1.2 Tensor operator contribution to 7 — e~y

In order to derive the tensor operator contribution to 7 — ey, we write the relevant part
of the low-scale effective Lagrangian as follows

4G
V2
oA JEM (D.37)

LD -

éLO"uVTR QO'M,, [C()I + c3 T3 + cg TS] q + {L <~ R, €0,3,8 — 50,3,8}
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Here ¢ = (u,d, S)T, the electromagnetic current is given by

1
M = G, [TS + Tﬂ q, (D.38)

V3

and the matrices T* are SU(3) flavor generators. The tensor couplings are given by

“= é GCﬁ{R} eruu T [C%%R] erdd | [C%dRR} eTss> (D-39)

s = [Cfw],, — [Chn]_,, (D.40)

o = = ([Cit],, + [Cha]_,, ~2[Ctha] ) (D.41)
and

o = 3 ([ofl.,, + [Cita],+ [citl] ) (0.2

oo = [Citw|  —[Ctha] (D.43)

Gy = \}g ([C%%R] TW + [Cfhe] ;dd —2|Che] T) . (D.44)

The S-matrix element for the process 7(p;) — e(pe)y(q) is obtained in second-order
perturbation theory, by simultaneously inserting the tensor and electromagnetic interaction
from (D.37)

g 2 4eGF

/2 ur(pe)o ur(pr) / dby v (atpe=pr)
: / Al et <T(Jf (@) 1) [Co] +e3 T+ cs TS} Q(O))> . (D.45)

The non-perturbative hadronic contribution to the amplitude is contained in the correlation
function of the vector and tensor densities

Vi(z) = q(@)y,T(x) T (x) = 4(z)oTq(x) - (D.46)
Using the decomposition
/ d'z (T (VE(2) T5,(0))) = =i6" Tyr(a®) (Guoty — Guot) (D.47)

and the definition of the amplitude S = i(27)*6*(p, — pe — q) A, one arrives at'!

A = [ieiir (pe)o™ ur(p-) (g,65(a) — au€3(0))] x 220 <CS + %) iy (0) . (D.48)

The term in the square brackets coincides with the matrix element of the dipole operator,
namely (ey|ero"”' g (eF,)|T). Following refs. [122-124] we estimate the non-perturbative

"In the case of matching to SMEFT only [C$%4g]. .. 7 0 and one has c3 + cs/v/3 = (4/3) [CThR] . vu-
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parameter IIy7(0) by using a large-N¢ inspired lowest resonance saturation for the VT

correlation function, )
2 . <qq> . BO F7r
yr(q”) = Zm = —Zma (D.49)
which is also consistent with the high-¢? behavior dictated by the OPE. In the MS scheme
at u = 2GeV one has (gq) = —(286(23)MeV)? or equivalently By ~ 2.7 GeV.!? The pion
decay constant Fi is 92.2 MeV and we use p meson mass My = 770 MeV.
Based on the above results, the formulae for the 7 — ey decay rate are modified by

the substitutions:

(F'ey)m- — (Fi)e'r -4 <03 + \C/Sg) ZHV;(O) (D.50)
am;aa$;zqa+§gﬂﬁﬂn. (D.51)

The interference between dipole and tensor couplings is controlled by the non-perturbative

parameter
ilyr(0) By F?
it A S D.52
v v My M2 ( )
which takes the numerical value ~ 1.6 x 10™% at ¢ = 2GeV. Since the above estimate
is based on large-N¢ considerations and a truncation of the spectrum to the lowest lying
resonance, we assign to it a 50% uncertainty. Lattice QCD calculations of IIy7(¢?) can
reduce the uncertainty in the future. Finally, we note that our result is consistent with a

similar analysis of the tensor operator to yu — ey [85].

D.1.3 7 o>eKTK~

We discuss here the contribution of vector operators to 7 — eK ™K . Since the scalar and
gluonic contributions are affected by large theoretical errors, we do not use this process in
the analysis of section 7. As discussed in section 9.2, 7 — e K™K~ can play an important
role in global analyses, since it receives contributions from isoscalar combinations of vector
couplings, which are otherwise unconstrained at low energy. In the case of 7 — eKTK ™,
the differential decay width induced by vector operators is

o= (1- pf()m (1=8)% 25+ 1) (1Bul? + |Bl?) (D.53)

ds 5,

S

where s is the invariant mass of the charged kaons, and we define the dimensionless quanti-
ties § = s/m2 and pg = 4m% /m2. The kinematically allowed region is px < § < 1. B g
are combinations of Wilson coefficients and form factors

BLzﬁam‘cmwmm@®@+F@@+F@@)
(CVLL VLR) ( ( )+ Fx(/ )( ))
(CVLL + CVLR) s ( F(s F(O)( ))} ) (D.54)

12These numbers are from the FLAG 2019 review [116], using 24141 dynamical quarks.
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Br = {(CGhn + CYiR) reuns (I (5) + < )+ F(s))
+(Chm + Cle) (R () = B () + ()
(CVRR VRL) ( 2F(8> F(O)( ))} ; (D.55)
with the form factors defined as
S o) K ()] (1 — ) [0) = (n — p2)uF9(s)  (D.56)

SR (o) K (p)| (7 + ' — 25995) 0) = (o1~ p2)uF(5) (D)

TESS

L oK (p2)| (70 + ' d + 57) 10) = (o1~ p2)uFO(s) (D.58)

The isoscalar and isovector form factors F‘(/g) and F‘(,g) have been extracted in ref. [88] from
dataon ete™ - KTK~, efe” — K Kg and 7 — KT K%;,. Ref. [88] used a parametriza-
tion in terms of resonances, with the p resonance and its excitations contributing to F‘(/?’)

and the w and ¢ resonances to the F‘(,S),

1
F&”(s):5 3" v BWi(s) (D.59)
V=p,p',...
1 1
Fs)=- Y ewBWy(s)+5 3 ey BWy(s), (D.60)
6, 3,
=W,w,... _¢7¢ 9eee
with ,
M,
BWy(s) = = (D.61)

M‘Z/ -8 — iMVrv(s) '
We thank K. Beloborodov for providing the energy-dependent widths 'y (s). The fit coef-
ficients ¢y are given in ref. [88], in two scenarios, Model I and II, with the latter achieving
a better description of the data. The case ¢, = ¢4, = 1, with coefficients of the w and ¢
excitations set to zero, corresponds to the case of single-resonance dominance and “ideal
mixing”, with ¢ coupling only to §y*s and w to uy"u + dy*d. The actual fits coeffi-
cients ¢, = 1.28 £0.14 and ¢4 = 1.038 &£ 0.001 do not deviate from this expectation very
significantly.

The isosinglet component F‘(/O) cannot be directly extracted from data. We will here
assume that the tower of ¢ resonances couple only to the s quarks, while the w, W/,
to light u and d. This assumption is well justified for the w(782) and ¢(1020), which
are very close to ideal mixing, and lattice QCD calculations of the meson spectrum find
very small mixing between the 5s and @u + dd components also for other vector isoscalar
excitations [125, 126]. We thus write

F‘(/O)(S) = 3< Z Ccy BWV(S) — Z Ccy BWV(S)>. (D.62)

V=w,w,... V=¢,¢/,...

The coefficients from ref. [88] are compatible with F‘(/O) (0) = 0, as expected at NLO in

(0)

xPT. An alternative model for F},” is provided in ref. [36], and corresponds to considering

only the contribution of the lowest resonances.
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Tpo | 1519 x 107125 [57] | fp | 192.0 MeV [116] | mpo | 5279.65 MeV [57]
Tpe | 1.638 x 10712 5 [57] | mpe | 5279.34 MeV [57] | my= | 493.677 MeV [57]

Table 26. Input parameters for B meson decays.

Using egs. (D.59), (D.59) and (D.62), the fit coefficients from Model II in ref. [88], and
assuming all coefficients to be real, we obtain

BR(r — eKTK™) = 0-59] (C%“’LL + C@‘iR)ms 2 (D.63)
F(L0£0.1)- 107 (O + CFfg) 2
+(0.6%02) - 107 (O + Cig) dd‘
~(4.6+0.2) - 1072(C¢E + CVLR) (C\/LL T CVLR>Teuu
—(4.3+£1.5)-1 (CVLL VLR) ( VLL T VLR) - edd

+(3.5408) - 1075(Ci L+ Cr)  (CHL+C¥tR)

Tedd Teuu
where the error is obtained by propagating the errors in the fit parameters in ref. [88]. We
can assess at least part of the theoretical error by using the extraction of ¢y with Model I

(0)

in ref. [88], and the one-resonance model for Fy,” discussed in ref. [36]. While the prefactor
of the |(CVLL + C 2 )ress|? Wilson coefficient in eq. (D.63) barely changes, the prefactors
of [(C& 1 + CH p)reunl? and |(CH L + CH g )redd|? show a ~ 40% and > 100% variation,
respectively. Eq. (D.63) shows that the contribution of the ss component of the vector
current to the branching ratio is enhanced, resulting in very strong single-coupling limits
on |[Crg,ps CLa, Ceds C’Qe]mss‘ < 2.4-107*. The limits on the wu component are weaker

by approximately a factor of ten, and affected by larger theoretical uncertainties.

D.2 B decays

The input parameters relevant for B decays are listed in table 26.

D.21 B;— 1t et

The BR of By — et is expressed by

G2 2 2 2
BR (By— 7 e*) =gt JB 8 (1, ML

167 mpo Mp0 m230
m? ?
2 _ 2 _ BO
X l (mBo (mr + me) ) ‘(mT me) A+ p——p—
m? ?
+ (m2Bo — (m; — me)2) |(mT +me) B+ o —fjndD ], (D.64)
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with

=~ (i)

A= (C\E/C%JR)Tebd (CVLL)Tebd (CVRR)Tebd (CVLR)dee’ (D-65)
B Tebd (CVLL)Tebd (CVRR>Tebd B (C{i’eLR)dee ’ (D-66)
Cj::(Cg%R)T%d__(Cg%L)de%_(Cgﬁi)mdb__(Cﬁﬁh)mdb7 (D-67)
b= (ngRR)Tebd B (ngRL)Tebd B (ngR*L)efdb B (CsedR*R> erdb’ (D-68)

D.2.2 Bt — Kt(xt)rteT

For the estimation of B* — K7 e, we follow the discussion in [127] where the effective

Lagrangian for b — sl l;»L is defined as
Lot =Np|Cvsy"Prb Lyuly + Casy Pob liyuysl,

+ Clr5y" Prb Livulj + C'y5v" Prb Liyuysl;

+ Cs5Prb Ll + CpsPrb Liysly + Cs5PLb Ll + CpsPrb Liysly)

(D.69)

with Np = GraemVipVy5/(vV2m). The Wilson coefficients are converted into those in

our basis
i = 0G| (6)
NpCy = —v2Gr| (Cihn)_ +
NpCa = —V2Gr| — (C¥1)
NrCly = —V2Gr | (
NpCs = V2G| (Céhn) _ + (C8H
NrCl = —v2Gr] ( §§*R)6Tb (Csthe
NrCp = —v2Gr| ( — (cet
NpCp = —v2Gr| - (C&w) . +

SRR)
Tesb

(Céte)

(Hin),,,.)
(C\cﬁ“R) Tesb } ’
(Hin),,, )

+
Chn). .., ~ (Fhn) )

)eTbs:|’
) e
) o)

Tesb :| ’

The related form factors are analyzed in [116], in which the following N = 3 BCL

parametrization is used:

N—-1
1 n
Fral@) = s 3 a7 = (-]
P 2 A
folg®) = ",
n=0
where
2 q2
Pior(¢®)=1- ;
M op
Z(q27t0): t+7q27 t+7t07
Vi — ¢+t =1
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(D.78)

(D.79)

(D.80)

(D.81)



BT - Kt Bt —xt

ad | 0.4696 0.404
al | —0.73 —0.68
as 0.39 —0.86
ad | 0.3004 0.490
a) 0.42 —1.61
ad 0.621 1.269
ad 0.454 0.393
al —1.00 —0.65
al | —0.89 —0.6
al — 0.1

Table 27. Fitting parameters of the form factors, fi, fo and fr, for the BY — K+ and BT — 7"
modes [116].

ty = (mps +mp)?, (D.82)

to = (mps +mp) (ymp: — vmp)?, (D.83)

where mp = mg=+ or m,+. The pole mass is M, 7 = 5.4154 GeV and My = 5.711 GeV for
B — K, My 7 =5.3252 GeV and My = oo for B — 7. The numerical values of a;/"*T are
summarized in table 27. It should be noted that the parameter aJ is obtained by imposing

f+(¢* =0) = fo(¢> = 0).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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