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Charged Lepton Flavor Violation (LFV) is a very clean probe of New Physics since it is forbidden
in the Standard Model (SM). The observation of neutrino oscillation implies nonzero LFV rates,
which however are highly suppressed by the smallness of neutrino masses. This makes LFV an
appealing target of experimental searches, as its observation would unambiguously point to New
Physics. In this proceedings, we will discuss the constraints on LFV effective operators that can
be derived from LHC data on dilepton production. We will show that semileptonic operators
can be constrained by existing searches of pp → `i`j (with i , j) at high-pT . We will explore
the complementarity of these constraints with the ones obtained from low-energy observables,
by showing, in particular, that LHC data provides the best constraints for several quark-flavor
conserving effective coefficients, as well as for the ones that are relevant for charm physics.
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1. Introduction

The Standard Model (SM) Lagrangian has an accidental symmetry U(1)e × U(1)µ × U(1)τ ,
which guarantees the conservation of individual lepton flavor numbers and which must be broken
since neutrinos are massive and oscillate. However, the smallness of neutrino masses ensures that
all decays with Lepton Flavor Violation (LFV) are highly suppressed and thus not observable, in
the absence of further contributions beyond the SM. For this reason, these processes are very clean
probes of New Physics effects.

Several extensions of the SM predict potentially large effects in LFV processes, see e.g. Ref. [1]
for a review. These effects can appear in purely leptonic decays, such as `−i → `−j γ and `

−
i → `−j `

+
k
`−
k
,

with i > j ≥ k, which are the target of several ongoing and future experiments in the lepton sector [2].
LFV in semileptonic transitions qi → qj`

+
k
`−
l
are also compelling probes of New Physics. These

effects would be predominant, for instance, in scenarios with leptoquark states or new Z ′ bosons,
as they could be induce these effects already at tree-level, see e.g. Ref. [3]. Presently, there is a rich
experimental program dedicated to these processes at NA62 [4], BES-III [5], and LHCb [6] and
Belle-II [7], which will greatly improve the experimental sensitivity on LFV decays of K-, D- and
B-mesons in the coming years.

LHC searches also offer new possibilities to constrain flavor physics at high-pT [8, 9]. The
main idea here is to exploit the energy-enhancement of the dilepton-production cross-section in the
presence of higher-dimension operators. Complementary constraints to low-energy probes can be
derived in these studies, as explored e.g. in the context of the discrepancies observed in B-meson
decays [10]. In this proceedings, we discuss the limits on semileptonic LFV operators that can be
derived by using LHC bounds on the high-pT tails of the processes pp→ `k`l with k , l [11].

2. EFT description

First, we define our Effective Field Theory (EFT) and provide general expressions for σ(pp→
`±
k
`∓
l
) within this framework. We consider the following effective Lagrangian,

Leff ⊃
∑
α

∑
i jkl

Ci jkl
α

v2 O
i jkl
α , (1)

where v = (
√

2G f )
−1/2 is the electroweak vacuum expectation value, Oi jkl

α are the semi-leptonic
operators listed in Table 1 and Ci jkl

α are effective coefficients. In our notation, qi, j can denote either
up or down-type quarks. The matching of Eq. (1) to the SM EFT is provided in Ref. [11]. By
neglecting the fermion masses, we can generically express the differential partonic cross-section
for this process as follows[

dσ̂
dt̂

]
i jkl

=
1

48πv4 ŝ2

{
t̂2

[
|CVLR |

2 + |CVRL |
2
]
+ (ŝ + t̂)2

[
|CVLL |

2 + |CVRR |
2
]

+
ŝ2

4

[
|CSL |

2 + |CSR |
2
]
+ 4(ŝ + 2t̂)2 |CT |

2 − 2 ŝ(ŝ + 2t̂)Re
(
CSL C∗T

) }
,
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Eff. coeff. Operator SMEFT

Ci jkl
VLL

(
qLiγµqLj

) ( ¯̀
Lkγ

µ`Ll
)

O
(1)
lq
, O(3)

lq

Ci jkl
VRR

(
qRiγµqRj

) ( ¯̀
Rkγ

µ`Rl
)

Oed, Oeu

Ci jkl
VLR

(
qLiγµqLj

) ( ¯̀
Rkγ

µ`Rl
)

Oqe

Ci jkl
VRL

(
qRiγµqRj

) ( ¯̀
Lkγ

µ`Ll
)

Olu, Old

Ci jkl
SR

(
qRiqLj

) ( ¯̀
Lk`Rl

)
+ h.c. Oledq

Ci jkl
SL

(
qLiqRj

) ( ¯̀
Lk`Rl

)
+ h.c. O

(1)
lequ

Ci jkl
T

(
qLiσµνqRj

) ( ¯̀
Lkσ

µν`Rl
)
+ h.c. O

(3)
lequ

Table 1: Operators Oα appearing in Eq. (1) and their corresponding operators in the SM EFT (third
column). Flavor indices are denoted by i, j, k, l, and q stands for either up or down-type quarks in the mass
basis. Wilson coefficients are assumed to be real. See the Appendix of Ref. [11] for details.

where ŝ denotes the partonic energy and t̂ ∈ (−ŝ, 0). After integration over t̂, we obtain[
σ̂(ŝ)

]
i jkl
=

ŝ
144π v4

∑
αβ

CαC∗β Mαβ , (2)

where α, β ∈ {VLL,VRR,VLR,VRL, SL, SR,T} and Mαβ is a matrix of numeric coefficients. In this
equation, one should perform the following replacements

CVX,Y → Ci jkl
VX,Y

, CSX →

√��Ci jkl
SX

��2 + ��C jilk
SX

��2 , CT →

√��Ci jkl
T

��2 + ��C jilk
T

��2 , (3)

where X,Y ∈ {L, R}, and M is a diagonal matrix Mαβ ≡ δαβ Mα, with M = (1, 1, 1, 1, 3/4, 3/4, 4).
The partonic cross-section should be convoluted with the relevant parton-parton luminosities [12],
which in this work we define by the dimensionless functions

Lqi q̄j (τ) = τ

∫ 1

τ

dx
x

[
fqi (x, µF ) fq̄j (τ/x, µF ) + (qi ↔ q̄j)

]
, (4)

where fqi denotes the quark qi parton distribution functions (PDF), µF is the factorization scale and
√

s stands for the proton-proton center-of-mass energy, with τ = ŝ/s. In our analysis, we consider
the PDF4LHC15_nnlo_mc PDF set [13–16] and included the 1σ PDF uncertainties derived by using
the MC replica method [17]. The hadronic cross-section is then given by the expression

σ(pp→ `−k `
+
l ) =

∑
i j

∫
dτ
τ
Lqi q̄j (τ)

[
σ̂(τs)

]
i jkl

, (5)

where the summation extends over all quark flavors, with the exception of the top quark which only
contributes at one-loop to this process [18]. Note that if the partonic cross-section σ̂ is a linear
function in τ, as it is our case, then the only dependence on τ of the integrand in Eq. (5) comes
from the luminosity functions defined in Eq. (4).
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� �� �� �� �� �� �� � �� �� �� �� �� �� � �� �� �� �� �� ��

Figure 1: Limits derived from high-pT LFV dilepton tails on the coefficients
√
|C`k`l

qiqj
|2 + |C`l`k

qiqj
|2 by using

13 TeV ATLAS searches into the eµ channel (left panel), the eτ channel (middle panel) and the µτ channel
(right panel)s [19]. For comparison, we also show the limits obtained by the flavor physics observables,
namely quarkonium decays (cyan), µN → eN (magenta), FCNC meson decays (green) and LFV τ-decays
(yellow). LHC and flavor results for uu, dd → eµ, eτ, µτ have been rescaled by an additional factor of ×10
for visibility. The limits from µN → eN have been rescaled by a factor of ×103 to become visible.

3. Recast of high-pT results

We considered the latest ATLAS search for heavy vector resonances decaying into leptons
with different flavors, pp → Z ′ → `±

k
`∓
l
, performed at

√
s = 13 TeV with 36.1 fb−1 of data [19].

This search was recast for the final states eµ, eτ and µτ, following the procedure described in
Ref. [11]. The bins of dilepton invariant mass m`k`l above 300 GeV have been combined to extract
95% confidence level (CL) upper limits on the effective coefficients defined in Eq. (1) for all
possible quark-flavor combinations. Projections for the High-Luminosity LHC phase (HL-LHC)
for a luminosity of 3 ab−1 have been obtained by assuming that the data scales naively with the
luminosity ratio and that all uncertainties scale with the square-root of the luminosity ratio. Our
results are reported in Fig. 1 for the benchmark scenario defined by C`k`l

qiqj
≡ Ci jkl

VLL
, where i, j are

flavor indices of down (d, s, b) or up-type quarks (u, c), and k, l of charged leptons (e, µ, τ), in the
mass basis. Our definition is such that Hermiticity of Eq. (1) implies C`k`l

qiqj
=

(
C`l`k
qjqi

)∗.
4. Discussion

In Fig. 1, we compare the constraints we have derived from high-pT LHC data with the ones
extracted from searches for low-energy LFV observables that depend, at tree-level, on the same
effective couplings C`k`l

qiqj
. There are several types of low-energy observables that are relevant for

our analysis [20] : (i) processes that also violate quark flavor, such as K → πµe, Bs → `k`l and
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B → K (∗)`k`l; (ii) quarkonia decays, such as J/ψ → `k`l and Υ → `k`l; (iii) τ-decays, such as
τ → µφ and τ → µπ; and (iv) µ → e conversion in nuclei. Several conclusions can be derived
from Fig. 1:

• We find that high-pT constraints are significantly better than low-energy observables for
quark-flavor conserving coefficients such as Clk

cc and Clk
bb
, for all lepton flavors. The same

conclusion also holds for Ceµ
ss . This is the case because the low-energy observables that can

probe these coefficients are quarkonia decays (φ, J/ψ and Υ), which are highly suppressed
by the large quarkonia decay width since these particles are flavor singlets.

• Our high-pT results are the only available constraints for the transitions c → ueτ and
c → uµτ, since there are no kinematically allowed flavor processes that can probe these
transitions in exclusive meson decays.

• For quark-flavor violating processes, such as kaon and B(s)-meson LFV decays, flavor limits
are in general much more constraining than our high-pT limits. The only exceptions are the
b→ deτ and b→ dµτ transitions, for which the HL-LHC projections are comparable to the
current sensitivity on the decays B → πeµ and B → πτµ, as well as on the related leptonic
modes [20].

In conclusion, there is a striking complementarity between the LFV limits that can be extracted
from low-energy searches and from the study of high-pT tails, as explored in Ref. [11]. Same
conclusions have also been obtained for flavor-conserving transitions, which can be constrained by
the high-pT tails of pp → `` [8] and pp → `ν̄ [9]. This complementarity was highlighted in this
proceedings for left-handed operators, but it also holds to a smaller extent for scalar and tensor
operators. These results illustrate that the combination of indirect low and high-energy searches is
of fundamental importance in order to efficiently probe New Physics scenarios in the flavor sector.
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