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Can address persistent anomalies in B decays

… but if present … do they come all alone?

I will here assume they come with friends 

… but without specifying who these friends are
Will use EFT to describe their effects. 

❓
❌
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SM + down-type LQ:
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Will assume that the NP
- Is not directly produced (seen through virtual effects only)
- It is weakly coupled
- It is decoupling
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O`d�H = ¯̀dH̃�⇤

where we have kept a general notation assigning each of
these operators their own effective scale. Note, for example,
that the heavy fermionic state Ψð1; 1; 0Þ can generate all
three dimension five operators in Eq. (9), in which case
they will have a common scale. On the other hand, as we
will see below, the effective scale, ∼f=Λ, of the Weinberg
operator l̄cH̃⋆H̃†l and the operator l̄dH̃ϕ# must be
considerably suppressed in order to obtain sub-eV
Majorana neutrino masses. This leaves us with a single
viable dimension five operator, d̄dcϕ2, which can generate
a sub-eV neutrino mass at two-loops (see next section) with
a scale low enough for it to be relevant for collider LQ
phenomenology.
In the Appendix we construct the complete set of the

dimension six operators involving the down-type scalar LQ
ϕð3; 1;− 1

3Þ and the SM fields.2

V. THE DIMENSION FIVE OPERATORS
AND LOW ENERGY ΔL= 2 EFFECTS

As mentioned earlier, while the ϕSM renormalizable
interaction Lagrangian, LϕSM, can address the BSM effects
associated with the current B-physics anomalies, other
aspects of NP associated with LNV require new higher-
dimensional effective interactions of the LQ with the SM
fields. In particular, the dimension five operators in Eq. (9)
violate lepton number by two units and can, therefore,
generate Majorana neutrino masses, mediate neutrinoless
double beta decay and also give rise to interesting same-
sign lepton signals at the LHC.

In this section we investigate in more detail the low
energy ΔL ¼ 2 effects associated with these operators,
while in the next section we discuss the potential ΔL ¼ 2
collider signals.

A. Majorana neutrino masses

As is well known, the dimension five Weinberg operator
l̄cH̃⋆H̃†l can generate a tree-level Majorana neutrino mass
through the type I [if it is generated by the exchange of the
heavy fermion Ψð1; 1; 0Þ] and/or type III [if it is generated
by Ψð1; 3; 0Þ] seesaw mechanisms. In either case, the
resulting Majorana neutrino mass is

mνðΛÞ ∼ fW ·
v2

ΛW
; ð10Þ

where v is the Higgs vacuum expectation value (VEV) and
fW and ΛW are the Wilson coefficient and NP scale of the
Weinberg operator (see Eq. (9).
Therefore, there are two extreme cases for generating

mν ≲ 1 eV from Oð5Þ
W : either ΛW ∼Oð1014Þ GeV and

fW ∼Oð1Þ or, if the NP scale is at the TeV range, i.e.,
ΛW ∼Oð1Þ TeV, then fW ∼Oð10−11Þ. In both cases the
effect of the Weinberg operator at TeV-scale energies is
negligible.
The operators l̄dH̃ϕ# and d̄dcϕ2 can also generate a

Majorana neutrino mass term at 1-loop and 2-loops order,
respectively, via the diagrams depicted in Fig. 3. In
particular, this involves insertions of the dimension five
coupling strengths fldϕH and fd2ϕ2 as well as the Yukawa-
like LQ-quark-lepton renormalizable interaction ∝ yLql of
the ϕSM Lagrangian in Eq. (2). For the l̄dH̃ϕ# case, the
resulting 1-loop Majorana mass is3

mνðΛÞ ∼
3md

16π2
f · yLqlffiffiffi

2
p v

Λ
ln
"
Λ2

M2
ϕ

#
; ð11Þ

where Λ ¼ ΛldϕH and f ¼ fldϕH are the NP scale and
Wilson coefficient of the dimension five operator l̄dH̃ϕ#;
md is the mass of the down-quark in the loop andMϕ is the
leptoquark mass. Thus, setting e.g., Λ ¼ 5 TeV and
Mϕ ¼ 1 TeV, we obtain

mνðΛ ¼ 5 TeVÞ
f · yLql

∼ 10−3 ·md; ð12Þ

so that, for f · yLql ∼Oð1Þ, the resulting Majorana mass is
mν ∼OðKeVÞ for md ∼OðMeVÞ (i.e., the d-quark) and
mν ∼OðMeVÞ for md ∼OðGeVÞ (i.e., the b-quark). Thus,

FIG. 2. Tree-level graphs in the underlying heavy theory that
generate the dimension five effective operator l̄dH̃ϕ#. Φ and Ψ
stand for a heavy scalar and heavy fermion, respectively, with
quantum numbers Φð3; 2; 16Þ and Ψð1; 1; 0Þ, Ψð1; 3; 0Þ or
Ψð3; 2;− 5

6Þ (see text).

2We have used the Mathematicanotebook of [54] to validate the
EFT extension of LϕSM which is presented in this work.

3See also Eq. 26 in [15] for an analogous down-quark—
down-squark 1-loop Majorana mass term in R-parity violating
supersymmetry.
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c
�
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regime, since the corresponding cross section scales as
σðqq̄ → lþl−Þ ∝ y4ql, thus providing a complimentary
sensitivity to the LQ dynamics as the LHC [7,37,38,49–
52]; in particular yielding better access to larger LQ masses
where the QCD on shell LQ pair production channel is
suppressed.

IV. EFT BEYOND THE ϕSM FRAMEWORK

In this section we focus on the EFT extension of the
renormalizable Lagrangian in Eqs. (1)–(3), for the down-
type LQ ϕð3; 1;− 1

3Þ. The effects of the NP which underlies
the ϕSM framework in Eqs. (1)–(3) can be parametrized by
a series of effective operators Oi, which are constructed
using the ϕSM fields and whose coefficients are suppressed
by inverse powers of the NP scale Λ,

L ¼ LϕSM þ
X∞

n¼5

1

Λn−4

X

i

fiO
ðnÞ
i ; ð4Þ

where n is the mass dimension of OðnÞ
i and we assume

decoupling and weakly coupled heavy NP, so that n equals
the canonical dimension. The dominating NP effects are
then expected to be generated by contributing operators
with the lowest dimension (n value) that can be generated at
tree-level in the underlying theory.
Before listing the specific form of the higher dimension

operators, OðnÞ
i , it is useful to denote their generic structure

in the form,

OðnÞ
i ∈ ϕaHbψcDd; ð5Þ

where a, b, c, d are integers representing the multiplicity of
the corresponding factors: OðnÞ

i contains a LQ fields ϕ or
ϕ%, b Higgs fields H or H̃, c fermionic fields ψ and d
covariant derivatives D. Group contractions and which
fields are acted on by the derivatives are not specified.
We find that there are only two possible dimension-five

operators involving the LQ Φð3; 1;− 1
3Þ and the SM fields

—both violating lepton number by two units. To see that,
note that the dimension-five operators with c ¼ 0 in Eq. (5)
are all absent because of gauge invariance. Furthermore,
operators of the form ϕ2ψ2 must contain the fermion
bilinear ψ̄LψR, so that only a single gauge invariant
dimension five operator of this form survives [with two
possible SU(3) color contractions which are not specified],

Oð5Þ
d2ϕ2 ¼ d̄dcϕ2; ð6Þ

which violates lepton number by two units.
The diagrams that can generate the dimension five

operator d̄dcϕ2 at tree-level in the underlying heavy theory
are depicted in Fig. 1; the corresponding heavy NP must

contain a heavy scalar Φð6; 1;− 2
3Þ and/or the heavy

fermions Ψð1; 1; 0Þ, Ψð8; 1; 0Þ.
Dimension five operators of the class ϕψ2D can be

shown to be equivalent to operators without a derivative
using integration by parts and, therefore, can be ignored.
Thus, the remaining class of dimension five operators is of
the form ϕψ2H and, therefore, must also contain the
fermion bilinear ψ̄LψR. The only gauge invariant operator
of this form, which also violates lepton number by two
units is

Oð5Þ
ldϕH ¼ l̄dH̃ϕ%: ð7Þ

The heavy physics generating this operator at tree-level
must contain a heavy scalar Φð3; 2; 16Þ and/or the heavy
fermions Ψð1; 1; 0Þ, ψð1; 3; 0Þ or Ψð3; 2;− 5

6Þ; see Fig. 2.
We recall that there is also a unique dimension five

operator that can be constructed using the SM fields only;
the so-called Weinberg operator [53],

Oð5Þ
W ¼ l̄cH̃⋆H̃†l; ð8Þ

that can be generated in the underlying theory at tree-level
by an exchange of a heavy scalar Φð1; 3; 0Þ and/or the
heavy fermions Ψð1; 1; 0Þ, Ψð1; 3; 0Þ.
Therefore, the overall dimension five effective operator

extension of LϕSM is

ΔLð5Þ
ϕSM ¼ fW

ΛW
l̄cH̃⋆H̃†lþ

fldϕH
ΛldϕH

l̄dH̃ϕ%

þ
fd2ϕ2

Λd2ϕ2

d̄dcϕ2 þ H:c:; ð9Þ

FIG. 1. Tree-level graphs in the underlying heavy theory that
generate the dimension five effective operator d̄dcϕ2. Φ and Ψ
stand for a heavy scalar and heavy fermion, respectively, with
quantum numbers Φð6; 1;− 2

3Þ and Ψð1; 1; 0Þ or Ψð8; 1; 0Þ
(see text).
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in order to obtain sub-eV Majorana neutrino masses when
Λ ¼ OðTeVÞ we should have f · yLql ≲Oð10−3Þ for the
d-quark loop and f · yLql ≲Oð10−6Þ for the b-quark loop. In
particular, if ϕ is a third generation LQ [i.e., having Oð1Þ
couplings only to the third generation SM fermions;
see next section], then yLbν ∼Oð1Þ and, therefore, the
corresponding dimension five coupling strength should
be suppressed to the level fldϕH ≲Oð10−6Þ if ΛldϕH∼
5 TeV, in order to obtain e.g., mντ ≲ 1 eV (ignoring off
diagonal generation couplings). We note that other inter-
esting mechanisms for generating light Majorana neutrino
masses from 1-loop LQ exchanges that are intimately
related to the down-quark mass matrix have been discussed
in [55–61]. These studies, however, were based on renor-
malizable LQ extensions of the SM.
The 2-loop Majorana mass generated by the d̄dcϕ2 class

of dimension 5 operators is (see Fig. 3)

mνðΛÞ ∼
f · ðyLqlÞ2

ð16π2Þ2
3m2

d

Λ
· ln2

!
Λ2

M2
ϕ

"
; ð13Þ

where here Λ ¼ Λd2ϕ2 and f ¼ fd2ϕ2 are the NP scale and
Wilson coefficient of the dimension five operator d̄dcϕ2.
Thus, setting again Λ ¼ 5 TeV and Mϕ ¼ 1 TeV, we
obtain in the 2-loop case,

mνðΛ ¼ 5 TeVÞ
f · ðyLqlÞ2

∼ 10−4 ·
m2

d

TeV
; ð14Þ

which, as in the 1-loop case, depends on the down-quark
mass in the loops or, equivalently, on the LQ generation
(defined through its renormalizable couplings to the quark-
lepton pairs; see discussion above). In particular, here also,
it is useful to distinguish between the three cases where ϕ
couples to first, second or third generation quarks:

d-quark case (yLql ¼ yLdν and f ¼ fd2ϕ2):
In this case the 2-loop neutrino mass is too small,

mν ∼ 10−4 eV, when fd2ϕ2 · ðyLdνÞ2 ∼Oð1Þ, so that no
useful bound can be set on the scale of the dimension 5
operator involving the first generation down-quarks
d̄dcϕ2. Indeed, the collider effects of this operator,
with a scale Λd2ϕ2 ∼ 5–15 TeV and fd2ϕ2 ∼Oð1Þ, will
be studied in the next sections.

s-quark case (yLql ¼ yLsν and f ¼ fs2ϕ2):
The resulting neutrino mass in this case is consis-

tent with oscillation data, mν ∼ eV, for a NP scale of
several TeV and Oð1Þ couplings, i.e., fs2ϕ2 · ðyLsνÞ2∼
Oð1Þ. Therefore, here also, no useful bound can be put
on the corresponding dimension 5 operator s̄scϕ2.

b-quark case (yLql ¼ yLbν and f ¼ fb2ϕ2):
This corresponds to the third generation LQ case,

for which we obtain mν ∼ KeV with fb2ϕ2 · ðyLbνÞ2 ∼
Oð1Þ and a NP scale of several TeV. Thus, in this case,
the neutrino mass bound constrains the dimension 5
operator b̄bcϕ2 or the corresponding LQ couplings:
either Λb2ϕ2∼Oð1000ÞTeV or fb2ϕ2 ·ðyLbνÞ2∼Oð10−3Þ.

Finally, we wish to further comment on the link between
neutrino masses and the underlying heavy physics. As
noted in the previous section, the heavy fermionic states
Ψð1; 1; 0Þ and Ψð1; 3; 0Þ can generate at tree-level both the
Weinberg operator l̄cH̃⋆H̃†l and the operator l̄dH̃ϕ$,
while Ψð1; 1; 0Þ can generate all three types of dimension
five operators l̄cH̃⋆H̃†l, l̄dH̃ϕ$ and d̄dcϕ2. Therefore, in
this setup there are several scenarios that do not require
small coupling constants:
(1) The heavy fermionic state Ψð1; 1; 0Þ is responsible

for generating all dimension five operators
l̄cH̃⋆H̃†l, l̄dH̃ϕ$ and d̄dcϕ2, with a typical mass
scale of MΨ ∼Oð1014Þ GeV. In this case, the
Majorana neutrino mass term will be generated at
tree-level through the type I seesaw mechanisms by
the Weinberg operator l̄cH̃⋆H̃†l, whereas the 1-
loop and 2-loops contribution from the operators
l̄dH̃ϕ$ and d̄dcϕ2 will be negligible.

(2) The heavy fermionic state Ψð1; 3; 0Þ is responsible
for generating both operators l̄cH̃⋆H̃†l and l̄dH̃ϕ$,
with a typical mass scale of MΨ ∼Oð1014Þ GeV,
while the operator d̄dcϕ2 is generated by another
heavy mediator. In this case, the Majorana neutrino
mass term can be generated again at tree-level
through the type I or type III seesaw mechanisms
by the Weinberg operator l̄cH̃⋆H̃†l and the 1-loop
contribution from the operator l̄dH̃ϕ$ will be

FIG. 3. The one-loop and two-loops diagrams (a) and (b) which
generates a Majorana mass term with the Yukawa-like LQ-quark-
lepton interaction (∝ yLql) and the dimension five operators
l̄dH̃ϕ$ and d̄dcϕ2 (with the coupling strength fldϕH and
fd2ϕ2 , respectively). See also text.
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in order to obtain sub-eV Majorana neutrino masses when
Λ ¼ OðTeVÞ we should have f · yLql ≲Oð10−3Þ for the
d-quark loop and f · yLql ≲Oð10−6Þ for the b-quark loop. In
particular, if ϕ is a third generation LQ [i.e., having Oð1Þ
couplings only to the third generation SM fermions;
see next section], then yLbν ∼Oð1Þ and, therefore, the
corresponding dimension five coupling strength should
be suppressed to the level fldϕH ≲Oð10−6Þ if ΛldϕH∼
5 TeV, in order to obtain e.g., mντ ≲ 1 eV (ignoring off
diagonal generation couplings). We note that other inter-
esting mechanisms for generating light Majorana neutrino
masses from 1-loop LQ exchanges that are intimately
related to the down-quark mass matrix have been discussed
in [55–61]. These studies, however, were based on renor-
malizable LQ extensions of the SM.
The 2-loop Majorana mass generated by the d̄dcϕ2 class

of dimension 5 operators is (see Fig. 3)

mνðΛÞ ∼
f · ðyLqlÞ2

ð16π2Þ2
3m2

d

Λ
· ln2

!
Λ2

M2
ϕ

"
; ð13Þ

where here Λ ¼ Λd2ϕ2 and f ¼ fd2ϕ2 are the NP scale and
Wilson coefficient of the dimension five operator d̄dcϕ2.
Thus, setting again Λ ¼ 5 TeV and Mϕ ¼ 1 TeV, we
obtain in the 2-loop case,

mνðΛ ¼ 5 TeVÞ
f · ðyLqlÞ2

∼ 10−4 ·
m2

d

TeV
; ð14Þ

which, as in the 1-loop case, depends on the down-quark
mass in the loops or, equivalently, on the LQ generation
(defined through its renormalizable couplings to the quark-
lepton pairs; see discussion above). In particular, here also,
it is useful to distinguish between the three cases where ϕ
couples to first, second or third generation quarks:

d-quark case (yLql ¼ yLdν and f ¼ fd2ϕ2):
In this case the 2-loop neutrino mass is too small,

mν ∼ 10−4 eV, when fd2ϕ2 · ðyLdνÞ2 ∼Oð1Þ, so that no
useful bound can be set on the scale of the dimension 5
operator involving the first generation down-quarks
d̄dcϕ2. Indeed, the collider effects of this operator,
with a scale Λd2ϕ2 ∼ 5–15 TeV and fd2ϕ2 ∼Oð1Þ, will
be studied in the next sections.

s-quark case (yLql ¼ yLsν and f ¼ fs2ϕ2):
The resulting neutrino mass in this case is consis-

tent with oscillation data, mν ∼ eV, for a NP scale of
several TeV and Oð1Þ couplings, i.e., fs2ϕ2 · ðyLsνÞ2∼
Oð1Þ. Therefore, here also, no useful bound can be put
on the corresponding dimension 5 operator s̄scϕ2.

b-quark case (yLql ¼ yLbν and f ¼ fb2ϕ2):
This corresponds to the third generation LQ case,

for which we obtain mν ∼ KeV with fb2ϕ2 · ðyLbνÞ2 ∼
Oð1Þ and a NP scale of several TeV. Thus, in this case,
the neutrino mass bound constrains the dimension 5
operator b̄bcϕ2 or the corresponding LQ couplings:
either Λb2ϕ2∼Oð1000ÞTeV or fb2ϕ2 ·ðyLbνÞ2∼Oð10−3Þ.

Finally, we wish to further comment on the link between
neutrino masses and the underlying heavy physics. As
noted in the previous section, the heavy fermionic states
Ψð1; 1; 0Þ and Ψð1; 3; 0Þ can generate at tree-level both the
Weinberg operator l̄cH̃⋆H̃†l and the operator l̄dH̃ϕ$,
while Ψð1; 1; 0Þ can generate all three types of dimension
five operators l̄cH̃⋆H̃†l, l̄dH̃ϕ$ and d̄dcϕ2. Therefore, in
this setup there are several scenarios that do not require
small coupling constants:
(1) The heavy fermionic state Ψð1; 1; 0Þ is responsible

for generating all dimension five operators
l̄cH̃⋆H̃†l, l̄dH̃ϕ$ and d̄dcϕ2, with a typical mass
scale of MΨ ∼Oð1014Þ GeV. In this case, the
Majorana neutrino mass term will be generated at
tree-level through the type I seesaw mechanisms by
the Weinberg operator l̄cH̃⋆H̃†l, whereas the 1-
loop and 2-loops contribution from the operators
l̄dH̃ϕ$ and d̄dcϕ2 will be negligible.

(2) The heavy fermionic state Ψð1; 3; 0Þ is responsible
for generating both operators l̄cH̃⋆H̃†l and l̄dH̃ϕ$,
with a typical mass scale of MΨ ∼Oð1014Þ GeV,
while the operator d̄dcϕ2 is generated by another
heavy mediator. In this case, the Majorana neutrino
mass term can be generated again at tree-level
through the type I or type III seesaw mechanisms
by the Weinberg operator l̄cH̃⋆H̃†l and the 1-loop
contribution from the operator l̄dH̃ϕ$ will be

FIG. 3. The one-loop and two-loops diagrams (a) and (b) which
generates a Majorana mass term with the Yukawa-like LQ-quark-
lepton interaction (∝ yLql) and the dimension five operators
l̄dH̃ϕ$ and d̄dcϕ2 (with the coupling strength fldϕH and
fd2ϕ2 , respectively). See also text.
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subdominant. This holds also in the case that the
Weinberg operator is generated by the heavy scalar
Φð1; 3; 0Þ if MΦ ∼Oð1014Þ GeV and a correspond-
ingOð1ÞWilson coefficient. Note that, in this case, a
2-loop Majorana mass term can be generated as well
by the operator d̄dcϕ2, depending on the couplings
involved (see discussion above).

(3) The Weinberg operator is not relevant to neutrino
masses; i.e., there are no heavy Φð1; 3; 0Þ, Ψð1; 1; 0Þ
and Ψð1; 3; 0Þ states in the underlying theory. In this
case, neutrino masses are not generated through the
seesaw mechanism, but they may be still generated
at 1-loop or at 2-loops by the dimension five
operators l̄dH̃ϕ# and d̄dcϕ2 as described above,
if these operators are generated at tree-level in the
underlying theory by other heavy states (see pre-
vious section).

B. Neutrinoless double beta decay

The dimension five operator d̄dcϕ2 can mediate neu-
trinoless double beta decay (0νββ) via the diagram depicted
in Fig. 4. This requires both the dimension five operator
d̄dcϕ2 and the Yukawa-like renormalizable coupling of ϕ to
the right-handed first generation u-quark and electron, i.e.,
the term ∝ yRue in LY;ϕ (see Eq. (2). If ϕ is a third generation
leptoquark, we expect yRue ≪ 1 (see discussion in the next
section) in which case the 0νββ decay rate will be
significantly suppressed.
The limit on 0νββ decay is usually expressed in terms of

the electron-electron element of the neutrino mass matrix.
The current bound is jðmνÞeej < 0.1–0.5 eV, depending on
the 0νββ experiment; see e.g., [62]. This translates into a
bound on the corresponding parton-level amplitude for
0νββ [63],

peff

G2
F
jA0νββj ≃

jðmνÞeej
peff

< 5 × 10−9; ð15Þ

where peff ∼ 100 MeV is the neutrino effective momentum
obtained by averaging the corresponding nuclear matrix
element contribution.
In our case, the 0νββ amplitude corresponding to the

diagram in Fig. 4 can be estimated as

A0νββ ∼
f · jyRuej2

ΛM4
ϕ

; ð16Þ

where f ¼ fd2ϕ2 and Λ ¼ Λd2ϕ2 . Therefore, using Eq. (15)
we obtain

Λ
TeV

≳ 150 ·
f · jyRuej2

ðMϕ=TeVÞ4
: ð17Þ

In particular, we find that no useful bound can be
imposed on the scale of the dimension five operator
d̄dcϕ2, assuming fd2ϕ2 ∼Oð1Þ and a TeV-scale LQ mass,
Mϕ ∼Oð1 TeVÞ, if the LQ ϕ is a third generation LQ (as
assumed below), i.e., having a suppressed Yukawa-like
coupling to the first generation right-handed fermions:
yRue < 0.1.

VI. COLLIDER PHENOMENOLOGY OF
A THIRD GENERATION SCALAR

LEPTOQUARK IN THE EFT

We next discuss the expected NP signals of the down-
type ϕð3; 1;− 1

3Þ and up-type ϕð3; 1; 23Þ LQs at the 13 TeV
LHC and also at future higher energy hadron colliders such
as a 27 TeV high-energy LHC (HE-LHC) and a 100 TeV
future circular proton-proton collider (FCC-hh) [64].
All cross sections presented in this section were calcu-

lated using MadGraph5 [65] at LO parton-level, for which a
dedicated universal FeynRules output (UFO) model for the
LQ-SM EFT framework defined in Eq. (4) was produced
for the MadGraph5 sessions using FeynRules [66]. The LO
nnpdf3 PDF set (NNPDF30-lo-as-0130 [67]) was used in
all the calculations presented below. Also, all cross sections
were calculated with a dynamical scale choice for the
central value of the factorization (μF) and renormalization
(μR) scales corresponding to the sum of the transverse mass
in the hard-process, and, for consistency with the EFT
framework, a cut on the center of mass energy of

ffiffiffi
ŝ

p
< Λ

was placed using Mad-Analysis55 [68], where several values
of Λ (the scale of NP) were used for the processes
considered below.4

Furthermore, we will assume throughout the rest of the
paper that ϕð3; 1;− 1

3Þ and ϕð3; 1;
2
3Þ, under consideration in

this section, are third generation leptoquarks and denote
them generically by ϕ3. In particular, we assume that the
LQ-lepton-quark Yukawa-like couplings of ϕ3 to the first
and second generations SM fermions in the corresponding

FIG. 4. Tree-level graph that generates neutrinoless double beta
decay via the dimension five operator d̄dcϕ2. See also text. 4The UFO model files are available upon request.

PHENOMENOLOGY OF TEV-SCALE SCALAR LEPTOQUARKS IN … PHYS. REV. D 100, 055020 (2019)

055020-7

<latexit sha1_base64="ThFaBzKcjx9nhIaske/rJw/iFtg="></latexit>

Od2�2 = d̄d
c
�
2 <latexit sha1_base64="WEzbS7lTnfs3Os1/GFrqFqDBiDc=">AAACGnicbU9NS8MwAE3n16xfVY9egkOYl9mOqdehFw8KU/YFZitpmm1hTVuaVCxd/4lHf4ngQbx68Td41bvdVoRtPgi8vI+QZ/kOE1LXP5Xc0vLK6lp+Xd3Y3Nre0Xb3msILA0IbxHO8oG1hQR3m0oZk0qFtP6CYWw5tWcPLsd96oIFgnluXkU87HPdd1mMEy1QyNRP1AkxidJ1WbJzEKOCwTpsJRH2ZtjiExqkOEbE9CafRXnYbRWYcQpp070bdchIXb0zkD9jJ3wvH3UoCVVMr6CV9ArhIjIwUQIaaqT0j2yMhp64kDhbi3tB92YlxIBlxaKKiUFAfkyHu03gyP4FHqWTDnhekx5Vwos7kMBci4laa5FgOxLw3Fv/1RPqBAbUTVUXM9UMJeeRgSR/V8SxjfsQiaZZLxlmpclspVC+ygXlwAA5BERjgHFTBFaiBBiDgFXyBb/CjPCkvypvyPo3mlKyzD2agfPwCW4Oemg==</latexit>

⇤

TeV
& 150 · f · |yRue|2

(M�/TeV)4



Jul 2022 ICHEP - J. Wudka 9

Assume f  =  f3: 3rd generaIon leptoquark

Limit (CMS): 

Produc5on:

<latexit sha1_base64="bmcrzF1OAbpPLtA5tgtDh66YUGE=">AAACAHicbY/NS8MwAMXT+TXrV9Wjl+AQJshodSgehDERvAhT3AeYUdI028LSD5t0OEov/i0eBA/i1f/Co/rPmG29bPNB4OW9XyDPCTkT0jS/tdzC4tLySn5VX1vf2NwytncaIogjQusk4EHUcrCgnPm0LpnktBVGFHsOp02nfznqmwMaCRb493IY0raHuz7rMIKlimzj6sZOUNhj9kkKUVcq0IPnpgnRkbrSAUSPMXYhkvRJJtW7tDhhVRBAOWIkjg8vLNsomCVzLDhvrMwUQKaabbwgNyCxR31JOBbiwTJD2U5wJBnhNNVRLGiISR93aTIemcIDFbmwE0Tq+BKO0ykOe0IMPUeRHpY9MduNwn87oT7Qo26q64j5YSyhN+RYDdZ1NcuaHTFvGscl67RUvi0XKtVsYB7sgX1QBBY4AxVwDWqgDgh4A1/gB/xqz9qr9q59TNCclr3ZBVPSPv8AZ4STIw==</latexit>

M�3 & 900GeV BR(�3 ! t ⌧) = 1

ϕ3 pair-production signals at the LHC. In particular, we
find that this operator may yield a strikingly large asym-
metric same-sign(charge) ϕ3ϕ3 signal at the LHC via
dd → ϕ3ϕ3, which is more than an order of magnitude
larger than the charged conjugate channel d̄ d̄ → ϕ!

3ϕ
!
3, due

to the different fractions of d and d̄ in the incoming protons;
see Fig. 5. The hard cross section for dd → ϕ3ϕ3 (which
equals that of the charged conjugate one d̄ d̄ → ϕ!

3ϕ
!
3) is

σ̂ðdd → ϕ3ϕ3Þ ¼
βf2

12πΛ2
; ð21Þ

where (cf. Eq. (9) Λ ¼ Λd2ϕ2 , f ¼ fd2ϕ2 , β2 ¼ 1–4M2
ϕ3
=ŝ,

and
ffiffiffi
ŝ

p
is the center of mass energy of the hard process. For

example, if Λd2ϕ2 ¼ 5 TeV (and with a cut on the ϕ3ϕ3

invariant mass, Mϕ3ϕ3
< 5 TeV), we find6

σðpp → ϕ3ϕ3ÞMϕ3
∼1 TeV ∼ 14 fb;

σðpp → ϕ3ϕ3ÞMϕ3
∼2 TeV ∼ 0.3 fb: ð22Þ

This can be compared to the gluon-fusion cross section
of the opposite-charge ϕ3ϕ!

3 pair-production signal,
ppðggÞ → ϕ3ϕ!

3, for which the hard cross section (see
e.g., [30,31]),

σ̂ðgg→ϕ3ϕ!
3Þ¼

πα2s
96ŝ

·
"
βð41−31β2Þ

− ð17−18β2þβ4Þ · log
#
1þβ
1−β

$%
; ð23Þ

drops with the energy as 1=ŝ and yields a cross section of
(again with Mϕ3ϕ!

3
< 5 TeV),

σðpp → ϕ3ϕ!
3ÞMϕ3

∼1 TeV ∼ 3 fb;

σðpp → ϕ3ϕ!
3ÞMϕ3

∼2 TeV ∼ 0.005 fb: ð24Þ

We thus see that the same-sign ϕ3ϕ3 rate is expected to
be larger than the opposite-sign ϕ3ϕ!

3 rate at the 13 TeV
LHC, in particular, σðpp → ϕ3ϕ3Þ=σðpp → ϕ3ϕ!

3Þ ∼
5ð60Þ for Mϕ3

¼ 1ð2Þ TeV.
Taking into account the leading ϕ3 decays ϕ3 → tτ− and

ϕ3 → bντ, this signal will in turn give rise to the new
asymmetric signatures (jb ¼ b-jet):

(i) pp → ϕ3ϕ3 → 2 · jb þ ET
(ii) pp → ϕ3ϕ3 → ttτ−τ−

(iii) pp → ϕ3ϕ3 → tτ− þ jb þ ET
with a cross section which is more than an order of
magnitude larger than the charged conjugate channels.
While pp → 2 · jb þ ET may not be unique to ϕ3 pair-

production and may be more challenging due to the larger
background expected in this channel, the signal of same-
sign top-quark pair in association with a pair of same-sign
negatively charged τ-leptons, pp → ttτ−τ−, and the single
top—single τ signature, pp → tτ− þ jb þ ET , may give
striking new asymmetric ϕ3ϕ3 signals.
For example, if the scale of the NP underlying LϕSM is

Λ ¼ 5 TeV, the LQ mass is Mϕ3
∼ 1 TeV and its leading

branching ratios are BRðϕ3→ tτ−Þ¼BRðϕ3 → bντÞ¼ 0.5,
then we expect σðpp→ ttτ−τ−Þ∼3.4 fb; while σðpp→
t̄ t̄τþτþÞ∼0.07 fb; see Fig. 5. The former is about 5 times
larger than the rate for the gluon-fusion ϕ3ϕ!

3 signal
pp → tt̄τþτ−, for which a dedicated search has already
been performed by CMS [46] with null results.
With an integrated luminosity of ∼300 fb−1, Λ ¼ 5 TeV

and Mϕ3
∼ 1 TeV, about 1000 ttτ−τ− events with an

invariant mass smaller than 5 TeV are expected. After
the top-quarks decay hadronically via t→Wþb→ 2 · jþ b
(j ¼ light jet) with a BRðt → Wþb → 2 · jþ bÞ ∼ 2=3, we

FIG. 5. Pair-production cross sections of the down-type LQ ϕ3

at the 13 TeV LHC with Λd2ϕ2 ¼ 5 TeV: pp → ϕ3ϕ3 (dashed
line), pp → ϕ3ϕ!

3 (solid line) and pp → ϕ!
3ϕ

!
3 (dashed-dot line)

(see also text).

6There are no SM contributions to the processes studied here,
and also none of the tree-level generated dimension six operators
that we list in the Appendix contribute to them. Furthermore,
other dimension six operators which do not involve the LQ fields
and which can, in principle, be generated by the heavy mediators
in Figs. 1 and 2 [e.g., four-fermion operators such as dd̄lþl− and
ðdd̄Þ2], do not affect the same-sign lepton signals considered in
this work. Thus, the dimension five operators that we consider
generate the leading contributions to these processes. In particu-
lar, potential corrections to the leading-order cross sections
presented in this section can be generated either by loop-
generated dimension six operators and/or by dimension seven
operators. The former are suppressed by a factor of E=ð16π2ΛÞ
(E is the typical energy of the process) and can, therefore, be
neglected here, while the latter are suppressed typically by
ðE=ΛÞ2, and, therefore, their size depends on the relevant energy
scale of the process. In particular, for the s-channel process [see
Fig. 1(a)] the corrections can reach 50%, while for t or u channel
processes [see Fig. 1(b)] the relevant energy scale is much smaller
and the corrections are again negligible.
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pp ! �3�3 ! tt⌧�⌧�

pp ! �3�3 ! t⌧� + jb + 6ET

<latexit sha1_base64="8NLGSCN0gj6AQ0DV2jybuUHyjXQ="></latexit>

�(pp ! tt⌧�⌧�) � �(pp ! t̄t̄⌧+⌧+) ) �(pp ! ⌧�⌧� +Xj)� �(pp ! ⌧+⌧+ +Xj)

�(pp ! ⌧�⌧� +Xj) + �(pp ! ⌧+⌧+ +Xj)
' 1

J

L
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