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Phenomenology of TeV-scale scalar Leptoquarks in the EFT

Shaouly Bar-Shalom,':[f| Jonathan Cohen,"[[] Amarjit Soni,[[] and Jose Wudka?:[f]

1 Physics Department, Technion-Institute of Technology, Haifa 32000, Israel
2 Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA
3Physics Department, University of California, Riwverside, CA 92521, USA
(Dated: April 2, 2019)

We examine new aspects of leptoquark (LQ) phenomenology using effective field theory (EFT).
We construct a complete set of leading effective operators involving SU(2) singlets scalar LQ and the
SM fields up to dimension six. We show that, while the renormalizable LQ-lepton-quark interaction
Lagrangian can address the persistent hints for physics beyond the Standard Model in the B-decays
B— D(*)TD, B — K¢*¢~ and in the measured anomalous magnetic moment of the muon, the LQ
higher dimensional effective operators may lead to new interesting effects associated with lepton
number violation. These include the generation of one-loop sub-eV Majorana neutrino masses,
mediation of neutrinoless double-3 decay and novel LQ collider signals. For the latter, we focus on
3rd generation LQ (¢3) in a framework with an approximate Z3 generation symmetry, and show
that one class of the dimension five LQ operators may give rise to a striking asymmetric same-
charge ¢3¢3 pair-production signal, which leads to low background same-sign leptons signals at
the LHC. For example, with My, ~ 1 TeV and a new physics scale of A ~ 5 TeV, we expect
at the 13 TeV LHC with an integrated luminosity of 300 fb~!, about 5000 positively charged
7777 events via pp — ¢aps — TTTT + 2. §p (ju=Db-jet), about 500 negatively charged 777~
events with a signature pp — ¢s¢ps — 77~ + 4 -5 + 2 - jp (j=light jet) and about 50 positively
charged £70F events via pp — €147 4+ 2. j, + Er for any of the three charged leptons, £7¢7 =
etet, utu™, 77T, It is interesting to note that, in the LQ EFT framework, the expected same-sign
lepton signals have a rate which is several times larger than the QCD LQ-mediated opposite-sign
leptons signals, gg, qG — ¢3¢5 — ¢7¢~ + X. We also consider the same-sign charged lepton signals
in the LQ EFT framework at higher energy hadron colliders such as a 27 TeV HE-LHC and a 100

TeV FCC-hh.
I. INTRODUCTION

The electroweak (EW) and strong interactions of the
SM have been very successfully tested at the low-energy
(GeV-scale) and high-energy (EW-scale) frontiers as well
as in precision measurements [I]. However, despite the
impressive success of the SM at sub-TeV energies, it is
widely believed that it is an effective low-energy frame-
work of a more complete UV theory that should ad-
dress the experimental and theoretical indications for
new physics beyond the SM (BSM), such as the indi-
rect detection of dark matter and dark energy, the mea-
surements of neutrino masses, the flavor and hierarchy
problems residing in the SM’s scalar sector and the long
sought higher symmetry which unifies the fundamental
forces.

While the scale of the new physics (NP) that may shed
light on these fundamental questions in particle physics
and address the deficiencies of the SM might be beyond
the reach of present and future high-energy colliders, the
mass scale of the particle content of the desired UV the-
ory may span over many orders of magnitudes, similar
to the hierarchical mass pattern observed in nature and
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embedded in the SM. Indeed, although direct searches
at high-energy colliders have not yet led to a discovery
of new heavy particles, in the past several years there
have been intriguing and persistent hints of new TeV-
scale degrees of freedom from anomalies associated with
possible violations of lepton universality in B-decays:
B — DWrp [2H4] and B — K(T¢~ [5], as well as in
the anomalous magnetic moment of the muon [6].

Out of these three anomalies, the most striking and
least expected is the anomalous enhanced B — D™ i
rate measured by BaBar [2], Belle [3] and LHCb [4] (a
~ 4o effect). In the SM this decay occurs at tree-level
and is mediated by the Web charged current coupling,
so that the measured deviation requires a relatively large
tree-level NP contribution near the TeV scale to compete
with the “classic” SM tree-level diagram. Promising can-
didates that address this large effect in B — D)7 are
TeV-scale leptoquarks (LQ’s); in addition to this phe-
nomenological role, these particles also appear naturally
in theories that address some of the most fundamen-
tal questions in particle physics (see [7] and references
therein) such as grand unification [8] and compositeness
[9], where they can also arise as pseudo-Nambu Gold-
stone bosons [I0] and lead to interesting collider signals
[11 12]. They are also involved in models for neutrino
masses [I3]. In some cases, the effects of scalar LQ are
similar to that of the scalar partners of the quarks in
R-parity violating supersymmetry models [14 [I5], which
can have similar couplings to quark-lepton pairs.

Given their theoretical appeal, and their potential role
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in addressing the B anomalies, it is of interest to study
LQ phenomenology within the context of BSM physics.
That is, allowing for the presence of excitations heavier
than the LQs. This we shall do using an effective the-
ory, which will include the LQs as (relatively) low-energy
excitations, and the effective interactions generated by
heavier physics of scale A. We will see that LQ effective
interactions produce unique collider signatures that are
observable at the LHC, and, in some cases, at rates that
are higher than for the usual channels. We will also see
that the physics at scale A, responsible for the effective
LQ interactions, is also intimately connected with various
possible mechanism of neutrino mass generation, so that
a study of LQ phenomenology at the LHC can provide
also information about the neutrino sector.

In this work we will concentrate on the study of the
interactions and phenomenology of TeV-scale scalar LQs,
which are SU(2) singlets and transform either as a right-
handed down-type quark,! ¢(3,17—%), or as a right-
handed up-type quark, ¢(3,1, %), under the SM gauge
group; since the BSM effects of both types of LQ have
similar characteristics, in the bulk of the paper we will ex-
plore the effects and underlying physics of the down-type
LQ, and towards the end of the paper we will shortly ad-
dress the underlying physics and effects that are expected
for an up-type LQ.

We construct the complete set of effective operators
up to dimension six that involve the LQs and SM fields,
and use this LQ EFT framework to demonstrate the
impact of heavy physics on ¢ collider phenomenology,
and on low-energy lepton number violating phenomena
such as Majorana neutrino masses and neutrino-less dou-
ble beta decay. This model-independent formalism pro-

J

£Y’¢ =

Ly,

with ¢ and ¢ the SU(2) left-handed quark and lepton
doublets, respectively, while u,d, e are the right-handed
SU(2) singlets; also, 9¢ = CyT.

A few comments are in order regarding the ¢SM La-
grangian defined in Eqgs.

e The last two Yukawa-like ¢-quark-quark terms of
Ly,4 in Eq. [2| violate Baryon number and can po-
tentially mediate proton decay (see e.g., [16]). The
Yukawa-like LQ couplings involving the 1st and 2nd

1 In our notation X(c,w,y), indicates that particle X transforms
under SU(3) representation ¢, SU(2) dimension w and carries
hypercharge y.

vides a broader and a more reliable view of the ex-
pected physics associated with TeV-scale LQs, and lays
the ground for further investigations of ¢-related phe-
nomenology at high-energy colliders. For example, we
find that the higher dimensional LQ interactions in the
EFT framework may lead to very interesting, essentially
background free, same-sign lepton signals at the LHC
and/or at future colliders.

The paper is organized as follows: in the following sec-
tion we summarize the effects of the renormalizable LQ
interaction Lagrangian Lgga; in sectionlmlwe review the
LHC phenomenology of the scalar LQ in the S M frame-
work and in section [[V] we construct the effective theory
beyond Lysr, listing all the higher-dimensional effective
operators involving the down-type LQ ¢(3,1, —%) up to
dimension six. In section [V] we study the AL = 2 low-
energy effects associated with the dimension five opera-
tors and in section[VI|we explore the leading signals of the
down-type and up-type LQ, ¢(3,1, —1) and ¢(3,1, %), in
the EFT framework at the 13 TeV LHC as well as at
higher energy (27 and 100 TeV) hadron colliders. In Sec-
tion [VII] we summarize and in the appendix we list all
dimension six operators for the down-type LQ.

II. RENORMALIZABLE LQ INTERACTIONS

We define the renormalizable extension of the SM
which contains the LQ as:

Losm =Lsym+Ly,y +Lug (1)

where, for the down-type LQ ¢(3, 1, —%), the Yukawa-like
and scalar interaction pieces are:

yhatinale* + yluted” + yk ¢¢iraqe + ylucde + He. | (2)
1Dpol? = MZ|o* + Ngl8]"* + Aor |0 H|? (3)

(

generations are then either vanishingly small (i.e.,
(k)i (Wly)i; — 0 for 4,5 # 3) or are forbidden,
e.g., by means of a symmetry.

e The first two Yukawa-like ¢-quark-lepton terms of
Ly in Eq. 2 (i.e., o< yk, yft) can address the en-
hanced rate measured in the tree-level B — D)7
decay as well as the 1-loop anomalies observed
in B — K/*t/~ and the muon magnetic moment
[14, I7-21], when My ~ O(1) TeV and couplings
y§€7yfe ~ 0(0.1 — 1). It should be noted, though,
that these down-type LQ ¢-quark-lepton interac-
tions are not sufficient for a simultaneous explana-
tion of all these anomalies [22H28)].

e The LQ - Higgs interaction term o< Agg in Eq.



may play an important role in stabilizing the EW
vacuum [29].

e As will be discussed below, within the renormal-
izable ¢SM framework, Lgsp, LQ phenomenol-
ogy and leading signals at the LHC are completely
determined by the two Yukawa-like parameters
qug, yR and the LQ mass My (ignoring the baryon
number violating couplings).

IIT. PHENOMENOLOGY OF SCALAR
LEPTOQUARKS IN THE ¢SM FRAMEWORK

In the limit yfe, yE — 0 the only production channels
of a scalar LQ at the LHC are the tree-level QCD ¢¢*
pair-production via gg — ¢¢* and the s-channel gluon
exchange in gg-fusion q7 — ¢¢*, see e.g., [30H3g]. The
corresponding typical ¢¢* pair-production cross-section
at the 13 TeV LHC is o4+ ~ 5(0.01) fb for My ~ 1(2)
TeV [36]. Turning on the Yukawa-like ¢-quark-lepton
interactions in Eq. [2] adds another tree-level t-channel
lepton exchange diagram to q@ — ¢¢*, which, however,
is subdominant. Thus, LQ pair-production at the LHC
is essentially independent of its Yukawa-like couplings to
a quark-lepton pair.

On the other hand, with sizable yge, y2 Yukawa terms,
the LQ ¢ can also be singly produced at tree-level by the
quark-gluon fusion processes qg — ¢¢; for ¢ = (3,1, —%)
there are two production channels ug — ¢¢; and dg —
ov;, where i = 1,2, 3 is a generation index and both chan-
nels include two diagrams: an s-channel g-exchange and
t-channel ¢-exchange. The single LQ production chan-
nel is in fact dominant if ¢ has O(1) Yukawa-like cou-
plings to the 1st generation quarks: oingle = o(qg —
o) yge (here ¢ = u,d and ¢ = e,v.), and with
yqe ~ O(1) one obtains Uzngle(pp(ug) — ¢e) ~ 100(2)
fb and 5™ (pp(gg) — dve) ~ 50(0.5) fb for My = 1(2)
TeV, see e.g., [30].

The search for LQ is then performed assuming two
distinct LQ decay channels that correspond to its two
Yukawa-like interactions in the ¢SM: ¢ — e;57 and
¢ — vj, with T'(¢ — e;j/vj) ~ |y|*ms/16m, where y
is the corresponding ¢-lepton-quark coupling, and the
quark and lepton masses are neglected. Thus, the overall
LQ signatures at the LHC contain either two leptons and
two jets with large transverse momentum, ejej_ jj and/or
€;jj + missing Ep, when the LQ are pair-produced [39-
48], or two leptons and a jet with large transverse mo-
mentum, ejej_j and e;j + missing Fp, when the LQ is
singly produced.

Indeed, searches for 1st and 2nd generations LQ pair-
production (i.e. for LQ with couplings only to quark-
lepton pairs of the 1st and 2nd generations) yield stronger
bounds than the ones for 3rd generation LQ, since the
detector sensitivity to the different flavors of high-pr
leptons and quarks varies. In addition, these bounds

strongly depend on the LQ decay pattern, i.e., branching
ratios to the different quark-lepton pairs. For example,
the current bounds on the mass of a 1st(2nd) genera-
tion LQ assuming pp — ¢¢* — ete™ /uTp~ + jj and
BR(¢ — e/u+7) ~1is My Z 1.5 TeV [41} 45)].

Third generation LQ are particularly motivated, due
to their potential role in explaining the observed anoma-
lies in B-physics discussed above, but also on more gen-
eral aspects concerning the underlying UV physics, e.g.,
the dynamical generation of fermion masses in composite
scenarios [46]. Recent searches for a pair-produced 3rd
generation scalar LQ, decaying via ¢ — ¢7,bv, and/or
¢ — br, have yielded weaker bounds: My 21 TeV
[39, [40, 42H44] [47]. On the other hand, the bound on
the mass of a ¢(3,1, —%) that couples exclusively to a
top-muon pair (and can, therefore, address the anoma-
lous muon magnetic moment and the anomaly measured
in B — K/{*{7), obtained in the search for pp — ¢¢* —
ttutu~, is My 2 1.4 TeV [43], i.e., comparable to the
lower limit on the mass of a 1st and 2nd generation LQ.

Finally, a search for a singly produced 3rd generation
scalar LQ which decays exclusively via ¢ — br has also
been performed recently by CMS; they exclude such a
LQ up to a mass of 740 GeV [48].

IV. EFT BEYOND THE ¢SM FRAMEWORK

In this section we focus on the EFT extension of the
renormalizable Lagrangian in Egs. for the down-type
LQ ¢(3,1, f%) The effects of the NP which underlies the
¢SM framework in Egs. can be parameterized by a
series of effective operators O;, which are constructed us-
ing the ¢SM fields and whose coefficients are suppressed
by inverse powers of the NP scale A,

£=£¢5M—|—Z A"1*4 Zingn) , (4)
n=>5 i

where n is the mass dimension of O§”) and we assume de-
coupling 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 gener-
ated at tree-level in the underlying theory.

Before listing the specific form of the higher dimen-
sion operators, OE”), it is useful to denote their generic
structure in the form

o e ¢p*HbyD? (5)

where a, b, ¢, d are integers representing the multiplicity
of the corresponding factors: Oz(n) contains a LQ fields ¢
or ¢*, b Higgs fields H or H, ¢ fermionic fields ¢ 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 ®(3,1,—%) and the SM
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FIG. 1: Tree-level graphs in the underlying heavy theory that
generate the dimension five effective operator dd°$?. ® and
U stand for a heavy scalar and heavy fermion, respectively,
with quantum numbers ®(6,1, —2) and ¥(1, 1, 0) or ¥(8,1,0)

(see text).
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FIG. 2: Tree-level graphs in the underlying heavy theory that
generate the dimension five effective operator fdH¢*. ® and
U stand for a heavy scalar and heavy fermion, respectively,
with quantum numbers ®(3, 2, é) and ¥(1,1,0), ¥(1,3,0) or
W(3,2,—2) (see text).
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where we have kept a general notation assigning each of
these operators their own effective scale. Note, for exam-
ple, that the heavy fermionic state ¥(1,1,0) can generate
all three dimension five operators in Eq. [0} in which case
they will have a common scale. On the other hand, as we

fields — both violating lepton number by two units. To
see that, note that the dimension-five operators with ¢ =
0 in Eq. [5 are all absent because of gauge invariance.
Furthermore, operators of the form ¢2? must contain
the fermion bilinear ©1r, 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):

0% = dd°¢? | (6)

which violates lepton number by two units.

The diagrams that can generate the dimension five op-
erator dd°¢® at tree-level in the underlying heavy the-
ory are depicted in Fig. [I} the corresponding heavy NP
must contain a heavy scalar ®(6,1, —2) and/or the heavy
fermions ¥(1,1,0), ¥(8,1,0).

Dimension five operators of the class ¢y?D 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 ¢?H and, therefore, must also contain the
fermion bilinear 71 z. The only gauge invariant oper-
ator of this form, which also violates lepton number by
two units is:

Ol = (aH " . (7)

The heavy physics generating this operator at tree-
level must contain a heavy scalar ®(3,2, £) and/or the
heavy fermions ¥(1,1,0), ¥(1,3,0) or ¥(3,2,— 6), see
Fig. 2

We recall that there is also a unique dimension five op-
erator that can be constructed using the SM fields only;
the so called Weinberg operator [49]:

oW — Fca* Y (8)

that can be generated in the underlying theory at tree-
level by an exchange of a heavy scalar ®(1,3,0) and/or
the heavy fermions ¥(1,1,0), ¥(1,3,0).

Therefore, the overall dimension five effective operator
extension of Lygps is:

W e frefrtg 4 Jeasn JUOH 7T b + 4 Jaegr dd<¢® + He. (9)
tdoH

d2 ¢2

will see below, the Weinberg operator £°H*H'¢ and the
operator (dH¢* generate Majorana masses for the SM
neutrinos, so their effective scale, ~ f/A, must be con-
siderably suppressed in order to obtain sub-eV masses
(we ignore the possibility of cancellations between these



two contributions because of the extreme fine tuning this
would require). This leaves us with a single viable dimen-
sion five operator, dd°¢?, whose scale can be 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 ¢(3,1,—%) and the SM fields.?

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

As mentioned earlier, while the SM renormalizable in-
teraction Lagrangian, L4gys, can address the BSM effects
associated with the current B-physics anomalies, other
aspects of NP associated with lepton number violation
require new higher-dimensional effective interactions of
the LQ with the SM fields. In particular, the dimension
five operators in Eq. [0 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 AL = 2 effects associated with these operators,
while in the next section we discuss the potential AL = 2
collider signals.

A. Majorana Neutrino masses

As is well known, the dimension five Weinberg oper-
ator /°H*H'( can generate a tree-level Majorana neu-
trino mass through the type I (if it is generated by the
exchange of the heavy fermion ¥(1,1,0)) and/or type III
(if it is generated by ¥(1,3,0)) seesaw mechanisms. In
either case, the resulting Majorana neutrino mass is:

U2

() ~ fi 4 (10)
w

where v is the Higgs Vacuum Expectation Value (VEV)

and fy and Ay are the Wilson coefficient and NP scale

of the Weinberg operator (see Eq. [9).

Therefore, there are two extreme cases for generating
m, 51 eV from 0&5,): either Ay ~ O(10'%) GeV and
fw ~ O(1) or, if the NP scale is at the TeV range, i.e.,
Aw ~ O(1) TeV, then fyr ~ O(107 ). In both cases
the effect of the Weinberg operator at TeV-scale energies
is negligible. R

The operator /dH ¢* can also generate a Majorana neu-
trino mass term at 1-loop via the diagram depicted in
Fig. 3 which involves both the dimension five coupling
strength frqorr and the Yukawa-like LQ-quark-lepton

2 We have used the Mathematica notebook of [50] to validate the
EFT extension of Lgg)s which is presented in this work.
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FIG. 3: The one-loop diagram which generates a Majorana
mass term with the Yukawa-like L.Q-quark-lepton interaction
(x qug) and the dimension five operator ldH$* (with the
coupling strength frasm). See also text.

renormalizable interaction o quZ of the #SM Lagrangian

in Eq. [2l The resulting 1-loop Majorana mass is:3

A2
n (1\4[,12)) , (11)

where A = Aygpr and f = figgm are the NP scale and
Wilson coefficient of the dimension five operator ¢dH ¢*;
mgq is the mass of the down-quark in the loop and My is
the leptoquark mass. Thus, setting e.g., A =5 TeV and
My =1 TeV, we obtain:

3mg [ - quég

meA) > Jem 5 A

L~ 107 my, (12)

so that, for f~y§£ ~ O(1), the resulting Majorana mass is
m, ~ O(KeV) for mg ~ O(MeV) (i.e., the d-quark) and
my ~ OMeV) for mg ~ O(GeV) (i.e., the b-quark).
Thus, in order to obtain sub-eV Majorana neutrino
masses when A = O(TeV) we should have f-y%S0O(1072)

for the d-quark loop and f-yggf,O(lO’G) for the b-quark
loop. In particular, if ¢ is a 3rd generation LQ (i.e.,
having O(1) couplings only to the 3rd generation SM
fermions, see next section), then yZ ~ O(1) and, there-
fore, the corresponding dimension five coupling strength
should be suppressed to the level frapn S 01079 if
A¢igr ~ 5 TeV, in order to obtain e.g., m,_ S1leV (ig-
noring off-diagonal generation couplings). We note that
other interesting mechanisms for generating light Majo-
rana neutrino masses from 1-loop LQ exchanges that are
intimately related to the down-quark mass matrix have

3 See also Eq.26 in [15] for an analogous down-quark - down-squark
1-loop Majorana mass term in R-parity violating Supersymme-
try.



been discussed in [5IH57]. These studies, however, were
based on renormalizable LQ extensions of the SM.

As noted in the previous section, the heavy fermionic
states ¥(1,1,0) and ¥(1,3,0) can generate at tree-level
both the Weinberg operator (CH*H'¢ and the operator
(dH¢*. Therefore, in this setup there are two scenarios
that do not require small coupling constants:

1. The heavy fermionic states ¥(1,1,0) and ¥(1,3,0)
are responsible for generating both operators
(°H*H'¢ and ¢dH¢*, with a typical mass scale of
My ~ O(10'%) GeV. In this case, the Majorana
neutrino mass term will be generated at tree-level
through the type I or type III seesaw mechanisms
by the Weinberg operator ZCH*HJ% and the 1-loop
contribution from the operator /dH ¢* will be sub-
dominant. This holds also in the case that the
Weinberg operator is generated by the heavy scalar
®(1,3,0) if Mg ~ O(10) GeV and a correspond-
ing O(1) Wilson coefficient.

2. The Weinberg operator is not relevant to neu-
trino masses, i.e., there are no heavy ®(1,3,0),
¥(1,1,0) and ¥(1,3,0) states in the underlying
theory. In this case, neutrino masses are not gener-
ated through the seesaw mechanism, but they may
be still generated at 1-loop by the dimension five
operator /dH¢* as described above, if this opera-
tor is generated at tree-level in the underlying the-
ory by the heavy states ®(3, 2, %) and/or ¥(3,2, —%
(see previous section).

B. Neutrinoless double beta decay

The dimension five operator dd°¢? can mediate neutri-
noless double beta decay (0v§f3) via the diagram depicted
in Fig. [4l This requires both the dimension five operator
dd°¢? and the Yukawa-like renormalizable coupling of ¢
to the right-handed 1st generation u-quark and electron,
i.e., the term oc ¥ in Ly, 4 (see Eq. . If ¢ is a 3rd gen-
eration leptoquark, we expect yX, <1 (see discussion in
the next section) in which case the OvS decay rate will
be significantly suppressed.

The limit on OvB8 decay is usually expressed in terms
of the electron-electron element of the neutrino mass ma-
trix. The current bound is |(my)e| < 0.1 — 0.5 €V, de-
pending on the Ovp3f experiment, see e.g., [68]. This
translates into a bound on the corresponding parton-level
amplitude for Ovgg [B9):

peff‘AO Bﬂl ~ |(mu)ee|
G% i Deft

<5x1077, (13)

where peg ~ 100 MeV is the neutrino effective momen-
tum obtained by averaging the corresponding nuclear
matrix element contribution.

h
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FIG. 4: Tree-level graph that generates neutrinoless double
beta decay via the dimension five operator dd°¢>. See also
text.

In our case, the Ov38 amplitude corresponding to the
diagram in Fig. [f] can be estimated as:

f | ‘y5€|2

I Wuel (14)
AM}

Aovpp ~

where f = fg242 and A = Ag242. Therefore, using Eq.
we obtain:

A [yl )?
——— 2150 —Fuel 1
Tev ~ PV QL eV (15)

In particular, we find that no useful bound can be
imposed on the scale of the dimension five operator
dd°$?, assuming fazg2 ~ O(1) and a TeV-scale LQ mass,
My ~ O(1 TeV), if the LQ ¢ is a 3rd generation LQ
(as assumed below), i.e., having a suppressed Yukawa-
like coupling to the 1st generation right-handed fermions:
yB <o0.1.

VI. COLLIDER PHENOMENOLOGY OF A 3RD
GENERATION SCALAR LEPTOQUARK IN THE
EFT

We next discuss the expected NP signals of the down-
type ¢(3, 1, —%) and up-type ¢(3, 1, %) 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) [60].

All cross-sections presented in this section were calcu-
lated using MadGraph5 [64] 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 MadGraphb sessions using FeynRules
[65]. The LO nnpdf3 PDF set (NNPDF30-lo-as-0130
[66]) was used in all the calculations presented below.
Also, all cross-sections were calculated with a dynami-
cal scale choice for the central value of the factorization
(ur) and renormalization (ug) 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 v < A was placed using Mad-
Analysisb [67], where several values of A (the scale of NP)
were used for the processes considered below.*

Furthermore, we Will assume throughout the rest of the
paper that q5(3, 1,- ) and ¢(3,1, 3) under consideration
in this section, are 3rd generation leptoquarks and denote
them generically by ¢3. In particular, we assume that the
LQ-lepton-quark Yukawa-like couplings of ¢3 to the 1st
and 2nd generations SM fermions in the corresponding
renormalizable $SM Lagrangian are much smaller than
its couplings to the 3rd generation quark-lepton pair, e.g.,
to a tT and/or b, pairs in the case of the down-type LQ
$(3,1,—3) (see Eqgs. .

This scenario can be realized by imposing an approxi-
mate Z3 generation symmetry under which the physical
states of the SM fermions (i.e., mass eigenstates) trans-
form as:

w’“mw

where k is the generation index and a(y*) are the Z3
charges of ¥".

Consider for example the down-type LQ ¢(3, 1, —%): if
the Z3 charges equal the generation index, i.e., a()%) =
k, and a(¢) = 3, then only terms in Lggas involving
the 3rd generation are allowed. In particular, assuming
Baryon number conservation and thus ignoring the Zs-
allowed LQ interactions with the 3rd generation quarks
(ie., ptGbr and ¢t§by) that would in general allow for
proton decay, we have:

Pk — el T3 =27/3, (16)

EY b3 ~ ng@g (tLTL + bLVTL) d) + yu363 TR¢* + HC(‘17)

where we will assume that the above Yukawa-like LQ-
quark-lepton 3rd generation couplings are O(1).

The Z3 generation symmetry is exact in the limit where
the quark mixing CKM matrix V is diagonal, so that
Zs-breaking effects will in general be proportional to the
square of the small off-diagonal CKM elements |V|?,
[Vuo|?, |Visl?, |Vial?, and will, therefore, be suppressed
(see also [28, 61, [62]). In particular, the Zs genera-
tion symmetry is assumed to be broken in the underlying
heavy theory and can, therefore, be traced to the higher
dimensional operators. For example, the off-diagonal SM
Yukawa couplings may be generated by the dimension six
operators:

- HTH
MQ)H = (qu(iLHuR + defiLHdR)

Az + H.c. (18)

where, if e.g., A ~ 1.5,3 or 5 TeV and f,m, fang ~ O(1),
then the resulting effective Yukawa couplings, vyeg =
fum,am - UQ/A27 are Yefr ~ @(ny% Yeft ~ @(ny) or
Yot ~ O(y5™M), respectively, where y? are the corre-
sponding Yukawa couplings in the SM (see [63]).

The Z3 breaking terms in the LQ sector will also be
generated in the effective theory through higher dimen-
sional operators. To demonstrate that consider for ex-
ample the dimension five operator dd®¢? in Eq. @ As

was shown in section [[V] this operator can be gener-
ated at tree-level in the UV theory by exchanging e.g.,
a heavy scalar ®(6,1,—2) (see diagram (a) in Fig. [1]).
Thus, if ®(6,1,—2) couples to the 1st and/or 2nd gen-
eration down-quarks, then the Z3 generation symmetry
is broken and the scale of generation breaking is the
mass of @(6,1,—%), Mg. In particular, the Z3 gener-
ation breaking effects in this case will be proportional
t0 godd - Goge/Mae, where gogq and goge are the cou-
plings of the heavy ®(6,1, f%) to a dd-pair and a ¢¢-
pair, respectively. The matching to the EFT framework
of Eq. |§| can be done by replacing Mg — Ag2g2 and
9odd * Gopp — fazge-

We thus, allow for higher dimensional interactions of
¢3 with the lighter SM fermion generations, keeping in
mind that these are a-priori suppressed in the EFT by
inverse powers of the NP scale (e.g., by 1/A if it origi-
nates from the dimension five operators) and that, in this
case, A represents the scale of breaking the Z3 generation
Symmetry.5

A. The down-type scalar LQ (3,1, —%)

We now consider the LHC signals of the down-type
3rd generation LQ ¢3 = ¢3(3,1, — ) under investigation.
Following our above setup where (;53 is expected to have
suppressed couplings to 1st and 2nd generation fermions,
single ¢3 production will occur through the channel gb —
$3vr, with a cross-section o (ppgp) — ¢3v-) ~ 3.5(0.025)
fb for My, = 1(2) TeV and yf;, =1 [36]. Also, with sub-
leading couplings to the 1st and 2nd generation fermions,
the main channels for ¢3 pair-production will be gluon
and ¢ — ¢ fusion, where the typical cross-sections are
(PP(gg.qq) — P393) ~ 5.5(0.01) fb for My, = 1(2) TeV
[36] (with no cut on the ¢3¢} invariant mass) and do
not depend on the ¢3-quark-lepton couplings. Thus, as-
suming that ¢5 decays via ¢3 — t7— and/or ¢35 — bu,
with 50% branching ratio into each channel, we find e.g.,

0 (DP(gg,qq) = 9305 = T~ 77) ~ 1.4 fbat a 13 TeV LHC

if My, ~1TeV. A dedicated search in this channel was
carried by CMS in [44], where no evidence for this signal

was found, setting a limit on the LQ mass of Mg, 2900
GeV at 95% confidence level for BR(¢3 — t77) = 1.

As mentioned above, LQ phenomenology changes in
the presence of the higher dimensional effective opera-
tors. In particular, additional potentially interesting ¢s
production channels are opened at the LHC. However,
most of them will have a too small cross-section at the

4 The UFO model files are available upon request.

5 Note that the couplings of ¢3 to the 1st and 2nd generations
fermions can also be loop generated by the renormalizable LQ-
quark-lepton couplings. In this case they are suppressed by the
corresponding loop factor and CKM elements and are, therefore,
subdominant.



13 TeV LHC, due to the 1/A™ suppression in the EFT
expansion, so that the leading effects are produced by
the dimension five operators involving ¢3 in Eq.[9] Re-
call, however, that the operator ¢dH¢* is expected to
have suppressed effects because of a large effective scale,
as required for consistency with sub-eV neutrino masses
(cf. the previous section).

We are therefore left with only one dimension five
operator, dd°¢?, that can potentially mediate interest-
ing ¢3 pair-production signals at the LHC. In partic-
ular, we find that this operator may yield a strikingly
large asymmetric same-sign(charge) ¢s¢s signal at the
LHC via dd — ¢3¢3, which is more than an order of
magnitude larger than the charged conjugate channel
dd — @503, due to the different fractions of d and d in the
incoming protons, see Fig. |5} The hard cross-section for
dd — ¢3¢3 (which equals that of the charged conjugate
one dd — ¢5¢3) is:

2
5(dd > b305) = 1oLy

where (cf. Eq.@) A=Agpge, = fap, B?= 1—4M£3/§,
and /3 is the center of mass energy of the hard process.
For example, if Agz42 = 5 TeV (and with a cut on the
$3¢3 invariant mass, My, s, < 5 TeV), we find:°

(19)

o(pp = P3b3)my,~1 Tev ~ 14 1b
o(pp = ¢303) M4y~ Tev ~ 0.3 b (20)

This can be compared to the gluon-fusion cross-
section of the opposite-charge ¢3¢3 pair-production sig-
nal, pp(gq) — ¢3¢3, for which the hard cross-section (see
e.g., [30, B31]):

71'0[2

6(99 = #383) = gez- {B(41 - 31p%) (21)
— (17—188%+B%) - log (Tg)} ,

drops with the energy as 1/§ and yields a cross-section
of (again with My, 4. <5 TeV):

o(pp = ¢303)myy~1 Tev ~ 3 1b
o(pp = ¢305)am,,~2 Tev ~ 0.005 b . (22)

6 There 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. Thus, the dimension
five operators that we consider generate the leading contributions
to these processes. In particular, potential corrections to the
leading-order cross-sections presented in this section can be gen-
erated either by loop-generated dimension six operators and/or
by dimension seven operators. The former are suppressed by a
factor of E/(16w2A) (E is the typical energy of the process) and
can, therefore, be neglected here, while the latter are suppressed
typically by (E/A)? and, therefore, their size depend on the rel-
evant energy scale of the process. In particular, for the s-channel
process (see Fig. ) the corrections can reach 50%, while for t
or u channel processes (see Fig. ) the relevant energy scale is
much smaller and the corrections are again negligible.

We thus see that the same-sign ¢3¢s rate is expected
to be larger than the opposite-sign ¢s¢3 rate at the 13
TeV LHC, in particular, o(pp — ¢3¢3)/0(pp — ¢p3p3) ~
5(60) for My, = 1(2) TeV.

Taking into account the leading ¢3 decays ¢ — t7~
and ¢3 — bv,, this signal will in turn give rise to the new
asymmetric signatures (j, = b-jet):

o pp — P33 — 2 Jp + Lt

e pp — P33 —> LT T

® pp — P33 = 17 + jy + B

with a cross-section which is more than an order of mag-
nitude larger than the charged conjugate channels.

While pp — 2 - j, + Fr may not be unique to ¢3 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 7-leptons, pp — tt7- 77,
and the single top - single 7 signature, pp — t7~ +j,+E7,
may give striking new asymmetric ¢s¢s signals.

For example, if the scale of the NP underlying Lgss
is A = 5 TeV, the LQ mass is My, ~ 1 TeV and its
leading branching ratios are BR(¢3 — t7~) = BR(¢3 —
bv,) = 0.5, then we expect o(pp — ttt777) ~ 3.4 {b;
while o(pp — ttrT77) ~ 0.07 fb, see Fig. 5| The former
is about five times larger than the rate for the gluon-
fusion ¢33 signal pp — ttrT7~, for which a dedicated
search has already been performed by CMS [44] with null
results.

LHC 13 TeV, A =5TeV

—pp = G305 (dim 4 gg — ¢303) S~eo
—=pp — P33 (dim 5 : ({d“'z[)z) e
S| l=mmrp G305 (dim 5 dd°¢?)
10 : ; : ‘
1 1.2 14 1.6 1.8 2

M, [Tev]

3
FIG. 5: Pair-production cross-sections of the down-type LQ
¢3 at the 13 TeV LHC with Ag2g2 = 5 TeV: pp — ¢3¢3

(dashed line), pp — ¢33 (solid line) and pp — ¢3¢3 (dashed-
dot line) (see also text).

With an integrated luminosity of ~300 fb=1, A = 5
TeV and My, ~ 1 TeV, about 1000 tt7~ 7~ events with
an invariant mass smaller than 5 TeV are expected. After
the top-quarks decay hadronically viat — Wb — 2-5+b
(j =light jet) with a BR(t — Wb — 2-j+b) ~ 2/3,
we expect about 450 same-sign 7~ 7~ events with a high
jet-multiplicity signature: pp - 777~ 4+4-5+2- 5, and



with a statistical error of ~ /450 ~ 20 events and no
irreducible background.® Note also that roughly the same
number of events are expected for the t7— production
signal pp — t7~ + jp + K, which leads topp — 77 +2-
j+2-jp+E7, when the top-quark decays hadronically via
t — WTb— 2-j+b. This single-7 signal lack a unique
characterization akin the same-sign lepton signature in
pair LQ production and might, therefore, be harder to
trace.

It is also useful to define the inclusive same-charge 77
asymmetry:

olpp =171 +X;)—opp = 77T + X))

ATT =
olpp = 7717+ Xj) +opp — 77T + Xj)

(23)

where we have assumed again that the top-quark decays
hadronically via t — W+b — 2-j + b and X; stands for
any accompanying jets in the final state. When the ¢3
mass is in the range 1 TeV < My, <2 TeV, we expect
A+ — 1 since this asymmetry receives its most signifi-
cant contribution from the ¢3¢s and ¢5¢5 channels (see
Fig. [5). The same-sign 7~ 7~ events have no irreducible
background, so we expect this asymmetry to remain close
to a 100% even after the reducible background is taken
into account.

The statistical significance, Ngp, with which this
asymmetry can be detected at the LHC is:

NSDN\/UTT.L'ATT.\/E7 (24)

J

AﬁquM

Apuor Apapr

The fourth operator in Eq. auce?, will give rise
to a similar same-sign asymmetric ¢s¢3 signals via uu —
¢3¢3 (and the much smaller charged conjugate one i —
¢5d3), with a considerably larger cross-section than the
same-sign down-type LQ pair-production one, due to the
larger u-quark content/PDF in the protons. For example,
with Ay242 = 5 TeV and the invariant mass cut Mg, ¢, <

7 This estimate does not include the 7-decay branching ratio into
a specific final state.

8 We note that if both the down-type and up-type LQ are in-
cluded as light degrees of freedom in the low-energy framework,
then four more dimension five operators can be constructed in
the EFT extension: q€°¢} s, ue®d) oy, 4q°Ppapu and dupydu,
where we have used here the subscripts d and u to distinguish
between them.

fzu¢H€H¢ +f£d¢H€dH¢ n

where o, is the inclusive cross-section o(pp — 777~ +
X,) and e is the corresponding combined efficiency for
the simultaneous measurement of this final state. Thus,
with an integrated luminosity of 300 inverse fb (recall
that o(pp = 7777 + X;) ~ 1.5 fb for A = 5 TeV and
My, = 1 TeV), and a combined efficiency of € ~ 0.01,
this asymmetry can be detected with about a ~ 20 sig-
nificance. At the high-luminosity LHC with 3000 inverse
fb this asymmetry should be accessible with a statistical
significance of Ngp ~ 7.

B. The up-type scalar LQ (3,1, %)

We wish to briefly comment here on the phenomenol-
ogy and LHC signals expected for an up-type LQ
(3,1, %) in the EFT framework. The renormalizable
Yukawa-like interactions of this LQ contain only the
term yﬁ & c?%dﬁqﬁ, where yg; 4i1s anti-symmetric due to
SU(3) (color) gauge invariance. Note, however, that this
di-quark LQ coupling violates baryon number and, in
the presence of the higher dimensional LQ couplings to
quark-lepton pairs (see below), may mediate proton de-
cay. We therefore, assume that it is either negligibly
small or forbidden due to a symmetry.

In the up-type ¢(3,1, %) case, we find that there are
four dimension five operators (in addition to the Wein-
berg operator of Eq. :7

fqe¢>H CHQS—F fu d)

au‘¢® + H.c. . (25)
Aqe¢H 2¢2

(

5 TeV, we find for the up-type LQ case:

o(pp = $303)My,~1 Tev ~ T7 b,
o(pp = ¢3¢3)my,~2 Tev ~ 3 1tb,
(26)

which is about 25(600) times larger than the expected
opposite-charged ¢3¢% signal for My, = 1(2) TeV, see
Eq. 22

In contrast to the case of the down-type LQ (which
decays via its renormalizable couplings to quark-lepton
pairs), the decay pattern of the up-type LQ considered
here will be controlled by its dimension five interactions
with the SM fields in Eq. In particular, it will decay
via either ¢ — det and/or ¢ — uv, where d,u, e, v stand
here for a down-quark, up-quark, charged lepton and neu-
trino of any generation, with a corresponding coupling
which is suppressed by ~ v/A, e.g., for the decay ¢ — uv
the coupling is fiuem - (v/Ajuem). Thus, assuming as an
example that its dominant dimension five couplings are
to the 3rd generation SM fermions, then here also, when



it decays via either ¢35 — br™ and/or ¢35 — tv,, we ex-
pect the new asymmetric signals:

o pp — P33 — tt+ Kt
°pp — P33 = TTTT 4+ 24
® pp — P33 =t + Gy + Br

each having a cross-section which is several orders of mag-
nitude larger than the charged conjugate channels.

Despite obvious parallels, there are important differ-
ences between the above signals and the ones expected
for the down-type LQ :

1. The same-sign 777 signal pp — ¢33 — 77742
jp for the up-type LQ has opposite lepton charges
than the corresponding signal for the down-type
LQ. Therefore, the asymmetry A, flips signs in
the up-type LQ case.

2. Similarly, in single LQ production, the final 7 lep-
ton is positive for the up-type LQ and negative for
the down-type.

3. The same-sign 77 signal has a lower jet multiplicity
than in the case of the down-type LQ.

4. The same-charge top-quark pair signal pp —
¢33 — tt + Er can also yield a same-sign lepton
signal pp — £74% +2-j, + K7, involving any of the
charged leptons, i.e., £T4T =etet ptut 77T, if
the top-quark decays leptonically via t — Wb —
£+ng.

Thus, the most promising signals in up-type ¢3¢3 pair-
production are pp — 77 4+ 2 j, and pp — tt + Er —
Y0t +2. 5, + Er, containing two positive charged leptons
(for which the background is low) and two high-pr tagged
b-jets. For A = 5 TeV, My, = 1 TeV and assuming
BR(¢3 — br™) = BR(¢3 — tv,) = 0.5, the overall
cross-sections for these signals (with an invariant mass
smaller than 5 TeV) are expected to be:

olpp = 77T +2-5,) ~20 fb |
olpp = (T +2- 5, +Br)~021fh, (27)

where, as mentioned above, for the same-charged top-
quark pair signal, pp — tt + Ep — £T4Y +2- 5, + B,
this cross-section applies to any one of the same-charged
leptons, i.e., T4 = eTet utu™ or 777, when the
top-quarks decay leptonically with BR(t — Wtbh —
T ugb) ~ 0.1.

Considering the same-sign dilepton asymmetry defined
in Eq. 23] in the up-type LQ case we find that A, may
be detected with a statistical significance of Ngp ~ 8§,
with an integrated luminosity of 300 inverse fb and a
combined efficiency of € ~ 0.01 (see Eq. . On the
other hand, a statistically significant signal of the asym-
metries Acc /., will require the 13 TeV HL-LHC with an
integrated luminosity of 3000 inverse fb.
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C. Expectations at higher energy hadron colliders

HE-LHC 27 TeV, A =5 TeV

10*
—pp = $3¢5 (dim 4: gg — ¢3¢%)
—mpp — P303 (dim 5: wuce?)
, ———p — G303 (dim 5 dd°¢?)
10° ¢

1 1.2 1.4 1.6 1.8 2
M ‘ [Tev]

FCC-hh 100 TeV, A =5 TeV

—pp = G3¢5 (dim 42 gg — P3¢%)
— =pp— b3ty (dim 5: uue?)
———p = duos (dim 5 : dd°0?)

10
10° ‘ ‘ ‘ ‘
1 1.2 14 1.6 1.8 2
M % [TeV]
FIG. 6: Pair-production cross-sections of the down-type

and up-type LQ, as a function of the LQ mass, for a NP
scale A = 5 TeV, at a 27 TeV HE-LHC (upper plot) and
a 100 TeV FCC-hh (lower plot): the QCD cross-section via
99,93 — ¢3¢3 (solid line), the same-charge up-type LQ pair-
production cross-section via uu — ¢s¢3 (dashed line) and the
same-charge down-type LQ pair-production cross-section via
dd — ¢3¢s (dashed-dotted line). See also text.

As can be seen from Fig. [5] the LQ production cross-
sections sharply drop with the LQ mass at the 13 TeV
LHC for LQ masses My > 1 TeV. This is due to the
limited phase space at the 13 TeV LHC for producing
TeV-scale heavy particles and, hence, the currently rela-
tively poor discovery potential for such new heavy par-
ticles. In particular, the detection of NP scales A > 5
TeV and/or heavy new particles with masses of sev-
eral TeV, will require in general higher energy colliders
with higher luminosities. For example, for a LQ mass of
Mg, ~ 4 TeV, the opposite-charge ¢3¢3 pair-production
cross-section (via gg,qq — ¢3¢3) at the 13 TeV LHC is
a(pp — ¢3¢3) ~ 1076 fb. The new same-charge ¢33
signal discussed above is also too small at the 13 TeV
LHC for My, ~ 4 TeV; a(pp — ¢3¢3) ~ 1074 fb, if
the NP scale is A ~ 10 TeV. Therefore, heavy LQ with



HE-LHC 27 TeV, A =10 TeV

10*

—pp = G305 (dim 41 gg — $303)
— =pp— ¢33 (dim 5 : wue?)
——=pp > G305 (dim 5: dd°?)
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~
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FCC-hh 100 TeV, A =10 TeV

10*

—pp = G305 (dim 41 gg = $3¢%)
— =pp — ¢33 (dim 5: wue?)
——=pp = G503 (dim 5 dd°p?)

1020
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100 L
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M, [TeV]
FIG. 7: Same as Fig. [f]for A = 10 TeV.

masses of several TeV are not accessible at the 13 TeV
LHC with or without the new EFT interactions from the
higher dimensional effective operators.

A Dbetter sensitivity to multi-TeV LQ and, in partic-
ular, to the LQ EFT dynamics presented in this work,
can be obtained at future higher energy hadron collid-
ers such as the HE-LHC and the FCC-hh mentioned
above. In Figs. [6}f8] we plot the same-charge LQ pair-
production cross-sections pp — ¢3¢3 for both the down-
type and up-type LQ (i.e., the underlying hard-processes
being dd — ¢33 and uu — ¢3¢3, respectively), as well
as the opposite-charge LQ pair-production (QCD) cross-
section pp — @3¢5 (via gg,qq — ¢3¢3), for a NP scale
of A =5,10 and 15 TeV. Here also, for consistency with
the EFT framework, all cross-sections are calculated with
an invariant mass cut on the LQ pair My, 4, < A, i.e.,
Mg, 4, < 5,10,15 TeV for A = 5,10,15 TeV, respectively.
We note that the cross sections in Figs. [G}f§] for a 3rd gen-
eration LQ are insensitive to the the Yukawa couplings
in Eq. so the results for 1st and 2nd generation LQ
are expected to be comparable.

We see that the production rate of positively-charged
up-type LQ pair (in the EFT framework) can reach
o(pp — ¢303) ~ O(1) fb at the 100 TeV FCC-hh, for
a rather heavy LQ with My, ~ 7 TeV and a NP scale of
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HE-LHC 27 TeV, A =15TeV

10*

—pp = G305 (dim 41 gg — P3¢5%)
— =pp— ¢35 (dim 5 : wue?)
—==pp > 030 (dim 5: dd°¢?)

o [fb]

Md)3 [TeV]
104 FCC-hh 100 TeV, A =15TeV
—pp = G305 (dim 41 g9 — P305)
—mpp — P303 (dim 5: auce?)
——=pp — ¢35 (dim 5: dd°¢?)
i
102~
8
e 100
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FIG. 8: Same as Fig. [B]for A = 15 TeV.

A ~ 15 TeV, whereas the corresponding opposite-charged
@303 signal (i.e., for My, ~ 7 TeV) is expected to be
about two orders of magnitudes smaller. A 27 TeV HE-
LHC is also sensitive to a several TeV LQ and a NP scale
of O(10) TeV, e.g., expecting an O(1) fb cross-section for
pair production of positively-charged up-type LQ pair
when My, ~ 4 TeV and a NP scale of A ~ 10 TeV.

VII. SUMMARY

We have explored the phenomenology of the EFT ex-
pansion of a low-energy TeV-scale framework, where the
“light” degrees of freedom contain the SM fields and
a down-type scalar LQ ¢(3,1,7%) or an up-type LQ
4(3,1,3)

We found that there are only two dimension five opera-
tors that can be assigned to the down-type LQ ¢(3, 1, —%)
and four dimension five operators for the up-type LQ
(3,1, %), all these dimension five operators violate lep-
ton number by two units. We have also identified the
distinct underlying heavy physics that can generate these
operators at tree-level.

We have shown that for each LQ type one of these
operators can generate sub-eV Majorana neutrino masses



at 1-loop, provided its effective scale is sufficiently high
f/[A/TeV] ~ 10~%, where f is the corresponding Wilson
coefficient derived from the underlying heavy theory. We
also found that another dimension five operator involving
the down-type LQ, which is relevant to current collider
phenomenology, may mediate neutrinoless double beta
decay.

We have then focused on collider phenomenology of
both the down and up-type scalar LQ in the EFT frame-
work. In particular, motivated by the current anomalies
in B-decays, we have suggested an approximate Z3 gener-
ation symmetry and studied the signals of 3rd generation
down-type and up-type LQs (¢3) at the LHC. We found
that the dimension five operators may give rise to striking
asymmetric, same-charge dilepton final states in the re-
actions pp — ¢3¢3 for both the down and up-type scalar
LQs, that have low background.

For example, for the 3rd generation down-type LQ
with a mass My, ~ 1 TeV and a NP scale A ~ 5 TeV,
the resulting same-sign lepton signature is pp — ¢3¢3 —
T 44542 g, (j=light jet and j,=Db-jet), which
is expected to yield about 500 such 7~ 77~ events at the
13 TeV LHC with a Iuminosity of 300 fb~!. For the
3rd generation up-type LQ, we expect about 6000 events
of same-sign positively charged 7777 from the process
pp — ¢33 — TTTT + 2+ 5y, if A ~ 5 TeV. Moreover, for
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similar parameters, the same-charge up-type ¢s¢s pair
production process can also generate events with pairs
of same-charge top quarks pp — tt + Er (when each LQ
decays via ¢3 — tv), leading to about 50 same-sign dilep-
ton events pp — (1€ + 2. j, + Fr (when each top-quark
decays leptonically via t — Wb — £Tyb), for any of
the three charged leptons, £ = e, u, 7.

We have also defined a double lepton-charge asymme-
try that may be useful for detection and disentangling
these same-sign lepton signals.

Finally, since the LQ production cross-sections sharply
drop with the LQ mass at the 13 TeV LHC, due to
its limited phase-space for producing multi-TeV heavy
particles, we have also calculated the projected same-
charge LQ pair production cross-sections, o(pp — ¢s¢3),
at 27 and 100 TeV hadron colliders; the future planned
HE-LHC and FCC-hh, respectively. As expected, we
find that these future higher energy hadron colliders can
extend the sensitivity to the LQ EFT dynamics up to
masses of My 2 5 TeV and a NP scale of A ~ 15 TeV.
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Appendix: Dimension six operators for the
down-type scalar LQ ¢(3,1, —%)

There are several classes of dimension six operators
which correspond to the generic form of Eq. [5, which will
be listed here.

The only ¢° operator is:

0L = (¢"9)" . (28)
There are no operators of the form ¢®>H due to gauge

invariance and out of the ¢* H® D?>~? type operators there
are only two non-redundant gauge invariant operators
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corresponding to the b = 0 and b = 2 cases:
Oz = (HTH) (¢°¢)* , O = |6]?IDeI” . (29)
Out of the operators that contain a ¢ factor, the ones
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of the form ¢ H® D3~? are absent since they violate either
gauge (b odd) or Lorentz (b even) invariance. On the
other hand, in the class ¢31? operators there are four
gauge invariant combinations which can be constructed,
all of the form |¢|?¢pyrvR:

Oy € 10 @“0) , |6* (@es) , 6 (@ag) , ] (wwdg) , (30)

where the last two ¢31? operators above violate both
baryon and lepton number.

The operators that contain a ¢? factor can be divided
into two categories: the ones proportional to gauge in-
variant factor |¢|? and the ones that contain ¢? or (¢*)2.
The former case is straight forward, since it includes all
operators involving an SU(3) singlet ¢!¢ of the form:

6 24
Osars € 16208 (31)
where O%,, includes all the dimension 4 renormalizable

terms of the SM Lagrangian. In addition, there are op-
erators involving the SU(3) octet ¢'¢ states of the form:

(6TA"Duo) (aA"vq) , (¢'A"0) B Gy, . (32)
where A® are the SU(3) Gell-Mann matrices and B*¥ is

J

(

the SM SU(1) field strength.

The latter case (i.e., operators which contain a ¢? fac-
tor) is more elaborate, but it can be shown that there are
only two non-redundant gauge invariant operators of this
class, both in the form ¢2¢2D, where 1?2 is composed out
of one quark and one lepton:

O 2y € €00 (Dud)y 11", € (Dyd), ev"de |
(33)

where here a, b, ¢ are color indices.

Finally, the dimension six operator which contain only
one LQ field have to be of the form ¢pyp2H*D?>~b where
0 < b < 2 and 1? is either a quark-lepton or quark-quark
pair. For the b = 2(b = 1) case we find six(five) gauge
invariant operators:

O oy € [HPTa0" , |H?eql® , |H[¢deu , |HP¢uec , o' (GH)(H'q") , ¢(@H)(H'I°) (34)
O yp € (@H)Y'uDug', (@H)dDyug  (@H)y e Dy, (IH)YuDyd , (1H)d°Dyd (35)

where we have omitted the color indices and the anti-
symmetric tensor €qp in the above operators containing
3®3®3 and 3® 3® 3 states.

(

The case of b = 0, i.e., operators of the type ¢v)2D?,
contain four possible combinations of ? fields of the
form:

0, pe € D? x qq°¢* , D* xql°p , D* x d°u¢ , D x uee , (36)

where the notation above indicates that the two deriva-
tives are to act on any of the fields; note though that
D, D" acting on a field gives a redundant operator, but

J

(

[D,, D,] does not. Thus, for example, D? x gl°¢' corre-
sponds to:

D? x ql°¢ — (@D,I°)D" ¢ , (Goul®)B*™ ¢, (Goumo’ 1YW ¢, (GouAt)GH ¢ . (37)
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