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1 Introduction

In the recent years the central question of flavour physics beyond the Standard Model
(SM) has been the following: “How is it possible to reconcile TeV-scale new physics (NP)
(as suggested e.g. by naturalness) with the absence of indirect signals in flavour changing
neutral currents (FCNC)?”. One possible answer was given by the principle of Minimal
Flavour Violation [1], which allowed for exciting NP at ATLAS and CMS while predicting
less room for serendipity at LHCb. Somewhat unexpectedly, we are faced with the fact
that experimental data seem to rather suggest the opposite situation. In fact, a coherent
pattern of SM deviations in semileptonic B-decays, which goes under the widely accepted
name of “flavour anomalies”, keeps building up since 2012 [2-13]. Were these anomalies
due to NP, they would certainly imply a shift of paradigm in flavour physics.

A unified explanation of the whole set of anomalous data minimally requires: i) a
NP contribution in b — sup neutral currents that interferes destructively with the SM
and ii) a NP contribution in charged currents that enhances the decay rates of b — crv
transitions. Despite many models being proposed so far for the combined explanation of
the anomalies (see [14-54] for an incomplete list), it is fair to say that the majority of
these works suffer from various issues: neglect of key observables (both at low energy and
high-pr), missing UV completion, breakdown of the perturbative expansion, unnatural and
tuned values of the parameters, etc. The difficulties in constructing a viable and coherent
NP interpretation of the flavour anomalies (both in charged and neutral currents) are due
to the simultaneous presence of the following aspects of the phenomenological situation:

1. the NP contribution in b — c7v needs to be very large, since it must compete with
a SM tree-level process;

2. there is an absence of NP signals in direct searches at the LHC;

3. there are very severe constraints from flavour observables in pure hadronic channels,
most notably in AF = 2 transitions;

4. there are very severe constraints from flavour observables in pure leptonic channels,
most notably in processes violating lepton universality and lepton flavour.

Since the first point clearly contrasts with the remaining ones, finding a coherent NP
framework to explain all these facts remains a non-trivial challenge. However, the points
above are also suggesting in a (qualitative) way their own solutions. Indeed a viable NP
scenario should:



1. contain a leptoquark with large flavour violating couplings in order to trigger the
anomalous semileptonic decays in charged currents;

2. only introduce new states that are heavy enough to escape direct detection;

3. have a protecting flavour symmetry in the purely quark sector, such as a U(2) acting
on the first two families of quarks;

4. have a protecting flavour symmetry in the purely lepton sector, such as U(1), X
U(1), x U(1),.

Does a model with such properties exist? In this paper we are going to present a phe-
nomenological attempt to answer this question, by exploring a specific limit of the “4321
model” introduced in ref. [37]. Here, 4321 stands for the gauge structure of the model,
which is invariant under the local group SU(4) x SU(3)" x SU(2)z, x U(1)’. The symmetry
breaking down to the SM delivers a TeV-scale vector leptoquark, U, ~ (3,1,1/3), with the
most favourable quantum numbers in order to mediate the flavour anomalies, as inferred
from recent simplified-model analyses [35, 52].

While the aspects that we are going to discuss will be exemplified in the context of
the 4321 model (the detailed phenomenological analysis of this model is in fact one of
the main goals of this paper), we believe that the mechanism presented here should be a
welcome ingredient for any extension aiming at a consistent description of the whole set
of anomalies. This ingredient is nothing but a generalisation of the well-known Cabibbo
mixing [55] to the leptoquark sector. The up- and down-quark sectors in the SM, when
taken in isolation, preserve their own U(1)? family symmetry. It is only the simultaneous
presence of up and down Yukawa matrices that provides a flavour violating misalignment
of the size of the Cabibbo angle. Our proposal follows in close analogy: quarks and leptons
in isolation preserve their own original symmetries, while flavour violation is a product of
the collective breaking coming from the two sectors. The misalignment between the second
and third family of quark and lepton doublets, 01, is the generalisation of the Cabibbo
angle, 0¢. As a consequence, tree-level neutral currents are (practically) absent and all the
relevant flavour violating interactions only involve the exchange of the leptoquark. The
individual (assumed) larger symmetries in the quark and lepton sectors guarantee enough
flavour protection from low-energy indirect probes, while a sizeable 01 allows for large
effects in the desired b — crv transitions at tree level. Crucially, a large 3-2 leptoquark
transition allows the scale of NP to be raised and relaxes in turn the bounds from LHC
direct searches. This approach differs from those scenarios in which the NP is aligned along
the third generation and the 3-2 transitions are obtained via an O(V,,) rotation. In the
latter case, the flavour suppression in the NP amplitude has to be compensated either by a
lower value of the NP scale or by large couplings arising from non-perturbative dynamics.
In both cases, one is faced with very serious challenges both from precisely measured Z-pole
observables and 7 decays [56, 57] and direct searches (see e.g. [58, 59]).

The connection between low- and high-energy phenomenology in the 4321 model goes
even further. In fact, the large flavour breaking between second and third generation in



the leptoquark sector is responsible for AF = 2 quark transitions at the one-loop level,
for which a GIM-like mechanism is at work: a sufficient suppression of Bs; and D mixing
is guaranteed by the lightness of the lepton partners present in the radiative amplitudes.
We hence obtain upper bounds on heavy lepton partners from indirect searches and lower
bounds from direct searches at the LHC. Remarkably, in a large part of the parameter
space this mass window is very narrow: low-energy probes are suggesting a clear target for
direct searches at high-pp. The role of the heavy lepton partners in the 4321 model recall
in a sense the charm prediction from kaon meson mixing in the SM [60, 61].

The paper is structured as follows: in section 2 we introduce the main elements of
the 4321 model and in section 3 we discuss the leptoquark Cabibbo mechanism making
use of symmetry arguments and analogies with the SM. In section 4 we collect the main
observables relevant for the low-energy phenomenology, including the flavour anomalies
and the relevant constraints from indirect searches. In section 5 we present the status of
direct searches, and show that a large breaking in the 3-2 sector is needed to lift the NP
scale in order to escape direct detection. In section 6 we summarize our main predictions
and conclude. A thorough discussion of several theoretical aspects of the 4321 model is
deferred to appendix A.

2 The 4321 model

In this section we summarise the main features of the 4321 model presented in [37] (see
also [62]). Further details are provided in appendix A. The goal of the model’s construction
is to generate a coupling of the vector leptoquark U ~ (3,1,2/3) mainly to left-handed SM
fermions. This allows ¢) to match with the model-independent fits to B-anomalies [35, 52]
and i7) to tame strong constraints from chirality-enhanced meson decays into lepton pairs
(for an updated analysis see ref. [63]). To this end we consider the gauge group G301 =
SU(4) x SU(3)’ x SU(2)z x U(1)’, which extends the SM group Gso1 = SU(3). x SU(2)1 X
U(1)y by means of an extra SU(4) factor. The embedding of colour and hypercharge
into Gy301 is defined as SU(3). = (SU(3)4 X SU(3)')diag and Y = \/%Tlf’ +Y’, with
SU(3)4 C SU(4) and T'® being one of the generators of SU(4).! Apart from the SM
gauge fields, the gauge boson spectrum comprises three new massive vectors belonging to
G4321/G3921 and transforming under Gso1 as U ~ (3,1,2/3), ¢’ ~ (8,1,0) and Z’' ~ (1,1,0).
Their definition in terms of the G4301 gauge fields, as well as their masses, are given in
appendix A.4.

An important point to be stressed is that the three massive vectors are connected by
gauge symmetry breaking and it is not possible to parametrically decouple the ¢’ (hereafter
called “coloron”) and the Z’ from the leptoquark mass scale. In appendix A.5 we show
that this feature persists also in non-minimal scalar sectors responsible for G4301 breaking.
Moreover, the peculiar embedding of the SM into G4321 allows for suppressed coupling of
the Z" and coloron to light quarks (cf. section A.7). That is not the case in more standard
Pati Salam [64] embeddings such as in [38], where the Z’ has unsuppressed O(gs) couplings
to valence quarks.

'For a complete list of SU(4) generators see appendix A.10.



Field | SU(4) | SU(3)" | SU(2) | U(1) | UMW) p | UQ)y
qt 1 3 2 1/6 1/3 0
u’R 1 3 1 2/3 1/3 0
djy 1 3 1 -1/3 | 1/3 0
’; 1 1 2 —-1/2 0 1
e 1 1 1 ~1 0 1
\IﬂL 4 1 2 0 1/4 1/4
i, 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
0 4 1 1 -1/2 | -1/4 | 3/4
Q3 4 3 1 1/6 | 1/12 | —-1/4
15 15 1 1 0 0 0

Table 1. Field content of the 4321 model. The index ¢ = 1,2, 3 runs over generations, while U(1) p/
and U(1). are accidental global symmetries (see text for further clarifications). Particles added to
the SM matter content are shown on a grey background.

The matter content of the model is summarised in table 1, where we have emphasised
with a grey background the states added on top of the SM-like fields. The new gauge bosons
receive a TeV-scale mass induced by the vacuum expectation value (VEV) of three scalar
multiplets: Q1 ~ (4,1,1,-1/2), Q3 ~ (4,3,1,1/6) and Q45 ~ (15,1,1,0), responsible for
the breaking of G4301 — G321. While only €23 would suffice for the breaking, the role of the
other fields is of phenomenological nature as discussed below. By means of a suitable scalar
potential (analysed in appendix A.1) it is possible to achieve a VEV configuration ensuring
the proper G431 — G301 breaking. After removing the linear combinations corresponding
to the would-be Goldstone bosons (GB), the massive scalar spectrum featuring the radial
modes is detailed in appendix A.2. The final breaking of Gso1 is obtained via the Higgs
doublet field transforming as H ~ (1,1,2,1/2).

The would-be SM fermion fields, denoted with a prime, are singlets of SU(4) and are
charged under the SU(3)" x SU(2)r x U(1)’ subgroup with SM-like charges. Like in the
SM, they come in three copies of flavour. Being SU(4) singlets, they do not couple to the
vector leptoquark directly. In order to induce the required leptoquark interactions to SM
fermions, we introduce three vector-like heavy fermions that mix with the SM-like fermions
once 3 acquire a VEV (cf. also figure 1). The vector-like fermions transform under G201
as U p = (Q/L,R’L/LR)T ~ (4,1,2,0), with Q/LR ~ (3,2,1/6) and LIL,R ~ (1,2,-1/2)
when decomposed under Gzo1. The vector-like masses of Q' and L’ are split by the VEV of
Q15. The mixing among the left-handed SM-like and vector-like fermions is described by
the Yukawa Lagrangian Ly = Lsyv_tike + Lmix, With

Lovi-tike = —q Ya Hdy — @, Yo Huly — 0, Y Hely + hec. (2.1)
Loix = —qlL )\q Qg\I/R — Z/L Av Q{\I’R - EL (M + A5 (215) Ur+h.ec.. (2.2)

Here, H = iooH* and Yiudes Age15, M are 3 x 3 flavour matrices. The flavour structure of
the 4321 model will be discussed in detail in section 3.



The full Lagrangian (including also the scalar potential in eq. (A.1)) is invariant under
the accidental global symmetries U(1)p and U(1)z/, whose action on the matter fields is
displayed in the last two columns of table 1.2 The VEVs of Q3 and Q; break spontaneously
both the gauge and the global symmetries, leaving unbroken two new global U(1)s: B =

B+ % TY and L = L' — \/g T', which for the SM eigenstates correspond respectively
to ordinary baryon and lepton number. These symmetries protect proton stability, make
neutrinos massless and prevent the appearance of massless state related to the spontaneous
breaking of U(1)p and U(1)z,. Non-zero neutrino masses can be achieved by introducing
an explicit breaking of U(1)r/, e.g. via a d = 5 effective operator ('¢'HH/Ay, where the
effective scale of lepton number violation, Ay, is well above the TeV scale. In contrast,
recent proposals which address the anomalies based on a non-minimal Pati-Salam extension
with gauged B — L broken at the TeV, such as e.g. [38, 50], generically predict too large
neutrino masses. The latter either require a strong fine-tuning in the Yukawa structure
or a very specific (untuned) realisation of the neutrino mass matrix by the inverse seesaw

mechanism [44, 65].

3 Cabibbo mechanism for leptoquarks

Our goal is to introduce the flavour structure required by the anomalies in the quark-lepton
transitions, while simultaneously suppressing the most dangerous quark-quark and lepton-
lepton flavour violating operators.® This step can be neatly understood in terms of the
global symmetries of the Yukawa Lagrangian.

Let us first consider the Lyix — 0 limit. The surviving term in eq. (2.1) corresponds
to the SM Yukawa Lagrangian. Exploiting the U(3)® invariance of the kinetic term of the
SM-like fields we choose, without loss of generality, a basis where Y; = Yd, Y, = Viy,
and Y, = Y, (a hat denotes a diagonal matrix with positive eigenvalues and V is the
CKM matrix). For later convenience, we recall some well-known features of the SM quark
Yukawa sector. In the Y, — 0 limit, the term G’Lffdﬁ dr leaves invariant the subgroup
U(1)qg x U(1)s x U(1)p, thus implying the absence of flavour violation in the down sector.
Similarly, for Y; — 0 we are left with Q’LVT Y,Hup in the up sector. Reabsorbing V into ¢/
bears no physical effects and the subgroup U(1),, x U(1). x U(1); is left unbroken. If both
Y, and Y, are present, the two U(1)? are not independent any more due to the SU(2)y,
gauge symmetry that forces the transformations of the left-handed down and up fields to
be the same. The intersection of the two subgroups yields*

(U1)g x U(1)s x U(1)p) N(U(1)y, x U(1)e x U(1)¢) 2
U agn X U(D)sre X UL)pre 225 U5, (3.1)

where the last step of breaking is due to the CKM mixing and U(1) g is the baryon number.
The consequences of this collective breaking are: i) No tree-level FCNC are generated.

*Note that these global symmetries are anomalous under SU(2)z x U(1)".

3For a partially related discussion in the context of the neutral current anomalies, see [66].
“Here U(1)gyy stands for the simultaneous transformation d — e%d and u — e*’u, where € is an
element of U(1)g+w. The generalisation to non-abelian factors, which is employed later on, follows in

analogy.



These are forbidden by the two U(1)? symmetries in isolation, either in the up or in the
down sector. i) Flavour changing charged currents are generated by the misalignment
between the up and down sectors, which is parametrised by the CKM matrix V. In the
unitary gauge, the physical effects of flavour violation are fully encoded in the coupling of
the W boson to the up and down quark fields.

Let us consider now the pattern of global symmetries when Lyix # 0. The role of the
scalar representations €2; in Ly is the following:

e (Q3) mixes the would-be SM state ¢; with @) C ¥;. In this way the SM quark
doublet enters into the SU(4) representation ¥, and feels the leptoquark interaction.

e () mixes the would-be SM state ¢, with L}, C ¥y. In this way the SM lepton
doublet enters into the SU(4) representation W, and feels the leptoquark interaction.

e (Q5) splits the bare masses of quark and lepton partners. We can hence effectively
trade M and Ai5(S15) for Mg and M.

Without loss of generality, we use the U(3)” symmetry of the fermionic kinetic term to pick
up the following basis:

LsM—like = —Q’LVTYuu}% H-— QIL}Afdle H— zleelR H +h.c., (3.2)
ﬁmix = —q’L/\q\I/R Qg — Z/L)\EII/R Ql — @L(M + A15915)\I}R + h.c. , (33)

where A;, Ay and Ai5 are matrices in flavour space. If the latter were generic, we would
expect large flavour violating effects both in quark and lepton processes. We are going to
argue that, assuming the following flavour structure:

)‘q - 5‘q = diag (A?Qv A?Q? )‘g) )
1 0 0

Ao = AW = diag </\{, X5, Aé) 0 cosfrg —sinfrq |, (3.4)
0 sinfrg cosfrg

)\150(MOC]1,

provides a good starting point to comply with flavour constraints. Later on we will comment
about the plausibility of our assumptions, but for the moment let us inspect the physical
consequences of eq. (3.4).

Mimicking the pure SM discussion, we examine the surviving global symmetries of
Lix in either of the limits Ay — 0 or Ay — 0. In the former case Lyix is invariant
under the action of the global symmetry group Gg = U(2)g4+w X U(1) g, 1wy, with the non-
abelian factor acting on the first and second generation. Basically, we are promoting the
approximate U(2), of the SM (emerging in the limit where only (Y, 4)33 # 0) to be also a
symmetry of the NP. This guarantees in turn:

e the absence of tree-level FCNC for down quarks (note that Y; and A, are diagonal
in the same basis). Such a down alignment mechanism was already introduced in
ref. [37].



e a strong suppression of tree-level FCNC for up quarks. This suppression is guaranteed
by the underlying U(2) symmetry and the physical effects are proportional to the
small breaking induced by the SM-like Yukawa Y, via the CKM. We will show in
section 4 that this protection is crucial in order to pass the bounds from D-D mixing.

We continue with the discussion of the lepton sector when A\, — 0. In this limit L« has
a U(1)? symmetry which is just the generalisation of the accidental symmetries of the SM
in the lepton sector. To show this let us reabsorb W in a redefinition of the field ¥, via
U = WP, With such a redefinition Lmix reads

Lonix(Ag = 0) = =0 ATz Q) — U (M + AsQus5) ¥ + hec. . (3.5)

Since everything is diagonal, the global symmetry is identified as G = U(1) 0B X
U(l)L;,QJr\i,2 X U(l)gé+@3. The limit A; — 0 thus implies:

e the absence of tree-level FCNC for (charged) leptons. Note indeed that there exists
a basis where Y, and A\, are simultaneously diagonal.

e that the W matrix is unphysical.

Let us consider now the case where both A, and A\, are simultaneously present in L.
The symmetries in the quark (Gg) and lepton (Gr,) sectors are not independent due to the
presence of the underlying SU(4) gauge symmetry which locks together the transformations
of the @ and L fields. The intersection of the two groups yields

GoNGL 2 UMy e vwy X UL gy, 4w, X UL ggre,4 04
L UM sty X UDgorn,  (36)
where the last step of breaking is a consequence of the specific structure of the W matrix
in eq. (3.2) featuring only 3-2 mixing. The unbroken groups correspond to the quantum
number of the first family of quarks and leptons, U(l)q/1+g/1 +v,, and to the total fermion
number U(1)y 44w, namely the simultaneous re-phasing of all the fermion fields in L.
The latter is nothing but 3B’ + L’ (cf. table 1), which in combination with with 7% yields
ordinary baryon and lepton number after G4301 breaking.
To simplify our analysis even more we can set the coupling A{ to zero, thus implying
a further enhancement of the symmetry: U(1)y 1w, — U(1)g 1w, X U(1)g 1y, which
forbids flavour violating transitions involving either down quark or electron fields. On
the other hand, we can still have a large mixing between the second and third family of
quarks and leptons, whose misalignment is parametrised by the matrix W. Such an effect
appears in the coupling of U, with quarks and leptons, in complete analogy with the flavour
violation involving the W+ boson and the quark doublet in the SM. Working e.g. in the
basis Uy, = (Q},L})T = (Qr,WLL)T, the interaction of U, with quarks and leptons can
be readily extracted from the covariant derivative:

1 0 0

Z'EL’)/NDH\I/L D) %UM@L’Y“ 0 cos HLQ sin QLQ Ly. (3.7)

0 —sinfrg cosbrg



In the same way that the Cabibbo angle ¢ represents the misalignment between the up
and down quarks of the first two families within an SU(2)7, doublet, here 01, represent the
misalignment between the quark and lepton fields of the second and third generation within
an SU(4) quadruplet. Note, however, that the states @7, and Ly, have to be projected along
the light SM mass eigenstates, since the breaking induced by (Q23) and (21) redirects part
of the SM quark and lepton doublets into ¥j. The net effect is given by (cf. appendix A.7)

g4 . .

ﬁﬁz’qu qu'VMEJL ) (3.8)
where [ is a 3 X 3 matrix describing the flavour structure of the leptoquark interactions
with the light SM mass eigenstates:

0 0 0
p= diag(squv Sq129 5q3) w diag((), Sty 553) =10 COLoSq25ts S0LgSq12503 : (3'9)
0 TS80L0Sq3502 COr,oSq3503

The definitions of the mixing angles in terms of the fundamental parameters of the Yukawa
Lagrangian are given in appendix A.6.

A crucial aspect that breaks the analogy with the SM is however the following: while
the global symmetries in the Yukawa sector of the SM are accidental, in our phenomeno-
logical limit the symmetry groups Gg, G, and their relative orientation parametrised by
W have been assumed. This clearly calls for a UV understanding in terms of some flavour
dynamics above the scale of Gy301 breaking. On the other hand, since the symmetries
that we imposed for phenomenological reasons are nothing but a generalisation of the ac-
cidental and approximate symmetries already present in the SM, the possibility to create
a link between the flavour structure of the SM and G 1, is well motivated, and proposals
such as those in refs. [39, 50] might play a role in achieving this goal. It appears instead
more difficult to provide flavour dynamics responsible for the misalignment induced by W,
since a large 3-2 misalignment points to flavour-breaking spurions beyond those of the SM
Yukawas. This notwithstanding, our phenomenological limit turns out to be robust against
higher-order effects and is not tuned. It also allows us to identify the most important ob-
servables and understand suppressions or enhancements directly in terms of the symmetries
of the fundamental Lagrangian. Another difference with respect to the SM is the presence
of radial modes contained in the scalar fields £2; which can mediate flavour violation beyond
that induced by the massive vectors. It can be shown, however, (see section 4) that flavour
violating effects mediated by the radial modes are phenomenologically under control.

We conclude this section by summarizing the main features of the Cabibbo mechanism
for leptoquarks advocated above (cf. also table 2 for a SM analogy):

e We have found a mechanism that allows for large flavour violation in semi-leptonic
decays in the 3-2 sector, as required by the flavour anomalies.

e Tree-level FCNC involving down quarks and charged leptons are absent.

e Tree-level FCNC in the up sector are protected by the small U(2), breaking of the
SM Yukawas.



U(1)w x U(1)e x U(1):
U(1)a x U(L)s x U(L)y
U(l)s

u — d tree level

u; — u; loop level

d; — d; loop level

Gaz1 Gaz21

Oc HLQ

1% w

W, U,

= (Vi) - (i)
Vdr, WLy

Y., Yy Aas Ao

SU2).L SU(4)

U@ugso X U g s
Wi, X UM gy 3, X UMy 44,

U g 104w, X UD) g4+

Q — L tree level

(e

Qi — Q; loop level

L; — L; loop level

Table 2. Analogies between the SM and the 4321 model.

e FCNC not protected by the U(2), symmetry (both in up and down sectors) are
induced at one loop. While flavour changing processes involving electrons and down
quarks are forbidden, the leptoquark contributes at one loop to By and D mixing,
as well as lepton flavour violating (LFV) processes such as 7 — py and other EW
observables. In section 4 we show that these bounds can be satisfied, also thanks to
an extra dynamical GIM-like suppression provided by the lepton partners running in
the loop. One-loop effects due to the exchange of the coloron, Z’ and scalar radial
modes are also under control.

e We can now match the UV-complete 4321 model with the simplified-model analysis
performed in [35]. Most importantly, since the theory is fully calculable, we are also
able to provide precise predictions in AF = 2 and LFV observables.

All these aspects will be addressed in a quantitative way in the next section.

4 Low-energy phenomenology

The scope of this section is to discuss the main low-energy observables of the 4321 model,
together with the relevant constraints coming from electroweak precision tests and FCNC.
Let us start by outlining the main interactions of the new vectors with the SM fermions,
described in terms of mixing angles between the would-be SM fermions and their vector-
like partners. The flavour structure of our model, defined by our assumptions in eq. (3.4),
is such that (up to CKM rotations) each SM family mixes with only one fermion partner,
see figure 1 for illustration. The only non-trivial source of flavour breaking is found in
the W matrix, introduced in the previous section, which is responsible for a misalignment
between quarks and leptons in the leptoquark interactions. The resulting vector leptoquark
interactions with SM fermions closely follow those introduced in [35], which were shown



®<5723>

Figure 1. Interactions of the SM fermions with the heavy vectors induced by the fermion mixing.

()

to provide a successful explanation of the b — s¢¢ and R(D™)) anomalies. We write these
interactions in the mass basis in a similar fashion®

Ly D ﬁ Uy [ﬁij q Yy + h.c.] , (4.1)
with
Sq1 S0 0 0 g )
. V*u . vl
B = 0 CopgSqSta S0pgSe5ts | » 4= ( ]clli L> , U= (;) . (42)
0 —50L¢ Sq3 Sl2 COrg Sqz Sts L r

and V the CKM matrix. The interactions of these new gauge bosons with SM fermions
read

Ly D gs gu [/1” FAT + KY ﬂ%fy“Tau% + mgj E%V“Tadfq] ;

Ly O 29\3//> iz Z/ [ ij 71,)/ q] +§1u] UR'YMUR _|_§ Md] 35’0] /%J — 3§U eR’Y“eR ’
(4.3)
with
531 0 0 2 2
kg | O 532 0 _%1a ’{U%Hd%_gig]l’
00 s2) n
sz 00 9 42 9 42
g g
&~ | 05 0 | =551 Sum &~ =51, (4.4)
0 0 82 ! !
2
92 2
é'g% 0 822 0 _37‘(];]].7 ge% 3g1]]_
0 0 s 9 &

Note that the W mixing matrix cancels by unitary in the neutral current sector and hence

it does not enter in the Z’' and ¢’ interactions. This situation is completely analogous to

5In this section we show only the interactions of the new gauge bosons with the SM fermions for illustra-

tion. Full expressions, including also the couplings to vector-like fermions, can be found in appendix A.7.
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the SM, in which the CKM cancels in the v and Z interactions. Also note that the assumed
down-aligned flavour structure implies no tree-level FCNC in the down-quark and charged-
lepton sectors mediated by these extra gauge bosons. In the case where s, # 54, # Sgs,
FCNC in the up sector proportional to the CKM matrix elements are induced. These
transitions yield potentially dangerous contributions in AC = 2 observables. Assuming
04, = 04, = 04, ensures an additional U(2)-like protection of the FCNC in the up sector.
As we show in section 4.3.2, this extra protection plays a crucial role in keeping the effects
in D — D mixing under control. An even larger protection against FCNCs can be achieved

when 0,, = 04,, which we denote as full-alignment limit. In this limit the flavour matrices

q12
in eq. (4.4) become proportional to the identity, yielding, as with the W matrix, a unitarity
cancellation of the CKM matrix in the up sector and thus resulting in a complete absence of
tree-level FCNC mediated by the ¢’ and the Z’. As we show in sections and 4.3.2 and 5.3,
this latter limit is disfavoured by low-energy and high-pr data.

The relevant low-energy phenomenology of the model is described in terms of the
fermion mixing angles: 6, and 6, the W matrix, the ratios of fermion masses to the
leptoquark mass, and the following combinations of gauge couplings and vector masses

_ 9 g’
T @AM

2 2,2

9y 94V
Cyr = : C
7T g2 AME, g

_ g3?
_ v
e

Cu (4.5)

which measure the strength of the new gauge boson interactions relative to the weak
interactions. In the limit g4 > g1 .3, in which we are working, we have gy ~ g1 and g, ~ g3.
Moreover, in the phenomenological limit v3 > v1 > v15, the following approximate relation
among vector masses holds (see appendix A.4):

1

My :My:My~vV2:1:—, 4.6
g U A ﬂ ( )
while for the NP scale constants we find:
1 1
’ : re =1l — . 4.
Cy:Cy:Cy 5 1 (4.7)

In what follows, we describe the main low-energy constraints on these model parameters.

4.1 Constraints on fermion mixing

The fermion mass mixing induced by egs. (2.1) and (2.2) is the essential ingredient in our
construction. While the full fermion mass diagonalization is discussed in appendix A.6,
here we give a simplified discussion and comment on the main constraints on the mixing
angles. To a good approximation, this mixing is such that each family of the SM fermions
mixes with a single vector-like family. We introduce the following notation,

) Yi v Ay
i u(d) g3

= —, Ty = — 4.8
u(d) \/EMQ ¢ \/§MQ ( )

where ¢ = 1,2, 3 is the family index, and analogously for the lepton sector. The quark and
lepton mixing angles, expanded in small ¢!, are given by

Ty (di) Mei

tan 0y, o, ~ g, 0, , tan GuiR(dlé) ~ tan 6y, , tan GeiR ~ ‘

tanfy, . (4.9)
mUz(Dz) mpgi
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The physical masses are instead given by

Yi v M
 u(d) ~ Q
Moy (dy) =~ \/§ cos 0% ’ MUi(Di) - (o] Hq' ’ ( )
Ya 4.10
Vi M
Me, = \6& cos Oy, , MEi(Ni) ~ coS gg ’

Note that large left-handed mixing angles of the third generation quarks and leptons are
required by the R(D™) anomaly (cf. eq. (4.13)). There are a few subtleties regarding the
top quark mixing due to its large mass. After electroweak symmetry breaking, contributions
to electroweak precision tests are generated, setting important limits on the right-handed
top mixing. In particular, Z — brb;, decay and the p parameter, both induced at one-
loop, set upper limits of tan HU% < 0.4 and tan Qu:;? < 0.15, respectively (for more details
see ref. [67]). As a consequence, the two charged components of the doublet are almost
degenerate (Mr ~ Mp) since the relative mass difference, My, /Mp, — 1 ~ 3 (tan? Oui, —
tan? dek). In addition, setting sinf,, = 0.8, the second relation in eq. (4.9) implies a
lower limit My 2 1.7TeV. The maximal size of the mixing angles is also limited by the
perturbativity of the Yukawa couplings (cf. section 4.5). For example, setting sin 6, = 0.8
implies y; ~ 1.7 (see eq. (4.10)). Similarly, large values for )\2 and A} are also required to
keep these angles maximal.

4.2 Semileptonic processes

A key element of the Cabibbo mechanism introduced in section 3 is that NP effects in
flavour-violating semileptonic transitions are expected to be maximal. In particular, the
relative misalignment in flavour space between quark and leptons, parametrised by the W
matrix, is responsible for sizeable 3-2 transitions mediated by the leptoquark. In what
follows, we describe the main NP effects in this sector, paying particular attention to the
anomalies in b — cTv and b — suu transitions.

4.2.1 Charged currents

Current measurements of the R(D™) = B(B — D®1v)/B(B — D®{v) (£ = e, 1) ratios
performed by BaBar [2, 3|, Belle [8-11] and LHCb [6, 13, 68] point to a large deviation
away from lepton flavour universality (LFU). We define possible NP contributions to these
LFU ratios as

R(D™)exp,

MO D)

~1. (4.11)
Effects in these observables are induced in our model by the tree-level exchange of U,,. Since
U, only couples to SM fermions of left-handed chirality (see eq. (4.1)), the NP effect has
the same structure as the SM one mediated by the Wf As a result, our model predicts the
same NP contributions to R(D) and R(D*), compatible with current experimental data.
Using the HFLAV experimental average for the R(D™) ratios [69] (summer 2018), taking
the arithmetic average of latest SM predictions for these observables [70-73], and assuming

- 12 —



ARp = ARp- (as predicted by the model) we find: AR = 0.217 £ 0.053. The model
contribution to this observable (taking only the leading interference contribution) reads

Ves
A]%D(*) ~ 2 CYU BbT </Bb‘r + /837- va> . (412)

In the limit By, |Vis| < Bsr, we can neglect the first term in the equation above. This allows
us to derive the following approximate expression

2 TeV 2 ga\?2 . Sy 2/s S
AR =~ 0.2 22 26 = SUERN N e 1 4.13
D& < My ) (35) sin LQ)(OS 08/)\03)" (4.13)

which is helpful in order to understand the parametric dependence: a successful explana-

tion of the R(D(*)) anomaly requires large mixing angles with third-generation fermions.
Moreover, setting 0o = 7/4 and the third family mixing and g4 nearly to the maximum
value compatible with perturbativity, the NP contribution to R(D®)) is fixed in terms of
54, and the NP scale, see blue contours in figure 4. Interesting constraints on the value of
Sq, arise from AF = 2 observables and high-pr searches for vector-like partners, which are
addressed respectively in sections 4.3.2 and 5.3.

An interesting remark is that the W matrix introduces an additional source of U(2),
breaking other than that discussed in [35]. As a result, we predict a NP enhancement that
is different for b — ¢ and b — u transitions. In particular, we have that

V. Vi
Ap et Apyy = (/BbT + /BS’TCS> : <5br + /BSTUS> ) (414)
Veb Vb
where Ay, is the ratio of the NP amplitude over the SM one for the b — c(u)Tv
transitions. The previous formula, in the phenomenological limit of the parameters that
we are considering (Bpr |[Vepy| < Bsr), reduces to

Vus ‘/cb

A A ~1:
b—c b—u Vub‘/cs

~1:14256. (4.15)

While the real part of the NP contribution shows the same universal enhancement, rela-
tively large non-interfering effects in b — v transitions are predicted in our model, which
could allow differentiation of this solution from the one in [35]. So far, the only experimen-
tal measurement of b — urv transitions is B(B — 7v). The modification of B(B — 7v)
compared to the SM is dictated by Ay, while Ay_,. is fixed by AR ). Using eq. (4.15)
we can derive the following prediction:

B(B = TV)exp

AB(B — 1v) = BB S 1v)su

—1=ARpn) + 1.8 (ARD(*))Q , (4.16)
which for AR = 0.22 yields AB(B — 7v) = 0.31. Remarkably, using the PDG
value [74] for the experimental input and the UTFit value [75] for the SM prediction,
we have AB(B — 7v) = 0.35 £ 0.31, which supports the model prediction, but still has a
very large error. Future improvements of the sensitivity could be used to test this prediction
and possibly discriminate among different sources of U(2), breaking.

~13 -



Figure 2. EFT diagrams contributing to b — s/ transitions after U, has been integrated out.

4.2.2 Neutral currents

The effective Hamiltonian describing b — s/ transitions reads

_ 4GF o 00 10 1l
Hor = == - VaVil Z (ctol+cror), (4.17)
with
0§ = (37, PLb) (¢410) 0%y = (57, Prb) ((v"7st) | (4.18)

where we ignore the scalar and chirality-flipped (primed) operators which receive negligible
contributions in our model and are thus irrelevant for the present discussion. Due to
the assumed down-aligned flavoured structure, only the leptoquark mediates tree-level
contributions to b — sff transitions. Since the leptoquark only couples to left-handed SM
fields, NP contributions to these transitions are of the form (we define C; = CPM + AC;)

2m

= CU ﬁs,u /Bbu (4'19)

ACHH| = — ACI|
9 It 10 It ‘f \VA
ree ree b iyl

As recently put forward in [76], given the large values of the fs; leptoquark coupling
required in our setup to explain the R(D(*)) anomaly, one-loop log-enhanced contributions
to these Wilson coefficients at the scale of the bottom mass can be sizeable. The most
relevant of such contributions is given by a photon penguin with a 7 in the loop, see
figure 2.

This yields a contribution only to Cy that is universal for all leptons. We find (¢ =
€,y T)

1 2

ACE (m}) = ——— = Cy (557 By log xy, + Bsg, By, log xp, + Bse, Bip, logxp,)
loop %b‘/ts 3
1
CU s1n29L S Saa (82 10 iL'b+C logrg, —logzg,) ,
V;ﬁb‘/ts 3 Q Sq2 q3( g g 3 g 2)

(4.20)
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with 2, = m2/MZ. In the computation we neglected fermion mixing in the muon sector
(i.e. we took sy, =~ 0), which amounts to a very small correction. Our result is in agreement
with the one in [76], however in our setup we also have computed the contributions involving
the vector-like leptons Ej 3.

The violations of LEU measured in the Ri [5] and Ry~ [12] ratios (as well as Qa5 =
Py 5 — Py’ [77]) fix the (non-universal) tree-level contribution. Combining the experimental
measurements of LFU observables in b — sé¢ transitions yields the following preferred
region for the non-universal NP effect [78] (see also [79-84])

ACH| o = — ACIHF| = —0.66+0.18. (4.21)

’tree

This value can be perfectly accommodated by fixing sy, in terms of the remainaing param-
eters. Taking typical values for the other model parameters, we find that s, ~ O(0.1) is
required in order to fit the Ry (.) anomaly.

Concerning the one-loop contribution, we can connect its value to the NP shift in
AR in the Sy, |Vis| < Bgr limit. In this limit the following approximate relation holds

ACY] (2~

1
oo 3 ARp <10g ) log :UE2> . (4.22)

For s, = 0.8, My = 2.5TeV, Mg = 850 GeV and AR, = 0.1, we find Acgfybop (m?) =~
—0.3. The presence of this universal contribution predicts a further enhancement of P} [85],
beyond the one given by the tree-level effect. As shown in [76], this prediction is in good
agreement with current data.

The assumed flavour structure also implies large NP effects mediated by the leptoquark
in b — s77 transitions,

ACY = ~ACT; =~ Ci e By (4.23)
For typical values of the model parameters, this contribution is @(100) larger than the
corresponding NP effect in the p channel. Such large NP effects are compatible with
current experimental data and provide an interesting smoking-gun signature that can be
tested by future experiments such as Belle II, see e.g. [15, 31, 35, 86].

Concerning NP contributions to b — svv, again here the flavour structure of the model
forbids tree-level contributions mediated by the Z’. Moreover, being an SU(2) singlet,
the leptoquark does not contribute to these transitions at tree level. The leading effects
to these observables thus arise at one loop from U and W boxes and U penguins with a
tree-level Z or Z'. In contrast to the b — sf/ case, the contributing penguin diagrams
do not have large log-enhancements and/or are mass-suppressed, thanks to the additional
suppression from the Z mass. As a result, we find the model contributions to b — svv to
be well below the current experimental limits.

4.2.3 Lepton Flavour Violating transitions

The protection from our flavour structure (aligned to the charged-lepton sector), forbids
tree-level lepton flavour violation (LFV) mediated by the Z’. As a result, the dominant
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LFV effects are mediated by the leptoquark and hence they necessarily involve semileptonic

processes for the tree-level effects (see section 4.4 for a discussion on one-loop induced LEV

transitions). Further assuming sy, = 0 implies no NP effects in the electron sector, and

offers an additional protection from dangerously large LFV effects in the p—e sector such as

in Ky, — pe. Small departures from charged-lepton alignment and/or sy, = 0 are possible.

However, for simplicity, in the following discussion we only consider this limit (the possible

departures are not connected to the anomalies and hence they are more model dependent).

In this case, the leptoquark contributes to the following LFV transitions at tree-level:

i)

ii)

7 — pss. This is the most promising LF'V channel, since it is enhanced in the large
Bsr limit, of phenomenological interest for the R(D(™)) anomaly. The most rele-
vant observable involving this transition is 7 — ¢, for which we find the following
expression for the branching fraction

2,3
B~ ) = g2

= 7 3901 C0 |Bsu B2 (1= mg)* (1+ 2ng) (4.24)
T

with fg ~ 225MeV and 7y = mi /m2 =~ 0.33. In the large B¢, limit (or equivalently
|Vep| < 8¢, and O = 7/4) , the following approximate expression holds

0.8\? /50,\2 (AR AR
~47x107° ([ Z2) (22 K D)) 4.
B(r = pé) ~ 41> 10 <sq3> (0.3) ( 0.3 0.2 (4.25)

This is to be compared with the current 90% CL experimental limit by the Belle
Collaboration [87]: B(t — pu¢) < 8.4 x 1078, Our model prediction is found to lie
well below the current experimental sensitivity for the range of model parameters
considered here. As emphasised in [52], bounds from this observable can arise in the
very large Bq; limit (i.e. Spr < Bsr), which in our model yields to the following upper
bound: sg, < 1.6s4,. However such extreme values of s,, are largely incompatible,
in our model, with other low-energy observables as well as with direct searches (see
discussion in sections and 4.3.2 and 5.3) and hence are not considered.

b — sTu. These transitions are parametrised by (see eq. (4.18) for the definition of
the Wilson coefficients)

2T 2
TH __ TH __ * nT uT %
Cy" =—-Cjp = —m Cu Bsu Byr Cy =-Ciy = —m Cu Bsr B, -

(4.26)

Taking the explicit expression for 8 in eq. (4.2), we find C]" = —C!" (i = 9, 10)
when 01 = /4. Using the expressions in [88] (see also [89]), we derive the following
limits in the large B, limit,

ARp(,
BB — Kr5uT)~ 2.0 x1076 (ARKM) ( Dl )> ;

0.3 0.2 (4.27)
AR ARp .
B K* + F ~ 3. 1 —6 K(*> *) .
B(B — T/L)39X0(0‘3 09
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Experimental results are only available for the K channel. The experimental limit at
90% CL from the BaBar Collaboration reads [90]: B(B* — K+7%uT) < 4.8 x 1075.

Another interesting observable in this category is B(Bs — 7T uT), whose expression
in terms of the Wilson coefficients reads
78, M2 mp, f3,

+ —

2
2
" m
@*G Vi Visl” (1 - ;) (15" + 1e78 %) -
mBS

(4.28)

Again, in the large [, limit we can write the model prediction in terms of the NP
effect in Ry, and R(D(*));

AR\ [ ARp.
B(By — 75uF) ~ 2 ><10—6< 0@”)( 03”). (4.29)

However, no experimental measurement of this observable is currently available.

iii) bb — 7u. In contrast to the case of 7 — juss transitions, the transitions in this category
are suppressed in the large (s, limit and are therefore less interesting. The only
measured observables in this category are B(Y(nS) — 7u) (n = 1,2,3) [91, 92].
The model predictions for these observables are found to lie far below the current
experimental sensitivity.

4.3 Hadronic processes

The most important constraints in this category arise from AF = 2 transitions. As an-
ticipated in section 3, the assumed flavour structure offers a protection from the stringent
limits set on these transitions. In particular, the down-alignment hypothesis implies no
tree-level contributions to meson mixing observables in the down-quark sector mediated by
the Z’ and ¢’.® Furthermore, the U(2), symmetry arising from setting 0, = 0,, = 0,,, is
enough to keep the tree-level contributions to D — D mixing under control. As a result we
find that the dominant NP contribution to these observables arises from loops mediated by
the leptoquark, and is proportional to the W matrix. This has two important implications:

i) The assumption that W rotates only second- and third-generation fermion partners,
required to maximise the NP contribution to R(D(*)), implies no NP contributions
to By — B4 or K — K mixing at one loop.

ii) Unitarity of the W matrix provides a GIM-like protection similar to that in the SM
arising from CKM unitarity.

In what follows we detail the model contributions to Bs; and D mixing.

®As shown in [50], deviations from this hypothesis are possible, and could even be welcome, if we allow
for CP violating couplings (see also [93]). For simplicity we restrict ourselves here to the down-aligned
scenario.
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Figure 3. Leptoquark mediated one-loop diagrams contributing to B, — B, mixing. The symbol
& denotes a six-dimensional vector containing SM charged-leptons and their partners.

4.3.1 B, — B, mixing

The leading NP contribution to the mixing amplitude is given by the leptoquark box
diagrams shown in figure 3. The resulting leptoquark contribution follows a very similar
structure as that of the SM with a Wi boson (see e.g. [94]). Defining NP contributions to
the B, meson-anti-meson mass dlfference AMsy, as CLL = AM,;/AM; SM _ 1, we find

2
94 B
CLL — _ Cy — > AN Fl2a,2p) (4.30)
647T2 (V;fb‘/ts 2R1$Mp a,B ’

with a and S running over all the leptons, including the vector-like partners, and where
REP = V2Gpm2y iip So(z:)/1672 = 1.34 x 1073, with So(z¢) ~ 2.37 being the Inami-Lim
function [95]. In this expression F(zq,zg) is a loop function defined as

1 TTaxg
F(zaq, = -1
o) = (= (d )
z2 log TaZg
et 1-2 =
*(xg—xaxl—xa)?( T )
2 logx
B B Lalg
1— 2z, , 4.31
+(wa—x5)(1—$ﬁ)2< Tty ) (4:31)

with z, = m2 /M(% and \Z = By, B, where 8 denote the leptoquark couplings to left-
handed fermions given in eq. (A.50). The explicit form of AZ in terms of fermion mixing
angles reads

\B =

1
«=3 sin 201, sin 0, sin 0,,, (sin2 01, Ous + cos® Op, 6a6 — Sin® Oy, Gao — cos® O, Sa5) -

(4.32)

Note that, analogously to the SM case, the flavour parameter A2 has the key property
>, A8 = 0, related to the unitarity of the flavour rotation matrices (and to the as-
sumed down-aligned flavour structure). This property, similarly to the GIM-mechanism
in the SM, is essential to render the loop finite and is required to derive the expression
in eq. (4.30). As a result of this GIM-like protection, we find that the leptoquark contribu-
tion to Cl{;L receives an additional mass suppression proportional to M]% /MZQJ with respect
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Figure 4. Constraints from AM; at 95% CL using the 2015 SM prediction [96], for different values
of the vector-like lepton mass parameter My. The 1o and 20 preferred regions by the R(D(*))
anomaly are shown in dark and light blue, respectively. We use as input for the model parameters:
ga = 3.5, 8¢ = 0.8, 59, = 0.8, v3 = 1.75v; and A5 = 2.5.

to the naive dimensional analysis expectation with generic leptoquark couplings and no
vector-like fermions.” In particular, we find that the NP contribution to AMj follows the
approximate scaling

Cll ~ ARY L M, (4.33)

and therefore it is completely controlled by M7, for fixed R(D(*)) anomaly and leptoquark
gauge coupling. This scaling is made manifest in figure 4 where we show the constraints
arising from the leptoquark contribution to C{;L in the My — s4,, plane, together with the
preferred region for R(D®), and for different values of My. The experimental limit on
CLL is obtained using the SM determination in [96-98]® and the experimental measurement
from [69]. We have

CEL =1.0340.15. (4.34)

The radial excitation arising from the linear combination of ©; and 3 (see appen-
dices A.1-A.2) could also potentially yield dangerous NP contributions not protected by

"This GIM-like behaviour has been qualitatively noticed also in a different model presented in ref. [38].
On the other hand, models that address the R(D(*)) anomaly with scalar leptoquarks do not exhibit this
suppression, see eq. (5.18) in [45].

8 A recent lattice QCD simulation from the Fermilab/MILC collaboration [99] finds a larger central value
(and a smaller error) for the non-perturbative parameter fg, \/E entering the determination of AM,. That
would imply a 1.8 ¢ tension with respect to the SM and translates into very stringent limits for purely
left-handed NP contributions featuring real couplings [93]. Given the fact that the new lattice result has
not been confirmed yet by other collaborations, we conservatively use the pre-2016 determination in [96].
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the U(2), symmetry. These contributions depend on other parameters (masses and cou-
plings) that are not directly connected to the anomalies and are therefore more model
dependent. Moreover, in the phenomenological limit v > v; we find the coupling of the
radial mode to be suppressed by cot 87 = v;/v3 (see appendix A.3).? As an estimate of the
size of such contributions, we compute the box diagrams with two radial modes (similar to
the ones in figure 3 but with the leptoquark replaced by the radial excitations). Recasting
the result in [100] for the up squark box we find in our model

L BOM
vy 12 e

S

1

X { m2 [G/(:I:TR La> Q:TR La> 1) - Gl(‘rTR Lo> ‘TTR Lo» xL3 Lz)]
Lo

LL __
Cbs -

1
+ mT [G/(xTR L3y XTg L3> 1) - G/(:BTR L3y XTg L3sTLo Ls)] } ) (4'35)
Ls

with 24, = mZ/m? and the loop function G’ defined in [100]. Assuming typical values for
the model parameters, we estimate that values as small as tan 8y 2 1.75 are enough to
keep this radial-mode contribution to C’bLSL to be below 1% and therefore small enough to be
ignored. Mixed contributions involving both the leptoquark and the radial mode are present
as well. Assuming similar sizes for the loop functions and including the cot B = 1/1.75
suppression in the radial-mode coupling, we find such contribution to be also sufficiently

suppressed to be neglected.

4.3.2 D — D mixing

Following the analysis from UTfit [101, 102], the constraint obtained from D — D transitions
can be expressed in terms of bounds on the Wilson coefficients of the four-fermion effective
Hamiltonian

HEF=2 o P (euvuun)® (4.36)
The latest constraints on CP from UTFit read [101]

Re (CP) = (0.34+1.4) x 1077 TeV 2,
(4.37)
Im (C}) = (—0.03 £ 0.46) x 107 TeV 2.

In our model, NP effects are induced in both the real and the imaginary parts of C’lD . Also,
in contrast to the By mixing case, the model yields contributions both at tree level and at
one loop. In what follows we describe both contributions.

9Note that in this phenomenological limit purely leptonic transitions mediated by the radial excita-
tions would receive additional tan Sr enhancements. However, we find the bounds from this sector to be
significantly smaller and thus they do not pose any relevant constraint on these effects (see section 4.4).
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Figure 5. Leptoquark mediated one-loop diagrams contributing to D — D mixing. The symbol N
denotes a six-dimensional vector containing both SM neutrinos and their partners.

Tree level. The Z' and ¢ mediate tree-level contributions to the D — D amplitude
proportional to the CKM matrix elements. These are given by

4G Cy\ e . oy Vi Ves oy VigVed)?
ClD‘tree = W (CZ’ + ;) ( ub ‘/Cb)2 (Sll’l2 0‘13 + Sll’l2 9‘12 *b chb + SlIl2 9‘11 {%b) 5

(4.38)

with Cz and Cy defined in eq. (4.5). Setting 0,, = 04, = 0,,, and using CKM unitarity,
the expression above simplifies into

OP = S (Cort L) (Vi (20, —si?0,,)" . (429)
This assumption on the mixing angles ensures a U(2)-like protection, rendering the tree-
level contribution to C{ sufficiently small to pass the stringent constraints from D —
D mixing. In particular, we find that for values of the NP scale compatible with an
explanation of the R(D™)) anomaly, the tree-level contributions to both the real and the
imaginary parts of ClD are ~ 1072 TeV~2, and are thus compatible with the present bounds.
It is also interesting to note from eq. (4.39) that in the full-alignment limit, corresponding
to 04, = 04, the tree-level contribution to CP would completely vanish by unitarity, as
expected from the discussion at the beginning of this section.

One loop. In this case, the computation of the loop effects is technically more challenging
than in the previous section, since now also the ¢’ and Z’ mediate NP contributions at one
loop. However, it is important to note that thanks to the flavour structure of the model all
these additional contributions are protected by the same U(2), symmetry that protected
the tree-level contribution (i.e. they are proportional to (V.%Ve)?), and therefore they are
much smaller than the (already small) tree-level effect. As in the B-mixing case, we find
that the dominant contributions to C¥ arise from loop diagrams involving the leptoquark
(see figure 5), which are not protected by the U(2), symmetry, and that these effects are
proportional to the W matrix. Neglecting corrections of O((V.%Ve)?), we find

4Gp g3
V2 6472

C11D‘100p ~ CU Z )\(?A,BD F(.’L‘a, ':UB) 5 (440)
a?ﬂ
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Figure 6. Constraints from D — D mixing, for different values of the bare vector-like lepton mass
parameter M. In the left bounds arising from Im (C{) and in the right those arising from Re (CP)
at 95% CL (see text for more details). The 1o and 20 preferred regions by the R(D*) anomaly are
shown in dark and light blue, respectively. We use as input for the model parameters: g4 = 3.5,
S, = 0.8, 57, = 0.8, v3 = 1.75v; and A5 = 2.5.

where the loop function is defined as in eq. (4.31), and A2 = VeiVyj Bia B}, with (B the
leptoquark coupling to fermions. Keeping only the U(2),-violating contributions, A2 can

be written in terms of CKM matrix elements and fermion mixing angles as

NP =V, Vi 5212 [C%Q 332 da2 + c%Q c%z das + S%Q 5%3 0oz + S%Q c§3 da6 — 5a4]
— (Vo Vs + VesViy) Sq1aSqs CLQ SLO [S?Z Oa2 + 0%2 Oas — 533 003 — 0%3 5a6] (4.41)
+ Va Vi, 323 [C%Q 3%2 da2 + C%Q 632 das + S%Q s%s das + S%Q c%s 806 — Oaa] -

Also in this case, the GIM-like protection encoded in Y, AL ~ 0 ensures an additional
suppression of the box contributions. More precisely, we find the following approximate
scaling connecting the NP effect in R(D™)) with the one in D — D mixing

D 2 2 2
Cl |100p ~ Sqi2 ARD(*) ML . (442)

Interestingly, this different scaling results in an upper limit on the maximum allowed value
for s4,,. This is shown in figure 6, where we plot the constraints from D — D mixing (both
for the real and imaginary contributions) together with the preferred region by R(D(*)).
In the low-s4,, region of the left figure there is a small violation of the scaling in eq. (4.42).
This violation is due to the tree-level contribution in eq. (4.39), which for the real part
plays a marginal role.

Finally, concerning the contribution from the scalar radial modes, similarly to the case
of B mixing we find that these receive cot Sr suppressions in the phenomenological limit
vs > v1, making their effect sufficiently small to be neglected.

4.4 Leptonic processes

The fully leptonic transitions play a less important role in the low-energy phenomenology
than hadronic processes. As already mentioned, the assumption of flavour alignment in the
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Figure 7. Left: sample one-loop RGE evolution for the benchmark point: g4 = 3.5 and Ay = Ay =
A5 = 2.5 and Y; = 1.7 at the matching scale u = 2.5 TeV. Other (subleading) couplings are not
shown in the plot. Right: same for g4 = 3.5, \; = 2.1, A = 2.0, A5 = 2.3 and Y; = 1.7.

charged-lepton sector forbids tree-level LFV transitions mediated by the Z’. The leading
effects are therefore those mediated by the leptoquark at one loop, and are completely
controlled by the W matrix. The assumed structure for this matrix, ie. 09 = 7/4,
chosen to maximise the NP contribution in R(D™*)), implies no NP contributions to fully
leptonic LFV transitions involving electrons (even for s, # 0). Furthermore, the loop
suppression, together with the additional suppression coming from the mixing angle of the
muon, Sy, ~ 0.1, are sufficient to render the model contributions to 7 — 3 and 7 — py
well below the current experimental sensitivity. Purely-leptonic and electroweak operators
generated by the renormalisation-group running of the semi-leptonic operators from the
mass scale of the leptoquark down to the electroweak scale [56, 57|, are already taken into
account in the global fits of [35] and in the limit of large 3-2 mixing studied in this paper
they are even less important.

4.5 Perturbativity

The fit of the R(D®™)) anomaly (cf. eq. (4.13)) requires simultaneously large g4 and mixing
angles sq, and sy,, which translate to sizeable third generation Yukawa couplings )\, and
A¢, thus pushing the model close to the boundary of the perturbative domain. When
assessing the issue of perturbativity, there are two conceptually different questions that one
could address: the first (more conservative) is to which extent low-energy observables are
calculable in perturbation theory and the second (more ambitious) is up to which energy
the model can be extrapolated in the UV before entering the strongly coupled regime.
Regarding the convergence of the perturbative expansion at low energy, the most important
coupling is g4, which for typical benchmarks is ~ 3. This is still within the limits imposed by
standard perturbativity criteria: e.g. the beta function criterium of [103] Sy, /gs < 1 yields
gs < 47/\/10 ~ 4, while perturbative unitarity of leptoquark-mediated 2 — 2 fermion
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scattering amplitudes requires g4 < V87 ~ 5 [104, 105]. Remarkably, the phenomenological
requirement of a large g4 coupling in the IR does not prevent extrapolation of the theory in
the UV, thanks to the (one-loop) asymptotic freedom of the SU(4) gauge factor. Following
the g4 evolution from the UV to the IR the theory flows towards the confining phase, until
the running is frozen by the spontaneous breaking of SU(4) via the Higgs mechanism.

From the point of view of the UV extrapolation, the problematic couplings are actually
the Yukawas, which are required to be large in order to generate sizeable mixings between
the third generation SM fields and their vector-like partners. To investigate their effects we
have computed the one-loop renormalisation group equations (RGEs) of the 4321 model
(which are reported for completeness in appendix A.9). In figure 7 we show the RGE
evolution for two typical benchmark points which are compatible with low-energy and
high-pr observables and which yield a 13% (left panel) and 10% (right panel) contribution
to ARp. Depending on the initial values of the 33 components of the A\, 15 and Y,
matrices, the theory can be extrapolated in the UV for several decades of energy before
hitting a Landau pole. These figures also clearly give an idea of the tension between the
need to give a sizeable contribution to AR, and that of extrapolating the 4321 model
in the UV.

5 High-pr signatures

In this section we survey the main high-pr signatures of the 4321 model in pp collisions at
the LHC. After reviewing the main features of the resonances spectrum in section 5.1, we
describe the leading decay channels in section 5.2. In section 5.3, we derive the exclusion

+7~ and vector

limits from the coloron searches in ¢t and jj final states, Z’ searches in 7
leptoquark searches. Finally, we highlight the non-standard phenomenology of the vector-
like lepton (and vector-like quarks) as the most novel aspect of the high-pr discussion.
The upshot of this section is that the 4321 model predicts a vastly richer set of high-pp

signatures than the simplified dynamical model of a vector leptoquark introduced in [35].

5.1 Resonances spectrum

The 4321 model predicts a plethora of new resonances around the TeV scale that are
potential targets for direct searches with the ATLAS and CMS experiments. In this sec-
tion we discuss the spectrum of new resonances and their couplings, focusing on the pa-
rameter space of the model preferred by the flavour anomalies and consistent with other
low-energy data.

The starting point is the low-energy fit to the charged current anomalies in Rp). In
the limit sq, > Vi, the following approximate formula can be derived,

ARy ~02 2TV (9 2sin(29 ) 2 NEAYEN (5.1)
D& =2 T 3.5 L)\ os) \osg/)\03)" '

To explain R+, one needs (i) a rather low G301 — G321 breaking scale, My /gs ~ O(TeV),

(i) large leptoquark flavour violation controlled by 67, and (iii) sizable fermion mass mix-
ings. Requiring, in addition, the couplings of the model, g4, A\; and A, to be perturbative,
sets an upper limit on the masses of new vectors and fermions.
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The spectrum of the new scalar resonances depends on the details of the scalar potential
(see appendix A.2), which introduces extra free parameters that are less directly related to
the flavour anomalies. In the following, we focus on the fermionic and vector resonances,
postponing the discussion of the radial scalar excitations to section 5.3.7.

New vectors. Applying eq. (5.1) to the perturbative parameter space of the 4321 model,
the implied mass scale of the new vectors g;” U, and Z L is in the interesting range for direct
searches at the LHC. Setting 6o = 7/4 and maximising the left-handed fermion mixings
for the third family, the spectrum can be further moved up by increasing sq, and g4 —
eventually limited by phenomenology (see e.g. eq. (4.42)) and perturbativity, respectively.
In the motivated limit, vi5 < v < v3 (for the minimisation of the scalar potential see
appendix A.1), and g1, g3 < g4, the spectrum of the new vectors approximately follows the
pattern my : my, : my ~ V2:1: % A typical benchmark point is illustrated in figure 8
(left panel).

The structure of the V f f interactions is discussed in length in appendix A.7. Here we
highlight the key aspects for the high-pr searches. The fermion mass mixing in the right-
handed sector is neglected for the purposes of this discussion (the largest mixing being
Sud, < 0.1). All the V fpfy interactions are practically flavour diagonal, except for the
leptoquark couplings to fermionic partners described by the W matrix. The couplings to
right-handed SM fermions are suppressed.

In contrast, the fermion mass mixing in the left-handed sector plays a major role. These
interactions are worked out in egs. (A.48) to (A.53). To illustrate the main implications, in
figure 8 (right panel) we show the normalized V f1 f; couplings for Z’ and ¢ as a function
of sinfr, valid for any of the left-handed mixing angles. Solid, dotted and dashed lines
represent couplings to light-light, light-heavy and heavy-heavy combinations, where labels
light and heavy denote a SM fermion and its partner, respectively. Red color is for ¢’

couplings (Cy) normalized as £ D Cy %ECIT “yH Pripg g, while blue is for Z' couplings

(Cz/) normalized as L D Cz ‘fg[i;;y (@q'y“Pqu — 3@47“PLW) ZL . It is worth noting that
sizable couplings to SM fermions are generated only for large mixing angles. In practice, the
third family mixings, s4, and sg,, typically control the decay channels of new resonances,
while s4, (= s4,) is relevant for their production mechanisms in pp collisions.

New fermions. The main features of the fermion spectrum are controlled by the fermion
mass mixing constraints discussed in section 4.1. Relevant facts for the high-py discussion
are the following: i) the components of an SU(2); doublet are practically degenerate, i)
partners of the first two families are close in mass, iii) a partner of the third SM family is
always heavier than the partners of the first two, and iv) lepton partners are typically lighter
than quark partners as required by consistency with loop-induced A F' = 2 observables, see
section 4.3.

Consistency with tree-level AC' = 2 transitions requires s;, = s4, = 54,, as discussed in
section 4.3.2. One the one hand, sizeable sy, boosts the NP contribution to R(D™). On the
other hand, s4, cannot be too large since it leads to an increased production cross section
of new vector bosons in pp collisions due to couplings to valence quarks. For example, for
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Figure 8. (Left panel) A typical spectrum of new vectors and fermions. The benchmark point is:
gs = 3.5, v3 = 1.2, v;1 = 0.66 TeV and v15 = 0.3 TeV, which fixes the masses of g;“ U, and Z;L,
while Mg = 1.6 TeV, My = 0.85TeV, s,, = 0.79, s,; = 0.81 and s,, = 0.3, which sets the fermionic
masses. (Right panel) Normalized V ff; couplings of the ¢’ (red) and Z’ (blue) to left-handed
fermions as a function of the sin 6. Solid, dotted and dashed lines are for the light-light, light-heavy
and heavy-heavy combinations, respectively. The coupling normalizations are, 22= for ¢’ to quarks,

g3
and %&‘;‘” (%) for the Z’ to quarks (leptons).

Sq1 S 0.4, the formula for the light quark partner’s mass, Myipiy = MQ, holds at 10%
level, see eq. (4.10), while for the third family quark partner, Mc (/M = cosfy,. Note
that perturbativity of )\é, together with the requirement of fitting the R(D(*)) anomaly,
implies an upper limit on the Mg to be not far above ~ 1TeV, see eq. (4.8). Similar
arguments hold for the lepton partners since s, is almost maximal, while sy, sy, are
rather small.

The typical spectrum of new fermions is illustrated in figure 8 (left panel) and will
serve as a benchmark in the following discussion.

5.2 Decay channels

The rich spectrum of new resonances, together with the peculiar structure of V ff inter-
actions, leads to an interesting decay phenomenology in the 4321 model. For example,
cascade decays involving particles in figure 8 (left panel) are possible, predicting spectac-
ular signatures in the detector. Let us survey the main decay modes of each new state
separately.

5.2.1 Vector decays

The dominant decay modes of the vector bosons are 1 — 2 processes induced by the V ff
couplings listed in appendix A.7. We start with the Lagrangian,

LD Yi’y‘u (9.Pr + grPrR) Cijk¢j Vf + h.c., (5.2)
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Particle Decay mode B (BP) T'/M (BP)

q3ls = tv, br ~ 0.3
Q3LQ = tNQ, bE2 ~ 0.3

UH Q3L3 == tNg, bEg ~ 0.1 12%
@1 L1 = jN1, jEr ~ 0.1
szg :CV,ST ~ 0.1
q3q3 = tt, bb ~ 0.6

ng qul = ]U,]D ~ 0.2 10%
Q2 = jC,j5 ~ 0.2
LWL = N\N,EhnE1 ~04

Z;/L LoLy = NoNo, EoFEy ~ 0.4 44%
l3ls =TT, vV ~ 0.1

Table 3. Relevant decay channels of new vectors U, g;, and Z,. Branching ratios (B) are calculated
for the benchmark point (BP) corresponding to the spectrum shown in figure 8 (left panel). The
last column shows the total decay width to mass ratio (I'/M) for the BP.

where x and v are Dirac fermions with color indices ¢ and j and masses m, and my,
respectively, while C* is the color tensor and k is the color index of vector V,, with mass
My . Chiral projectors in the spinor space are Pr/;, = (1 + 75)/2. The general formula for
V' — x4 partial decay width, following from this Lagrangian, is (My > m, + my)

_ MV m m¢
r = N, X
(V = xv) C487r\/)\1<MV’Mv>

2 2 My My M 1My %
+ A + 12 R 5.3
% [ (|gL| |9R| ) 2 <Mv’ Mv> M‘2/ (ngR) ’ ( )

where N¢ is the color factor and

M(z1,20) =1 — 2 (23 + 22 + 2222) + 2 + 25,

(5.4)
)\2(%1,372) = 3(1 - x% - JI%) - /\1(%1,%2) .

For the Z' boson, C%* — §% and k index is trivial for quarks (or all indices trivial for
leptons). The color factor is Ne = 3 (1) for Z’ decays to quarks (leptons). For ¢’ instead
cie — 15, where a = 1,...,8, and the color factor for decays to quarks is Ng = 1/2.
Finally, for the U, leptoquark, Ck — §%F j index is trivial, and the colour factor for decay
to quark and lepton is N¢ = 1. The same formula eq. (5.3) also applies in the case of ) = x
and real vector field VJ = V), provided that g;,gr are real and there is no '+ h.c.” term
in eq. (5.2).

Using these formulas, we calculate the total width and the leading branching ratios
for ¢’, U, and Z’ vector bosons. The results for the benchmark spectrum from figure 8
(left panel) are shown in table 3. In this context, the most relevant parameters are the two
largest mixing angles s4, and sy, as well as, the masses of the vector-like fermions.

g': the coloron will decay most of the time to a pair of third family SM quarks, ¢t or
bb. It could, in principle, decay also to vector-like quark partners if these are kinematically
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Figure 9. (Top panel) Representative Feynman diagrams for dominant vector-like fermion decays.
(Bottom panel) Phase space suppression in a fermion decay to three fermions of which one is massive
and two massless.

accessible. For the benchmark point, sizeable decays are into light-heavy combination. The
exclusion limits on the coloron from pp — jj and pp — tt searches are explored in more
detail in section 5.3.1.

U,: the vector leptoquark is expected to decay to tv and br final states. Decay modes
involving light-heavy combinations are also relevant if kinematically allowed. Examples
include U, — tN3 and U, — bE> decays.

Z': decays of the Z’' boson are typically into a pair of third family SM leptons, 77
and v,v,, as well as, heavy vector-like lepton partners, which are required to be relatively
light by AF = 2 constraints as already discussed in section 4.3. It is worth noting that,
for the benchmark point, Z’ has a rather large total decay width I'/M ~ 40% (unlike ¢’, U
with T'/M ~ 10%) signalling that the model is at the edge of perturbativity. The extra
decay modes to heavy lepton partners are welcome to avoid the bounds from Z' — 77
as discussed in section 5.3.2. However, Z’ assisted production becomes the dominant
production mechanism for heavy lepton partners, as discussed in section 5.3.4.

5.2.2 Fermion decays

SM-like Yukawa interactions in eq. (2.1) induce a vector-like fermion decay to its SM
partner and a Higgs, W or Z since the heavy fermion mass eigenstate has a projection
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Particle Decay mode

N1, By j(tv), j(br)
) t(w), 1(er)
J(tv), j(br)
By b(tv),b(br)
j(tv), j(br)

U ]V.l(tu),Nl(bT)

J(tt), j (), j(77),j(vv)

Table 4. Leading decay modes of vector-like fermion partners of the first and second family. The

corresponding Feynman diagrams are shown in figure 9 (top panel). See section 5.2.2 for more
details.

over the ¢} or ¢} states. Working in the SM unbroken phase, the partial decay width for
L{ — H%p is

My, rme 2
D(L§ = Hr) = 1o (7%) : (5.5)

where a = 1,2 denotes the component of an SU(2); doublet and t;, = tanfy,. Anal-
ogous formulae hold for the other fermions. Being suppressed by the SM fermion mass
squared, this decay channel is negligible for the fermion partners of the first and second
family. Even for the charm quark partner, we find B(C' — H%) < 1077 in the interesting
parameter range.10

In addition, a vector-like fermion decay to a SM fermion and a radial scalar excitation
is, in principle, possible via eq. (2.2). The precise details depend on the scalar potential,
however, we expect scalar modes to be heavy enough such that on-shell 1 — 2 decay is
kinematically forbidden.

The dominant decay modes of the first and second family vector-like fermion partners
are 1 — 3 processes induced via an off-shell ¢/, U, or ZL mediator exchanged at tree-level.
Typically, a heavy fermion will decay to three SM fermions of which (at least) two are

10This is in contrast to the decays of (T, B) due to the large top quark mass. The predictions for the
branching ratios are B(T' — ht) ~ B(T' — Zt) ~ 0.5 and B(B — Wt) ~ 1. Recent dedicated experimental
searches exclude Mp < 1.35TeV [106] and My < 1.3 TeV [107]. These are below the indicated limits from
electroweak precision observables discussed in section 4.1. That is, the collider searches for the third family
partners are less relevant for the spectrum on figure 8 (left panel).
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third generation, or it will decay to another vector-like partner and two SM fermions (see
representative Feynman diagrams in figure 9 (top panel)). To a good approximation, we
can integrate out heavy vectors and work with the following effective Lagrangian,

£5 g O @ ) (i) + b (56)
€
where C¥* is the colour tensor, ¥ is the decaying fermion (in this case @ or L) with color
index ¢ and mass My, while ¥ is a massive/massless final state fermion with color index
J and mass my. Also, x and X are two massless SM fermions with colour indices £ and [,
respectively. We consider fermions to be triplets or singlets of colour. The partial decay
width following from this Lagrangian is

5 m2
(¥ — ¢xx) = Ne Algﬁ 15]\;;‘1;3 F (%) (5.7)
where N¢ is the color factor depending on the C*'. For example, for QF — L‘ffgqg, the
CYk — § with indices 7,k trivial and Ne = 1. Another example is L{ — ¢{q5¢}, where
CUk 5 §7% with indices 4,[ trivial and Ne = 3. (Here, SU(2), indices a,b are fixed and
not summed over.) The phase space suppression for ¥ — 1y decay with massive ¢ and
massless x, X is [108]

F(z) =1- 8z — 1222 In(z) + 8% — 2 . (5:8)

This function is plotted in figure 9 (bottom panel), showing rather large suppression factors
for sizable my,/My. Using these relations, we calculated the partial decay widths and
identified the leading vector-like fermion decay modes in table 4. The precise branching
ratios depend strongly on the benchmark point. For example, for the selected BP, diagrams
(a) and (b) from figure 9 (top panel) lead to rates of similar sizes, which is, however, highly
sensitive on the My /Mg ratio, see figure 9 (bottom panel). It is also interesting to note
that these resonances are rather narrow, I'/M ~ O(1074).

Loop-induced 1 — 2 decays can, in principle, compete with tree-level 1 — 3 decays.
An example in the 4321 model is C' — ty with the dipole operator generated by the
heavy neutral lepton and vector letoquark in the loop. These decays are typically sub-
leading in the relevant parameter space due to an extra suppression from the electroweak
gauge coupling.

To sum up, the 4321 model predicts drastically different signatures of light vector-like
fermion partners from those currently being searched for by experiments (see e.g. ref. [109]).

5.3 Collider constraints

In this section we investigate the most stringent current LHC limits on the 4321 model,
and propose novel (exotic) collider signatures for future searches. As a recap, the core im-
plication of the R(D™)) anomaly is i) a relatively light vector leptoquark and i) relatively
light vector-like leptons — to simultaneously pass the bounds from AF = 2 transitions.
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Figure 10. Feynman diagrams for the coloron and Z’ searches.

By the model construction, the accompanying vector resonances are close in mass to the
leptoquark, and are resonantly produced in pp collisions. The strongest collider constraints
are due to an s-channel coloron (or Z’) decaying to a pair of third family SM femions, see
figure 10. Such final state has i) a large branching ratio and i7) a simple topology. Although
these topologies have been extensively exploited by experiments, a simple interpretation
in terms of a narrow-width resonance fails to capture the effect, and a slight complication
arises in properly including finite width and interference effects. By performing a dedicated
recast of the existing dijet and ¢t searches, we show how to consistently extract bounds on
the model’s parameter space.

An essential ingredient of the 4321 model is the existence of heavy SM fermion partners
with masses below the vector boson spectrum — with peculiar new decay channels leading
to exotic final states with multiple jets and/or leptons — a distinct smoking gun signature
of the model. Here we provide a catalog of promising topologies and estimate their potential
future impact.

5.3.1 Coloron searches in tf and bb final states

The dominant production mechanism of the colour octet ¢’ in pp collisions is resonant
production from a quark-antiquark pair, gg — ¢’. There is no tree-level coupling between
a single ¢’ and a gg pair, see appendix A.8. Due to the flavour structure of the model, the
couplings to light quarks are suppressed, however the PDF enhancement of valence quarks
relative to third generation quarks in the proton ensures that this channel is nevertheless
dominant. The interesting regimes of the model are when the width is rather large (but
still calculable) or the resonance is narrow but rather heavy.

Existing analyses which are most sensitive to the coloron are an ATLAS t¢ invariant
mass measurement [110], an ATLAS dijet resonance search [111], and an ATLAS dijet
resonance search with one or two jets identified as b jets [112]. The relevant Feynman
diagrams are shown in figure 10; the largest contribution to the dijet process is through
production of a left-handed bb pair.

We calculate the model predictions for the ¢t process using Madgraph5_aMCONLO [113],
implementing the coloron and its interactions in FeynRules [114], and using the default
NNPDF2. 3 leading order PDF set [115]. The representative benchmark examples are shown
in figure 11 (top right panel). We use the measured unfolded, parton-level invariant mass
distribution, which allows direct comparison to parton level predictions, and involves a
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Figure 11. (Top panel) Coloron contribution to the pp — jj (left panel) and pp — &t (right
panel) invariant mass spectrum for two representative benchmark points. (Bottom panel) Coloron
exclusion limits in the mass-total width plane for jj and ¢t for several representative s4, benchmarks.

cut of pr > 500 GeV for the leading top quark, and pr > 350 GeV for the second leading
top quark. Exclusion regions are then calculated from the measured ¢t invariant mass
spectrum [110] requiring Ax? > 6.2. The excluded regions found in this way, for 3 different
values of sg4,, are shown in green in figure 11 (bottom panel). As shown in figure 8 (right
panel), the coloron coupling to left-handed valence quarks depends on s4, and leads to the
reduced coloron production for sg, ~ 0.3.

Additionally, exclusion regions are calculated from an ATLAS dijet resonance
search [111]. The search involves dijet events with mj; > 1.1 TeV, for which the trans-
verse momentum of the leading (subleading) jet is greater than 440 (60) GeV, and the
rapidity difference between the jets is less than 0.6. Cross sections differential in the invari-
ant mass are calculated for the process pp — bb using MSTW PDF sets [116], including the
effects of interference between the SM and coloron-mediated diagrams. Note that ¢’ — bb
is by far the dominant coloron dijet decay.) We estimated the signal acceptance in the
relevant invariant mass region to be about 35%.

Following an ATLAS method, we determine whether bumps could be seen in the total
invariant mass spectrum by fitting the background with a curve f defined as

F(2) = pi(1 = z)Papoopaiosl) (5.9)
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where z = mj;/ V5.1 In each case, this parameterised curve is binned and added to the
binned new physics contribution, and the x? calculated by comparison with the ATLAS
measured data, assuming poissonian errors on the data. Each of the curve parameters p;
is allowed to vary independently to minimise the x? value, and this minimum x? is used
to determine whether the coloron parameter point is ruled out if Ax? > 6.2. The resulting
exclusion regions are shown in red in figure 11 (bottom left panel), for three different
54, values.

A recent ATLAS search [112] looks for bumps, in a very similar way, in the invariant
mass spectrum of dijet events for which one or both of the leading jets pass b-tagging
requirements. Since our coloron-mediated dijet signal is made up almost entirely of bb
pair production events, this is clearly an important search. In the “high-mass region” for
which the invariant mass of the dijet pair is m;; > 1.2 TeV, the analysis requires that the
transverse momentum of the leading (subleading) jet is greater than 430 (80) GeV. Both
leading jets are additionally required to have pseudorapidity |n| < 2.0, and the rapidity
difference between them is required to be less than 0.8. We use the fitting method described
above (eq. (5.9)) to extract exclusion regions from the measured invariant mass spectrum
requiring > 1 b-tag.'? The b-tag efficiency for the signal events is taken from figure 2 (a)
of [112]. The exclusion regions found in this way are shown in blue in figure 11 (bottom
right panel), for three different s4, values.

Some discussion of the different shapes and reaches of the ¢t and dijet exclusions shown
in figure 11 (bottom panel) is in order. The green t¢ regions exclude even large widths,
because the tf predictions exist for the SM. This means that even for large widths, when
the signal is spread over many bins, the discrepancy from the SM can still be apparent.
The sensitivity falls off sharply around coloron masses of 3 TeV, because the spectrum is
only measured up to m,; = 3 TeV, and in the last bin the error on the data is already rather
large. By contrast, for the dijet bump hunts, the SM background must be simply fitted
to the data. So if the coloron has a very large width, such that its effects are spread over
many bins, then the signal can be hidden within the background fit, and the bump hunt is
no longer sensitive. This is why the red and blue dijet regions do not reach to such large
widths as the green tt regions. The thin red lines represent dijet limits when fixing the
background to the SM-only fitted value, rather than profiling. Indeed, these show similar
behaviour to tt exclusions.

For low coloron masses, the blue region found from the bump hunt with b-tags reaches
larger widths than the red region found from the bump hunt without b-tags. This is because
the b-tag requirement increases the signal over background ratio for dijet invariant masses
below around 2.5 TeV. This advantage disappears for larger coloron masses because the
signal b-tagging efficiency decreases for higher invariant masses. Finally, we would like to

"Tn ref. [111], the analysis in fact made use of a novel fit method with a sliding window, such that
in each section of the spectrum defined by the window, a new three-parameter fit was made. However,
they compared both methods and found compatible results between this sliding window method and the
traditional global four-parameter fit described here, so we use the four-parameter fit model for simplicity.

12The > 1 b-tag selection was chosen rather than the 2 b tag selection because the signal efficiency becomes
very small for the 2 b-tag selection.
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point out that a different b-tagging (and misidentification) operating point choice might be
more optimal for our signal. In particular, one might try a tighter b-tagging requirement
with rather severe background rejection rate.

5.3.2 Z’ search in 777~ final state

Production of high-py 777~ pairs in pp collisions (e.g. [117]) has been identified as a generic
signature of models addressing R(D*)) anomalies [58]. The 4321 model is not an exception,
as the effect comes from an on-shell Z’ boson, i.e. pp — Z' — 7F77.

Let us, for a moment, assume that the Z’ exclusively decays to SM fermions (unlike in
the chosen benchmark). For large sq, ~ sy, (and small s¢,) the Z’ decay width is saturated
by decays to bb, tf, v¥ and 777, with a branching ratio B(Z' — 7777) ~ 3/8. The
total Z’ decay width, for g4 ~ 3, is at the level of I'/M ~ 10%. For a small sg,, the
dominant production mechanism is from bpb;, — Z’, followed by ugtp fusion (a factor of
~ 4 smaller). Increasing s, leads to sizeable increase in the production cross section from
the valence quarks, wrur, and drdy. The observed upper limit on the narrow resonance
oxB(Z' — 777 ) is about < 10fb for the Z’ masses in the 1-3 TeV range (see figure 7 (¢) in
the latest ATLAS search done at 13 TeV with 36 fb~! [117]). If we assume (conservatively)
that the Z’ is produced exclusively from bottom-bottom fusion, without even considering
extra u and dd channels, these constraints imply that m’, 2 1.8 TeV. This illustrates the
tension with the present data if the Z’ exclusively decays to SM fermions.

On the other hand, the reference benchmark point easily avoids the 777~ bound due to
extra open decay channels to vector-like lepton partners (see table 3). Interestingly enough,
these states are also required to be light for the consistency with AF = 2 observables. The
extra decay channels ensure i) a diluted branching ratio to 777~ and i) a large total
decay width (I'/M ~ 40%) which reduces the effectiveness of the search (see figure [4] in
ref. [58]). Finally, we note that the limits from Z’ — u*u~ decay are irrelevant due to the
small sg, ~ 0.1.

5.3.3 Leptoquark signatures

Vector leptoquarks are copiously produced in pairs via QCD interactions. For more details
on their phenomenology at hadron colliders, we refer the reader to section 2.2 of ref. [118].
We compute the leptoquark pair production cross-section at LO in QCD in pp collisions at
13 TeV, using the FeynRules model implementation of ref. [118] with MadGraph5_aMCONLO
(see also ref. [119]). The results are shown in figure 13 with a solid black line. It is worth
noting the fast drop of the cross section with the leptoquark mass.

Vector leptoquark decays to tv or br final states with large branching ratios. (Other
relevant decays are listed in table 3.) A dedicated analysis targeting the simplified dynam-
ical model of ref. [35] has recently been performed by CMS [120], excluding pair-produced
leptoquarks with masses my, < 1.53 TeV, under the assumption of B(U; — tv) = B(U; —
br) = 0.5. This limit is also shown in figure 13 (grey region). For the benchmark point in
table 3, this bound is slightly relaxed due to somewhat smaller branching ratio. The first
lesson is that direct bounds on leptoquarks cannot compete with those indirectly inferred
from e.g. coloron exclusions.

~ 34—



(a)

Figure 12. Representative Feynman diagrams for (a) vector leptoquark pair production and (b)
vector leptoquark production in association with an L; lepton partner.
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Figure 13. Vector leptoquark (U,,) production cross section (infb) at the 13 TeV LHC. The solid
black line shows the leptoquark pair production cross section via QCD interactions. The dashed red
line represents pp — Ey + U, production cross section, fixing gs4s,, = My /2TeV to fit the R(D™)
anomaly, and with the F4 lepton partner mass set to My = 0.85TeV. The grey region is excluded
by the CMS leptoquark search in the (tv)(tv) final state, assuming B(U,, — tv) = 0.5 [120].

In fact, as the experimental searches are moving forward, the dominant mechanism for
on-shell leptoquark production will instead become g ¢ — L1 U, see figure 12. As shown
in figure 13 (red dashed line), the cross section for the single leptoquark production in
association with a vector-like lepton E7 dominates over the leptoquark pair production for
large My. In this calculation, we fix My, = 0.85 and gs4s4, = My /(2 TeV), as indicated by
R(D™) anomaly. The present excluded mass reach from the CMS search [120] is already
nearing the point where this channel becomes dominant, and suggests reconsideration of
the working strategy to search for our leptoquark.

In addition to extending the scope to a novel production channel, we also suggest
searching in new decay modes as listed in table 3. For example, there is a significant
branching fraction to U, — q3L2 — ¢3(g3l3q3) — clearly calling for a dedicated experi-
mental analysis.
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Figure 14. Vector-like lepton pair production cross section in pp collisions at 13 TeV as a function
of the lepton mass for several benchmark points.

5.3.4 Vector-like lepton production

Vector-like leptons are pair produced in proton-proton collisions via electroweak interac-
tions. In addition, a sizeable contribution to the total cross section comes from s-channel
7' exchange. A quantitative estimate of this effect is illustrated in figure 14, where we
plot the total cross section for pp — EE, pp — EN and pp — NN (where E; is the
first generation charged lepton partner and Nj is the first generation neutrino partner)
as a function of the vector-like lepton mass My, for several motivated benchmark points.
The cross sections were calculated using MadGraph5_aMC@NLO (with the Z’ and vector-like
leptons implemented using FeynRules), including both electroweak production and the
Z'-assisted process. At each vector-like lepton mass, the Z’ width was recalculated, taking
into account all the kinematically accessible final states.

Let us analyse figure 14 in more detail. While the charged current process is fixed by
the electroweak interactions, it is important to notice that the neutral current processes
i) receive increased contribution for large sg,, and that i) the cross section exhibits a
plateau for My < Mz /2, that is when Z’ — LL is kinematically open. Neutral current
processes are basically dominated by the Z’-assisted production in the interesting range of
parameters. As discussed in section 5.3.6, these processes lead to distinct collider signatures
which already set an upper limit on the total production of O(10)fb. Cross sections
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Figure 15. (Left panel)Vector-like quark pair production cross section in pp collisions at 13 TeV
as a function of the quark mass for several benchmark points. (Right panel) Same for the single
vector-like quark production in association with a light quark.

below < 10fb are obtained for relatively heavy My, 2 0.8 TeV and relatively small mixing
S¢S 0.4.1% Having the Z’ mass below 2M7, also helps to reduce the yield, however, this
scenario is disfavoured by Z’ — 777~ searches, see section 5.3.2.

5.3.5 Vector-like quark production

The QCD induced cross section for pp — QQ is completely determined by mg, and it is
dominated by the gluon fusion subprocess, gg — QQ, and the sub-leading quark fusion,
q7 — QQ. Specific to this model is an extra contribution to the quark fusion subprocess,
qq — ¢'/Z" — QQ, which depends on the ¢’/Z’ masses and interactions. Due to the flavour
structure of the model, ¢’ and Z’ could decay to a pair of heavy partners of same flavour,
or to a heavy-light combination.

To investigate the importance of the ¢’ assisted production, we plot the total pp — QQ
and pp — Q, qQ cross sections as a function of m¢ in figure 15 for several benchmark ¢’
masses and s, mixing. We do not include the Z’-mediated process here as it is highly sub-
dominant to the coloron-mediated process. Again, the cross sections were calculated using
MadGraph5_aMC@NLO (the ¢’ and vector-like quarks were implemented using FeynRules),
with the coloron width varying as a function of the vector-like quark mass.

Let us discuss the main implications of figure 15. The QQ production (left panel) is
dominated by the ¢’ diagram, and shows a plateau for ZMQ < My, i.e. when ¢ = QQ
decay is kinematically opened, while it drops fast for larger MQ. On the contrary, single
production of a vector-like quark in association with a light quark (right panel) increases
when the ¢ — QQ decays is forbidden, due to the jump in B(¢’ — Qq). The benchmark
point from figure 8 (left panel) has suppressed cross section for pair production as this
process has a more constraining signature, see section 5.3.6.

13We also note that pp — LiL; can be induced via vector leptoquark exchanged in t-channel, e.g.
dd — E1E; and vt — N1 N;. The cross section due to this diagram scales with 532 and is relevant only for
large sq,. We have checked that for sq, < 0.4, the Z’'-assisted production dominates.
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5.3.6 Multi-leptons plus multi-jets

As shown in figures 14 and 15, vector-like fermions are produced with sizeable cross sections
in the interesting parameter range (1 — 10fb), and decay dominantly to three SM fermions
of the third family, ¢, b, 7 and v;. Thus, the signature in the detector contains multiple jets
and leptons and is rich with b-tags, hadronic 7-tags, etc. While the extraction of precise
limits requires a dedicated experimental analysis, we estimate the potential sensitivity in
the current and near-future datasets, by comparing with the existing R-parity conserving
(RPC) and R-parity violating (RPV) supersymmetry (SUSY) searches.

Using 36 fb~! of 13 TeV pp collision data, the ATLAS collaboration has searched for
signatures involving multiple b-jets, high missing transverse momentum and either (at
least) three isolated leptons, or two isolated same-sign leptons [121]. Following this general
selection, the upper limits are set on the signal regions based on the number of b-jets, jets,
leptons and E?iss, which are then interpreted in terms of simplified SUSY benchmarks.
As an example, pair production of gluinos, each decaying to a top pair and a neutralino,
can be qualitatively compared to our pp — NoNo — (ttv)(ttr). Interpreting naively the
exclusion limits, that is, neglecting any differences in acceptances between our model and
the SUSY benchmarks, we conclude that the signal rate for this process is < 5fb. This
search is already starting to probe the interesting parameter space, see figure 14 (top right
panel). Another relevant RPC example involves pair production of stops, each decaying to
t, W* and neutralino, and sets an upper limit on the cross section < 10fb. Finally, the
limit from RPV searches on gluino pair production, where each decays to tbj, implies an
upper limit of < 15fb.

In addition to these final states, the 4321 model predicts even more exotic multi-
lepton plus multi-jet signatures due to cascade decays among particles shown in figure 8
(left panel). An example of such process is illustrated in figure 16. In this example, a
pair of vector-like quarks is created by an s-channel coloron, and one of them decays to
vector-like lepton which eventually decays to three SM fermions. The final state contains
3q3 + 53, or bqs + 3¢3, where g3 = t,b and {3 = v, T.

To sum up, the 4321 model predicts a plethora of novel signatures and calls for a
dedicated experimental effort.

5.3.7 Scalars

The radial modes of the Higgs fields which break the 4321 symmetry to the SM group may
also be produced at the LHC. They consist of a singlet, a colour triplet and a colour octet,
as described in section A.2. A scalar singlet at the TeV scale is not easy to find at the
LHC, so here we focus on the coloured states.

The colour octet can be pair produced via QCD and via an s-channel coloron, and
will, if kinematically allowed, decay with close to 100% branching ratio to a vector-like
quark and a SM quark. It may also decay to a tt pair, but this coupling is suppressed by
the right handed top-vector like quark mixing. The colour octet’s mass is very dependent
on parameters of the scalar sector but can easily be as heavy as 2 —3TeV. A very similar
model has been investigated in ref. [122], and the pair production cross-section of the colour
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Figure 16. An example of the cascade decay process at the LHC leading to heavy-flavoured
multi-lepton + multi-jet final state signature.

octet scalar was found to be O(1072) fb for a 2 TeV octet scalar. Depending on the width
of the coloron and the mass of the scalar, the coloron-assisted production may be larger
than this, but will not be more than 107! fb at 2TeV. This is more than an order of
magnitude smaller than the vector-like quark pair production cross section investigated in
section 5.3.5 above, and will produce a similar signature with extra jets.

The colour triplet will also be pair produced via QCD and coloron-assisted production,
and will decay to a vector-like quark and a SM lepton, or a vector-like lepton and a SM
quark. The signature will appear as vector-like quark pair production with extra leptons
(or missing energy),vector-like lepton pair production with extra jets, or a combination
of single vector-like lepton and vector-like quark single production with extra leptons and
jets. Again, the mass depends on the scalar parameters, but can be as large as a few
TeV. The QCD pair production cross-section for this state can be found in ref. [62], and is
again O(1072)fb at 2TeV, while the coloron assisted production is parameter-dependent
but no larger than O(1071)fb. This is therefore subdominant to other vector-like lepton
and vector-like quark production modes in the model.

6 Conclusions

The evidence for flavour anomalies in semi-leptonic B decays is growing with time. Al-
though they might eventually disappear, they represent at the moment one of the few hints
of NP, and deserve exploration. From a beyond the SM perspective they are certainly un-
expected: the common expectation was that NP in flavour had to appear first in rare
processes where the SM contribution is suppressed, while the anomalous data in b — cTv
charged currents suggest a sizeable deviation in a channel where the SM contributes at
tree level. Even allowing for the most conservative estimate of the scale of NP based on
perturbative unitarity arguments [104], something has to happen below 9 TeV in order to
unitarize the four-fermion operator responsible for the NP contribution to b — c¢7v. How
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is it possible to reconcile this with a plethora of long-standing indirect probes (flavour,
electroweak, etc.) and the impressively growing amount of LHC data at high-p?

The main challenge, from a model building point of view, is to find a model which
can offer a coherent explanation for the anomalies in both charged and neutral currents,
while remaining compatible with all other constraints. A non-trivial point when addressing
this question is to show that this is actually possible in a UV complete construction which
allows for a connection between the anomalies and other observables. This is what we have
achieved in this paper, in the context of the 4321 model introduced in ref. [37].

The main virtue of the model is that it is renormalizable and fully calculable. It is
however fair to say that the phenomenological constraints push the model in the direction
of largish couplings, although still in the perturbative domain. Depending on the size of
the anomaly in charged currents, the model can be extrapolated in the UV over several
decades of energy.

The 4321 model belongs to a class of B-anomalies solutions which involve new dynamics
in purely left-handed currents (see e.g. [35]). The effect in R(D™)) is obtained either from
i) a pure third family interaction via the CKM, or i) a large direct 3-2 flavour violation.
The second option points to a larger effective NP scale (by a factor of order 1/1/Vy ~ 5)
alleviating the problems with indirect constraints in precisely measured Z-pole observables
and leptonic 7 decays [56, 57], as well as direct searches at the LHC (see e.g. [58, 59]);
but introduces a potential problem with FCNC due to the SU(2)y nature of left-handed
interactions. In the context of our model, one has not only to address tree-level AF = 2
effects due to ¢’ and Z’, but also a large 3-2 leptoquark transition which feeds in at one
loop in AF = 2 observables.

A crucial phenomenological ingredient of this construction in order to make the size
of the anomalies compatible with indirect and direct constraints is a generalisation of the
Cabibbo-GIM mechanism of the SM, which allows a large 3-2 leptoquark transition while
suppressing FCNC at tree level and at one loop. We have computed these and shown that
they are under control as long as lepton partners, which play a crucial role in suppressing
the contribution to the box diagrams via a GIM-like mechanism, are light enough. The
latter are predicted to be the lowest-lying states of the NP spectrum (cf. figure 8) and
hence represent a clear target for LHC. This is a nice example of the complementarity
between indirect and direct searches, which is possible only thanks to the fact that the
model is UV complete and hence the observables are calculable.

The 4321 model predicts a very rich phenomenology at high-pr. While the low-energy
phenomenology can be matched, to a large extent, to the simplified dynamical single-
mediator model of ref. [35], the high-py physics is very different from that of the simplified
model. Since the fit to the R(D(*)) anomaly requires the vector leptoquark to be around
the TeV scale, the same is true for the whole spectrum of new vectors and fermions. The
main high-pr signatures are, in fact, not related to the vector leptoquark, but to i) the
coloron decaying to tf and bb, ii) Z' — 777~ and i) production of heavy vector-like
leptons and quarks. As a proof of principle, we have identified a benchmark point which
fits the low-energy data well and is safe from the present LHC exclusions.

One of the key predictions of the 4321 model is the peculiar decay phenomenology
of the new fermions, and a possibility of cascade decays leading to exotic signatures with
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multiple leptons and jets in the detector. Such novel signatures, exemplified by figure 16,
require a dedicated experimental effort which, if performed, could significantly improve the
limits in the near future.
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A Anatomy of the 4321 model

In this appendix we provide a detailed account of several theoretical aspects of the 4321
model, including: the minimisation of the scalar potential (appendix A.1), the scalar spec-
trum (appendix A.2), the Yukawa interactions of the radial modes (appendix A.3), the
gauge boson spectrum within the minimal scalar sector (appendix A.4) and beyond (ap-
pendix A.5), the vector-fermion interactions in the mass basis (appendix A.7), the rel-
evant tri-linear gauge vertices (appendix A.8), the renormalisation group equations (ap-
pendix A.9), and the list of SU(4) generators and structure constants (appendix A.10).

A.1 Scalar potential

The scalar sector comprises the representations: 23 ~ (Z, 3,1, 1/6), Qp ~ (Z, 1,1, —1/2),
Q5 ~ (15,1,1,0) and H ~ (1,1,2,1/2). Note that 215 is taken to be a real field. Given
the hierarchy (23) > (1) > (Q15) > (H) suggested by phenomenology, we simplify the
problem by first considering the {131 system in isolation and comment later on about the
inclusion of the other fields. We represent (23 and {2 respectively as a 4 x 3 matrix and a
4-vector transforming as Q3 — U;Q3UJ, and Q1 — U; € under SU(4) x SU(3)". The most
general scalar potential involving €23 and 2; can be written as

3 5\ 1 ?
VQ:;,Ql = ,u,g Tr (Q;E)Q?)) + A1 (TI‘ (Q;Q?,) — 2U§> + ATr (Qggg - 21)%]13)

1.,\? 3 1
it |0 P + >\3<\91!2 - 2”%) +M (Tr (Q40) - 2”5) (!Ql\2 - 2“%)
AU Q30800 + A (23023230, + hee.) | (A1)

where 13 denotes the 3 x 3 identity matrix and we have used a relative rephasing between
the fields 21 and €23 in order to remove the phase of Ag. Note that the non-trivial invariants
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Q1Q30L0, and
[23250250]; = eaprae™ ()5 ()5 (28)2(20)°, (A.2)
are required in order to avoid extra global symmetries in the scalar potential leading to

unwanted massless Goldstone bosons (GBs). The scalar potential in eq. (A.1) is written in
such a way that in the limit pus = 1 = 0 and A\g = 0, the configuration

v3 0 0 0
1 0 v 0 1 0

Q) = — L) = — : A3
00O U1

is (by construction) a stationary point. For A\g # 0, the stationary equations are satisfied by

3
v
Mg = —3)\6111’03, ,u% = _3)\617? . (A4)
By imposing that the second derivatives of the potential (evaluated at the stationary point)
are positive definite, we can make sure that the configuration in eq. (A.3) is a local mini-
mum'# and compute in turn the scalar spectrum.

The decomposition of the scalar multiplets under the unbroken Gss; symmetry reads

Q3 — S3 ~ (1,1,0) o Ty ~ (3,1,2/3) ® O3 ~ (8, 1,0), (A5)
O = 81~ (1,1,0) 0T ~ (3,1,-2/3). (A.6)

More explicitly, the SM fragments are embedded into €231 as

1 *
Q3 = vatslat X ; =11 . , (A7)
T3 Noke! + 51
where x = —=S3I3 + O%® and t* (a = 1,...,8) are the Gell-Mann matrices.

V6
A.2 Scalar spectrum

The spectrum of the scalar excitations is readily obtained by evaluating the second deriva-
tives of the scalar potential on the stationary point. Sorting the multiplets according to
the SM quantum numbers, we obtain the following:

e QOctet sector

M%{e 05 = 2 ()\gvg — 3>\6U1v3) , (A.8)
Mo, =0 (A.9)

The null eigenvalue corresponds to the GB eaten by the coloron, while the positivity
of the non-zero eigenvalue yields the condition Aovg > 3Agvy.

MDetermining the global minimum is a non-trivial mathematical problem. Nevertheless, in the limit
v1 — 0 the configuration in eq. (A.3) is the global minimum of the potential for A2 > 0 and A1 > —%)\2 [123].
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e Triplet sector

M% _ %)\51)% - 3)\61}1113 %)\51}11}3 - 3)\633 (AlO)
%)\51)1213 - 3)\6U§ %)\511% — 3>\6%
defined on the basis (73,771). Upon diagonalization
Mg = (Lx -3 (v} +v3) (A.11)
Tr — 9 5 6,01 1 3) .
M%GB = O? (A12)

where

TR _ 1 V1 U3 T3 (A 13)
Tgn Vi +oy \—vs o) \Th

The GB mode is associated with the longitudinal component of the leptoquark. In
the limit vg > v one has Tgg ~ —T15 + %Tl and Tp ~ T1 + %Tg. The positivity of
the non-zero eigenvalue yields Asv; > 6Agvs.

e Singlet sector

MG =
% (BM + A2)v3 + 3A\gU1v3 5 (BA1 + A2) v3 — 3\eu1v3 \/g (3)\6v§ + %)\41)11)3) %\/g)\wlvg
% (3N + )\2) — 3X\guiv3 1 5 (BA1 + A2) U5 + 3gv1v3 %\/%)\41}11}3 \/g (3/\611% + %/\4111113)
\/g (3/\61)3 + 5/\41)1113) \/7)\41)11)3 )\31;1 )\3’0% — 3/\6% ’

%\/%)\41}11}3 \/g (3)\6U3 + 2)\4U1’U3) )\31}1 — 3)‘6 Uq )\3’0%

(A.14)

defined in the basis (53, 55,51,57). It turns out that Rank M% = 3 and the zero
mode corresponds to the eigenvector

B Dg > , (A.15)

1
SGB:m(w aiv v R R

which is associated to the longitudinal degree of freedom of the Z’. In the limit

31;1

v3 > vy one has Sgp ~ i{Im S3 — zIm S1. One of the three non-zero eigenvalues

has a simple form

2 3 v3
MSO = 3)\6’1)3 51)1 + 1}71 s (Alﬁ)

and it is associated to the eigenstate

1
ES& + v

V1 V1
LS+ =5 — S*),
'/v§+gv%< \/i \/5 s \/g \/g !

while the two remaining non-zero eigenvalues have a complicated analytical expression

So = (A.17)

and we do not report them explicitly (we just mention that they are different from zero
in the A\¢ — 0 limit). Note that in the A\¢ — 0 limit one recovers an extra (physical)
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GB, which can be understood in terms of an additional global U(1) emerging in
eq. (A.1). Hence the presence of the A\¢ term in the scalar potential is crucial for
a proper description of the scalar spectrum and it also affects in a non-trivial way
the determination of the accidental global symmetries of the Lagrangian (cf. the
discussion below table 1).

The inclusion in the scalar potential of the other two representations €215 and H,
which are assumed to take the VEVs (Qy5) = Tisv15 and (H) = 3(0,0)7, with v =
246 GeV, can be safely considered as a perturbation. The reason is because their VEVs
are subleading for phenomenological reasons and they do not alter the pattern of global
symmetries of the scalar potential. Finally, the decomposition of {215 under Gso; yields:
Q5 — (1,1,0)9(3,1,2/3)8(3,1,-2/3)%(8,1,0), whose mixing with the states contained
in {231 is parametrically suppressed by the ratio 0%5 / U%l and hence they play a subleading
role for phenomenology.

A.3 Radial modes

The radial modes discussed in the previous section have non-trivial consequences for
low-energy phenomenology. In particular, the most relevant one is the state T ~
(3,1,2/3) which induces one-loop FCNC via its Yukawa interactions, beyond the “model-
independent” contribution of the vector leptoquark containing the corresponding GB mode
as a longitudinal degree of freedom. Working in the phenomenological limit vi5 < vy 3,
which allows us to decouple the contribution of ® to the radial modes originating from € 3,
the relevant interaction terms after Gy32; breaking are readily extracted from eq. (2.2)

_ « =1
Lunix O (—¢pp T+ 850 Tap) Aqdr Ly + (s8; Th + s, Tép) Ml Qg
— A V3 _, —/ )\g vl -
+ (M, '+q’> ’+<ML+€> ">+ h.c., A.18
( QL V2 qr, | Qr Ly NG L R ( )
where we have defined tan S = v3/v; and used eq. (A.13) after the redefinition T3 — —T5.
The mass parameters Mg ;, are instead

A15 V15 3 A5 015
, My, =M — ——.
276 L 276

Following the discussion about the flavour structure of the 4321 model (cf. section 3) we

MQ =M + (A.lg)

assume My g = M 1,@ to be proportional to the identity, and the following textures for the
Ag,¢ matrices:

Ag = Ag = diag(Ngios Agias Agg) s Ae = Ao - W = diag(0, Ay, Aey) - W, (A.20)

with W a unitary matrix. The mass eigenstates of the fermion fields (denoted without a
prime) and prior to EW symmetry breaking are

Q' = sq, a5, + ¢q, QL Qr = Qh,
Wi L7 = 54, 0% + cq, L Lr=WLILy, (A.21)
q,Li = Cq; qi — Sq; QZL 5 E/LZ = Cy, élL — Sy, LZL y
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where

_ A o = Mo
q; \/§MQ1 ’ qi ]\4@Z ’
j\i (%} ML
s, = \/;ML‘ : =3 (A.22)
Nol2of Ail2of
Mg, = \| —L== + M3, M Ly M3
Qz \/§ Lz \/é L

Hence, in terms of mass eigenstates, eq. (A.18) reads

Lomix D (SgT TE + csp T(*}B) 5\% <Cgi 22 — Sy, ZZL> Wij ng
+ (—CgT Tr + S8 TGB) 5\2 (qu qu — S¢; @2) Wﬁ- Lg%

+ My Ty Ly + M Qy Qi + hec.. (A.23)

The latter equation can be re-parametrised in a more compact notation as (ignoring heavy-
heavy interactions which are not relevant for AF = 2)

* * 4Gp “r2 1/ i J

Lomix DO (TGB + tﬁT TR) 7\/5 Cy ML Se; EL Wij QR
_ 4G ~ 1/2 ; * 1]
+ (TGB - tgj TR) <ﬁF Cu Mc2g> sq; 41, W Ly

+ My Ty Ly + MhQy Qg + hec.. (A.24)

A.4 Gauge boson spectrum

Let us introduce the following notation: given the extended gauge group G4321 we denote
respectively the gauge fields by H, G, Wﬁ, B, the gauge couplings by g4, g3, g2, g1 and
the generators by 7%, T T¢, Y’ (with indices « = 1,...,15, a = 1,...,8,i = 1,2,3). In
order to determine the gauge boson spectrum we start from the definition of the covariant
derivatives acting on the scalar fields Q3 1 15 (in the following, A =9, ..., 14 spans over the
SU(4)/(SU(3)4 x U(1)4) coset and we neglect EW symmetry breaking effects):

D3 = 0,03 + iga HiT* V3 + iga H T Qs + iga H,PT'* Qg
1
- iggGﬁTagg - E’L'ng;LQg s
. . . 1,
Dy = 9, + iga HET™ Oy + iga H) T4y + iga H P T 0y + izngLﬂl ,

DMQI5 = 8M915 — ig4 [Ta, 915] HE — ig4 [TA, 915] H;? — ig4 [TlS, 915] H;E) . (A25)
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The gauge boson masses are extracted from the (canonically normalized) kinetic term of
the scalar fields:

1 a a 92 —g493 vi [ HO
Tr (D'u <Q3>)T DM <Qg> = 5 (HN G;L ) <—g;1g3 g?2) ?3 G/b/»t

1
+3 (g3v3) H HM
1 197 —izoag | w2 [ HYe
g (A e}
2 —ﬁgwl 59% 2 B
(A.26)
1
(Dy () D* () = 3 (god) Hyt HA

3 92 3
+1(H15 B’) 191 35949 vj 50

(A.27)
1 1/1
3T (D, (505)) (D" (hs)) = § (oot ) H2H (A.28)
Putting together all the contributions we get the massive gauge boson spectrum
M2 — Lofo, o2, 45 A929
U= 91\ vi T3t 3is ) (A.29)
1
M} = 5(95 +g3)03 (A.30)
2 3 9 2 1o
Mz/ = Z 294 + 91 (%1 + gvg ) (A31)
corresponding to the mass eigenstates
1
1,23 _ 9,11,13 _ . 7710,12,14
U,® =7 (Hy iH M) (A.32)
g4 H}} — 3G}
g = (A.33)
V91t 93
gaH P — \/5913/
7, = —" ity (A.34)

93+ 393

The combinations orthogonal to egs. (A.33)—(A.34) correspond instead to the massless
SU(3). x U(1)y degrees of freedom of Gsa; prior to electroweak symmetry breaking

g3Hy + 9G]

gt = (A.35)
Y ViRt A
2 15 /
\ﬁng +gaB
B, =Y~ - (A.36)
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The matching among the couplings g4, g3, g1 and gy, gs is readily obtained by acting
on a field which transforms trivially under SU(4). Let us consider, for instance, u} =
(1,3,1,2/3). The covariant derivative can be decomposed as follows

2
Dyup = Oyuy — ig3GT U — gig1BZLuﬁ

2

D Oy — i———g0 T U ——DB,u
2 5 I HYR
V91193 3 93 + %g%

where in the last step we projected on the SU(3). x U(1)y fields: G} — g4+ 59, and
9317193

B, — —=2—DB,,. Hence, the matching with the SM gauge couplings reads

9i+397
9493
gs= 25 (A.38)
VvV 95 + 93
gy = 947912. (A.39)
g3 + gg%

Evolving the SM gauge couplings up to u = 2TeV we obtain g, = 1.02 and gy = 0.363.
Since g5 < gs43 and gy < \/594,91, the hierarchy g, > gy also implies g4 3 > gy >~ g1.

In the limit v3 > v; > vi5 and g4 > g3 > g1, one has for instance My ~ V2My and

le ~ %MU

A.5 Gauge boson spectrum beyond minimal scalar sector

Given the tight relations between the vector boson masses within the minimal scalar sector,
one might wonder whether it is possible to parametrically decouple the Z" and ¢’ from the
leptoquark mass scale by considering different scalar representations responsible for the
G4321 breaking. To this end, we have considered the contribution of all the possible one-
and two-index tensor representations of SU(4) x SU(3)’ to the gauge boson mass spectrum
such that SU(4) X SU(S)/ — G D SU(S)C Defining Ty = Mg//MU and ry = MZ//MU,
and working in the phenomenologically motivated limit g4 > g3, 91, we find the results
displayed in table 5. The best option for simultaneously maximising both the ¢’ and Z’
masses is a (10, 6), which yields r, = v/2 and rz = 1. None of them really allows for a
sizeable decoupling from the mass scale of the leptoquark.

A.6 Fermion diagonalization to the mass basis

As discussed in appendix A.1, one can choose appropriate scalar potential parameters such
that a global minimum is obtained for the VEV configurations of (€23 1) defined in eq. (A.3),
(Q15) = v15 T and (HTH) = v?/2, with the hierarchies v3 > v1 > v15 > v = 246 GeV.
After SSB, mixing among the chiral and the vector-like fermions is induced. Using the
flavour basis defined by eq. (3.2) and employing the Yukawa textures assumed in (3.4), the
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SU(4) x SU(3)'

ﬂ
[\

)
(4,1
(4,3
(6,3

—_
~

p—
>

Ty
0
V2
1
0
1
V2
0

(10,1) V3
(10,3) 1
(10,6) 1
(15,1) 0
(15,3) 1/vV2 | V2
(15,8) 3/2 0

Table 5. Vector mass ratios for different scalar representations.

6 x 6 fermion mass matrices read

Ty v\ s
M, = (Vv s My— (Y15 20 b
0 Mg 0 MQ
0 A AWt o
My = [0 M, = (Y MVIEY (A.40)
0 ML 0 ML

with Yu,d,e and j\q,g diagonal, V' and W unitary matrices, and

A15 V15 N 3A15015

26

being proportional to the identity matrix. The mass matrices in eqs. (A.40) can be

readily diagonalised by means of the unitary transformations: ), = U, ., where 1),
(x = q,u,d,l,e,N) denotes 6-dimensional fields containing both chiral and vector-like
fermions and the unprimed fields denote the mass eigenstates.'® The chosen flavour struc-
ture is such that in the limit W — 1 the mixing is family-specific, i.e. each vector-like
family mixes with only one chiral family (up to CKM rotations). At leading order, the

resulting mixing matrices read

Uy ~ R14(04,) R25(0g,) Rae(0g5) » Up =~ R14(0e,) Ras(0e,) Rae(0es) 5
10

Uu = Ri14(0uy,) Ros(8cp,) Ras(6iy) » Ue =~ (0 W> Ria(Oc) Ras(0uy) Ras(0ry)
00

Uig = R14(0dy) R25(0s,) Rae(Oby,) » Un =~ 0wl (A.42)

5Note that since we do not include a vg field, the vector iy is actually 3-dimensional (namely its
components only contain Ng C ¥r). For notational simplicity we use 6-dimensional vectors.
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where we adopted a flavour basis for the SM SU(2), fermion multiplets in which

) * ] a
g = (VJZZZ,“L) 7 o = (”g) : (A.43)
L €L

with V the CKM matrix. The mixing angles are defined in terms of the Lagrangian

parameters as

sin g, = N , cos By, = \[MQ ’
MR R 203 N3+ 2013
sin 0y, = )\f il cos Oy, = V2 My ,
VN2 0f + 207 JINZ 02+ 2 012 (A.44)
sin ¢ J\W/Z;l tan 6, , sin edzk = ATZZ; tan 0, ,
smelR—]\TZZ tan 6y, , costqu:l (f =u,d,e),

with m; and M; the physical fermion masses. These read (up to corrections of O ('ml2 / MZ-Q))

A4)2 2 R [IND|2 42 N
MLZ-: | 7,’ Uy +M2, MQZZ ’ z’ 03+M2,
2 2 (A.45)
mf ~ y

(f =wu,d,e).

A.7 Vector-fermion interactions in the mass basis

The interaction terms of the massive gauge bosons with the fermions in the interaction
basis, are readily obtained from the action of the covariant derivative on the fermion fields:

94 =/
EL = EQL’YHLIL U/J‘ + h.c.

g4 —1 g3 _
+ gs < QT QL — =" Tq; > g,
g3 g4

+gy(\/§ Y(QL) Q' Qy - \/gziw’) m“qz)Z,;

3 g4 ’ / \/5 / />
+ \/7 Y(L;)L Ly —\/z=Y;) (410 , A.46
o (3 By Tire, 3 2 v T (A40)
94 =/
ER = EQR’YHL/R Uu + h.C.

+ gs< Q" TQ — Lyt Tl — & d;Z'V#Tad/R> 9,
g4 g4
3 — 2 2 _
+ 9Y<\/> % Y (QR) Q" Qr— \/> 2 Y (ug) Wpy"up— f = Y (dg) le’Y“%%) Z,
2 g4 3 g4
_ 2
+ gy \/§ By (L) T Ly — \[ ILY (ely) Sty z, (A.47)
2 g1 3 g4
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where we left implicit the SM hypercharges: Y(Q}) = Y(Q%) = Y(q}) = &, Y(uj) =
Y(dy) = —3, Y(L}) =Y (L) =Y(£}) = —5 and Y () = 1.

To express the interactions above in the fermion mass basis, we collect the fields in 6-
dimensional multiplets, ¥, (z = q,u,d, ¢, e), and apply the unitary transformations defined

in eq. (A.42). Neglecting right-handed rotations, suppressed by the small masses of the
SM fermions, we have

2
3

Ly = % Uy, [B0,7 e+ W Qpy"Li] + hec.,

y _ _ _
Ly =gs %3 9, (R o T g + K 0¥ T + kg Py T 4]

L2 = 55 o1 Z 6D bu + €+ CaDuy b = B& Do = 36 D]
(A.48)
with (A, B =4,5,6 and o, =1,...,6)
g = [Uq} Zcx [W] AB [Uf] BB’
LI LR A R S
gﬁ = [U,] :k4a [Uq] AB T zzj; 00 s §u~ &g~ (8 ]130X3> — zzg L6x6 (4.49)
5?5 = [U] Aa [UZ}A,B - ;Zj; 0o ; &e (8 ]130X3> - zzg Texe

Note in particular that the W matrix cancels by unitarity in the Z’ and ¢’ interactions.
This is a key result of the assumed flavour structure. Assuming W = Rs6(01¢) and no CP
violation in the mixing angles, the left-handed couplings can be rewritten as

Sq150, 0 0 1 =8¢, Cey 0 0
0 Coro Sq2 Sta S0Lq Sq2 Sts : 0 “COrq Sq2 Cla —S01g Sq2 Cls
| o O TS0k0 S0 St Cong SasSts 1 O Sorq el ~Cong et |z 5oy
Cqr S0, 0 0 L cqcn 0 0
0 —COrq Cq2 St —50L¢ Cq2 St3 : 0 Coro Cq2 Cla SOrq Cqo Cls
0 S0r0 Cas Sta —Chrq Cqs Stz ! 0 —56L¢g Cq3 Cla Chrq Cqs Cls
531 0 0 | —Cq, Sq1 0 0
0 532 0 .0 Cqo S¢2 0
ke~ |- - o0 75237 - 37 0 72707 _ Tt | g—%]lf;xﬁ, (A.51)
Cq15¢1 0 0o Car 0 0 g;
0 Cgs Sqo U 0 632 0
0 0 —cgy Sgs ! 0 0 ,
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s2 0 0 —Cp5q O 0
|
0 sz, 0 0 Cgp Sqp 0
|
£, ~ 00 s 00 gy sy
K cpsq O 0 | 20 0
0 CgpSq5 0 0 o, 0
0 0 Cgs Sqs | 0 0 .
s;; 0 0 —cp, 8¢, 0 0
0 s, 0 L0 —cy s, O
e |oo 00 sk 1 00 —ousy
U =ense, 0 0 0 0
0 s, 0 0 ¢ 0
0 0 —cgy S0, 0 0 o,

_ 29

397

297

393

lexe6 ,

lexe -

(A.52)

(A.53)

We remind the reader that these expressions hold in the flavour basis for the SU(2)p,

doublets defined in eq. (A.43).

A.8 Tri-linear gauge boson vertices

The interactions among gauge bosons are obtained from the gauge kinetic term

1
Egauge - = ZHSVH%NV

with the field strengths defined as

Hj, = 0, Hj + g f*HIHY
G, = 0 Gl + s GG

Wy, = 0, W) + gae"WIW )
B, = 0By -

U va v Ly
_ ZG’:I”G au _ Z[/VIZWWWV _

1
1w

yny
B,

Let us first prove that the Z’gg and ¢’'gg couplings are zero (this is important in view of

LHC resonance searches). The former statement simply follows from the fact that £ = 0

(cf. table 6); while to prove the latter we keep from eq. (A.54) only trilinear terms either

in H* or G’ and use the projections on the mass eigenstates (cf. eq. (A.33) and (A.35)):

1

ﬁgauge o - 2
1

v]

fabc

b b Ie,w c,v
=—c [948[ (949, + 939%1) (949" + 9397*)(949'®" + 939°")
9 /gi _’_gg H v V]

+930, (=939, + 949%) (=939 + 94" ) (— 939" + 949‘3’”)}

1 abc

3_77
2\/93+93

—9393 (@wlﬁ‘gb’“gc’” + D99 g + 099" g

where in the last step we only kept ¢’gg terms.

~ 51 —

1
g4fabca[qu} Hb,uHc,V - 593fabca[uG«/aC;lb,uG/c,V

[gig:? (0[u92‘}‘gb’“gc’” + 0,909 g7 + Oug

)0

a by ley

)

(A.59)



Other non-zero trilinear couplings of phenomenological relevance are for instance those
of two leptoquarks to a U(1)y gauge boson or to a Z’ (see e.g. [124]). To determine them,
we first compute the UTUH'™ gauge vertex from

1
£gauge D) _§g4fa578[uH3jH57ﬂH%V (AGO)

1
S —suf AP 0, H HAHPY — 0, HAHSMHPY — oy HEHA H' |

where A, B =9, ...,14. There are only three non-zero f1°45 (cf. table 6), namely f1%%10 =
1511,12 _ £15,13,14 _ /2 15,9,10 Tt SRR
= — . 5 ?
f f \/; Let us focus e.g. on the f contribution, yielding

1 2
Lgange O —294\/; [a[qu}]E’ (Hg’“HlovV _ Hloqu&V)
St (% HY O — gy, HY Hg,y>

_ i (a[qu}}OHQ’“ B G[uHB]Hw’“ﬂ

— z'g4\/g [(U;UI}T _ UI}U;T) OF Y 4 <3#UI}T _ 8,,U;T) HBnr
— (9uU% = ,U) HPPUt] | (A.61)

where the last step follows from the complexification of the leptoquark basis (cf. eq. (A.32)).
The same expression applies to the other two leptoquark components, after replacing U, ; —

U373. By means of the identification g4Hb5 = gy (\/%Bu + g—‘l‘ZL), which follows from
eq. (A.34), (A.36) and (A.39), we finally obtain

vtuB iggy (vuf - v,uf) 0B + (0,05 - 0,Uf) B U
— (0, — aVUH)BMUf"} . (A.62)

vtuz i ;z;lgy (vaU = v,u)) 0127 + (9,01 - 0,U}) 27"

— (0., — 8,U,) Z’ﬂUﬂ . (A63)
A.9 Renormalisation group equations

The renormalisation group equations (RGEs) are defined as
g

where p denotes the renormalisation scale and ¢ stands for a generic coupling. We report

= By, (A.64)

here the expression of the one-loop beta functions for the gauge and Yukawa sector of the
4321 model (cf. field content in table 1) for an arbitrary number ny of vector like fermions
(ny = 3 in the case of the model studied in this paper):

131
(47[-)2691 = T89%7
19 8n\1,
(47T)2592 - <_6 + 3 ) 937
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19 ,

(47)26% = *393 )
(47)%Bg, = <—4£ + Am;) g1, (A.65)
(47)%By, = % WYY, — ngYj Yo + 20 ALY, + 3T (Y, Y)Yy,

+ 3Tr (YaY) )Y, + Tr (YY))Y, — %gm — %g%Yu — 8¢2Y,,,

3 3
(47)%By, = §YdeT Yy — 5YUYJ Yo+ 20\ Yy + 3T (Y, Y)Yy

5 9
+3Tr (YaY, ) Yo + Tr (V.Y )Yy — =Yy — 293V, — 8¢5V,

12 4
(47)2By, = ;YeYJYe +2MAY, 4 3T (Y, Y)Y, + 3T (Y)Y,
15 9
+Tr (YoY[)Ye = —FoiYe — S8V,
7 1 15 1 1
(47)° B3, = GAN A+ 5N+ AN A5 + YUY A+ SYaY A,

1 9 45
+ 2Tr ()‘q)‘:;))‘q - EQ%)‘q - 59@‘(1 - 4Q§Aq - ggz)‘q )

5 3 15 1
(47)° B3, = SAAM + SAMAG + AN A5 + S YeY A+ 2T (AA]) A

- ZQ%)\E - ggg)\e - %592)\47
(47)% By, = %/\15/\15)\15 + gAlg,A;Aq + %AH,A}AZ +4Tr (A1sA1) A5
- gg%)\m - 4715942/\15 ;
(47)2Bar = %MA}AE 4 %Mqu + ;/\15MT)\15 + %M)\L-))\lg)
F2nsA M~ Dgin - g (A.66)

One can use the RGEs above to test the radiative stability of our proposed solution
by evolving the Yukawa textures in eq. (3.4) from a high scale down to the SU(4)-breaking
scale. Given that the imposed U(2),4v symmetry in the quark sector is explicitly broken
in other sectors, more specifically by Ay, RGE effects are expected to introduce departures
from the original U(2),4y symmetry. These departures are severely constrained by AF = 2
observables and therefore they set a limit on the possible UV scale at which the Yukawa
textures in eq. (3.4) can be generated. Interestingly, we find that the U(2),4v symmetry
in the Z’ and ¢’ couplings is partially protected. This protection arises from the fact that
the U(2)44w-breaking terms, i.e. those containing \;, are the same in the RGEs of Ay, A5
and M, leading to partial cancellations of the aforementioned breaking terms for the quark
mixing angles, cf. eq. (A.44). As a result we find that the Yukawa textures in eq. (3.4)
could arise from (unspecified) UV dynamics at A =~ 10 TeV without significantly impacting
AF = 2 observables.
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A.10 SU(4) generators

Here we report some useful facts about the SU(4) algebra. The generators in the funda-
mental representation can be written as

0100 0300 1000
lel 1000 T2:1 i 000 T3:1 0-100
210000 210000 210000
0000 0000 0000
0010 00—i0 0000
T4:1 0000 T5:1 0000 T6:1 0010
211000 21:i000 210100
0000 0000 0000
0000 1000 0001
T7:1 00— 0 ngi 01 0 0 ngl 0000
2104 00 2v/3100-20 210000
0000 00 0 0 1000
000 —i 0000 000 0
TlO_l 000 0 T“:l 0001 T12_1 000 —i
21000 0 210000 21000 0
i00 0 0100 0i0 0
0000 000 0 100 0
Tlgzl 0000 T14:1 000 0 T15:L 0100
20001 21000 —i 261001 0 |’
0010 00i 0 000 -3

with normalization

Tr 7078 = %5@5. (A.67)

The matrices T satisfy the Lie algebra
[Ta,Tﬁ] = i foBrTY (A.68)
where the completely antisymmetric structure constants can be constructed via the relation
£ = i T <[T“,Tﬁ} T'7> . (A.69)

We have collected them for completeness in table 6.
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W — N 1_,2 — N 1_,2 A =N = [ [ 1ﬁ2 — | lﬁz ﬂTZ —|N —le N~ ﬁTZ — N e N | 17f lif liffff
A — S AN <t o & T M N FHF O o 0 0 O
o o 5 4 © b~ 5 = —H © 5 9 49 5 P 989 9 38 H HoH o=
o o — (@) (@) — AN —~ — ™ o [ <t
«Q <o oo 5 F w3 SR = L e L e i i B
3 - - - - N N N ™ M om O D 1D O © O I~ I~ 0 0 o o & W

Table 6. Non-zero SU(4) structure constants.
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