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We construct a model of quark-lepton unification at the TeV scale based on an SU(4) gauge symmetry,
while still having acceptable neutrino masses and enough suppression in flavor changing neutral currents.
An approximate U(2) flavor symmetry is an artifact of family-dependent gauge charges leading to a
natural realization of the CKM mixing matrix. The model predicts sizeable violation of PMNS unitarity
as well as a gauge vector leptoquark U* = (3,1,2/3) which can be produced at the LHC - both effects

within the reach of future measurements. In addition, recently reported experimental anomalies in semi-
leptonic B-meson decays, both in charged b — ctv and neutral b — suu currents, can be accommodated.
© 2018 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Quark-lepton unification - as originally suggested by Jogesh
Pati and Abdus Salam [1] - is an attractive paradigm of physics
beyond the Standard Model (SM). Namely, a fundamental represen-
tation of an SU(4) gauge symmetry embeds a color triplet quark
and a color singlet lepton (4 =3 & 1). Such a construction pre-
dicts existence of an exotic particle, a gauge vector leptoquark (LQ)
Uf = (3,1,2/3), which can turn a quark into a lepton and vice
versa.

In this article, we entertain the possibility of quark-lepton uni-
fication at the TeV scale, motivated by the scope of present parti-
cle laboratories. The two main challenges to this idea are (i) the
observed neutrino masses and (ii) the stringent constraints from
flavor changing neutral currents (FCNC) in meson decays. In par-
ticular, the neutrino masses are expected to be similar in size to
the masses of the up-type quarks, since the two fields are embed-
ded in the same 4 of SU(4). The correct structure for a solution
comes naturally in high-scale Pati-Salam models, possibly in the
context of SO(10) grand unification (GUT) [2], where the Majo-
rana mass is around the GUT scale, while the Dirac mass is at the
electroweak scale, leading to a seesaw mechanism [3-6]. On the
contrary, quark-lepton unification at scales much lower than the
GUT scale (but still far beyond LHC reach) was achieved in Ref. [7]
using the inverse seesaw mechanism (ISS) [8-10] to generate small
neutrino masses.
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Also problematic for Pati-Salam quark-lepton unification at the
TeV scale are the stringent bounds on FCNC in semi-leptonic me-
son decays (e.g. K; — ue) due to gauge vector LQ exchange, push-
ing the LQ mass to the PeV ballpark [11-15]. On the other hand,
as shown recently in Ref. [16], the FCNC induced by a TeV scale
vector LQ can be avoided in the context of partial unification mod-
els [17,18] in which the SM gauge group is embedded into a larger
SUM4) x SUB3) x SU2), x U(1)’ group (“4321"), and the (would-
be) SM fermions are charged only under the “321” part. The LQ
couplings to SM fermions are generated via mass mixing with ex-
tra vector-like fermions charged under SU (4), where the largest LQ
interactions are taken to be with the third family fermions as al-
lowed by the low energy flavor data. Note that this construction
does not have a neutrino mass problem since the (would-be) SM
quarks and leptons are not unified in 4 of SU(4).!

Building on this work, the authors of Ref. [29] introduce
family-dependent gauge interactions - Pati-Salam for every fam-
ily (PS3) - achieving a TeV scale vector LQ dominantly coupled
to the third family while still having quarks and leptons unified
into a 4 of SU(4). Scalar link fields are introduced to break the
gauge symmetry down to the SM. This is done in several steps
with very hierarchical vacuum expectation values (VEVs) ranging
from 1 TeV up to (at least) 10> TeV - a construction which is pre-
sumably responsible for the peculiar quark masses and mixing in
the SM. However, the aforementioned neutrino mass problem is

1" As shown in [16], the “4321” model is the first UV complete gauge model to co-
herently address a set of experimental anomalies recently reported in semi-leptonic
B-meson decays [19-25], utilizing the vector LQ representation Uﬁ‘ =(3,1,2/3).
See also recent activities in Refs. [26-31].
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Table 1
Scalar sector of the model.
Scalar fields
Gauge Global
Field SU(4) su@ay SUQ)L u@y U(l)p Uy
H 1 1 2 1/2 0 0
P 15 1 2 12 0 0
Q3 4 3 1 1/6 1/12 —1/4
o 4 1 1 -1/2 -1/4 3/4

set aside noting that, in principle, one could fine tune the contri-
butions of the two Higgs fields, both of which are O(vgw) where
VEw ~ 246 GeV.

Also relevant to this article is the idea of Ref. [32], where the
authors consider an extended color symmetry SU(3)12 x SU3)3 —
SU(3)c, where the first two quark families are charged under
SU(3)12, and the third family is charged under SU(3)3. An ap-
proximate U(2) flavor symmetry [33] is obtained accidentally as
an artifact of the gauge representation choices. The leading U (2)
breaking spurion is generated by integrating out a weak doublet
vector-like quark.

Building on the work of the aforementioned Refs. [7,16,29,32],
we construct a model of TeV scale quark-lepton unification based
on the “4321” gauge group with the third family charged under
“421”, and the light families under “321”. As a consequence, the
model possesses an accidental approximate U(2) flavor symmetry
which is softly broken by a weak doublet vector-like fermion rep-
resentation. In addition, SM singlet fermions are introduced in or-
der to implement the inverse seesaw mechanism and generate ac-
ceptable neutrino masses and mixings without a fine-tuning prob-
lem. When the vector-like fermion is integrated out, this model
is the low-energy limit of Ref. [29], apart from the neutral lep-
ton sector. The model is UV complete and renormalizable, and
the heaviest states are not far above the TeV scale. Therefore, un-
like high scale models of quark-lepton unification, our model does
not introduce a severe problem with the stabilization of the elec-
troweak scale.

2. Model basics
2.1. Gauge symmetry and breaking structure

We consider here the “4321” gauge group G = SU(4) x
SU@B) x SU2)L x U(1)’. We label the respective gauge fields
as Hfj,G’lf,W" ;1 the gauge couplings as gg, g3, g2, g1, and
the generators as T%,T% T! Y’ with indices « =1,...,15, a =
1,...,8, and i =1, 2, 3. The generators are normalized such that
Tr[TATB] = 1648 in the fundamental representation. The “4321”
gauge group G contains the SM gauge group Gsy = SU3)¢ X
SU@2); x U(1)y as a subgroup. Specifically, color is embedded
as SUB3)c = [SUB)4 x SU(3)/]diag and hypercharge is embedded
as Uy = [U(1)4 x U(l)/]diag, where SU(3)4 x U(1)4 C SU(4).
Spontaneous symmetry breaking of G — Gsy occurs when the
scalars Q3 and €1 shown in Table 1 acquire vacuum expectation
values. The proper G — Gsy breaking is achieved by following VEV
configurations [16,18]
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In the G-symmetry broken phase, we have Y = \/gTﬁ +Y’, where

ThH = 2\/_dlag(l 1,1, —3). The G-symmetry breaking scalar rep-

resentations decompose under Gsy as 23 =(8,1,0) @ (1,1,0) &
(3,1,2/3) and Q1 =(3,1,-2/3) @ (1,1,0). In the unitary gauge,
the physical scalar degrees of freedom are: a real color octet, three
real singlets, and a complex triplet leptoquark.

Additionally, there are three massive gauge bosons Uq, g/, and
Z' which belong to the coset group G/Gsy. They transform as
Ui =@3,1,2/3), g =(8,1,0) and Z' = (1,1,0) under Gsy and
have masses [16,18]

my, = 384/ v + V3, 2)

mg = J5v3y/85 + 83, 3)

INENERETENI S 4

Expressions for U, g’, Z/, and the SM gauge bosons and gauge
couplings in terms of the original gauge fields and gauge couplings
of G can be found in Ref. [16]. A benchmark point matching the
SM gauge couplings to the gauge couplings of G at y =2 TeV
yields g4 =3, g3 =1.08, and g; = 0.365.

The final breaking is electroweak symmetry breaking,
Gsm — SU@3)¢ x U(1)gm, obtained when the Higgs doublet H =
(1,1,2,1/2) of G acquires a VEV (Hp) = vH/ﬁ. Additionally,
there is an SU(4) adjoint scalar ® = ®“T* = (15,1, 2, 1/2) which
contains weak doublets of several kinds: a color octet, two color
triplets and a color singlet ®!> (another Higgs doublet). In what
follows, we assume that only (@gﬂ = vg/+/2 develops a VEV and
contributes to electroweak symmetry breaking. The scalar poten-
tial of the model can naturally generate the aforementioned VEVs
and symmetry breaking pattern [34]. We note that apart from the
addition of the SU(4) adjoint scalar &, the bosonic sector of the
model is identical to that of Ref. [16].

mz =

2.2. Matter content

The would-be light family SM fermion fields (when neglect-
ing the mixing discussed below), are charged under the SU(3)" x
SU@2), x U(1) subgroup, but are singlets of SU(4). Let us
denote them as: ¢}’ = (1,3,2,1/6), u}y = (1,3,1,2/3), dji =
1,3,1,-1/3), ¢/ =(1,1,2,-1/2), and e} = (1,1,1, —1). We la-
bel these representations as dominantly light family SM fermions
and note that they come in two copies of flavor (i = 1, 2). Being
SU(4) singlets, they do not couple with the vector leptoquark U {‘
directly.

In contrast, the would-be third family SM fermion fields are
charged as fundamentals under SU(4), in addition to carrying
charge under SU(2); x U(1)’. We denote them as: ¥ = (4,1, 2, 0),
Yy =(4,1,1,1/2), and 1//,‘% =(4,1,1,—1/2). The dominantly third
family SM fermions are embedded into these representations as
W' =@ ), GRT =W v, and YT =y’ ep). This
field content is summarlzed in Table 2. Unlike the light family
fermions, the dominantly third family SM fermions couple directly
to the vector leptoquark U{‘ via gauge interactions.

In order to generate mixing between the third and light fam-
ily fermions, we introduce a vector-like fermion representation
XL.R = (4,1,2,0), shown in Table 3. This representation decom-
poses under the SM as XL R= (QL R R) where QL g and LL R
are vector-like partners of the SM quark and lepton doublets, re-
spectively. The left-handed field x; couples to the right-handed
dominantly third family SM fermions ¥} and 1//,‘% via a Higgs in-
sertion. The right-handed field xg couples to the left-handed dom-
inantly light family SM quark doublets via Q3 insertions and to the
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Table 2

Dominantly SM fermion content of the model in the G-symmetric phase. The flavor
index i =1, 2 runs over the 1st and 2nd family fermions, while the third family is
embedded in v, ¥¥, and ¥g.

Dominantly light family SM fermions

Gauge Global

Field SU(4) N SU@2)L vy U()p Uy

q 1 3 2 1/6 1/3 0

u’R_’ 1 3 1 2/3 1/3 0

d’Rf 1 3 1 -1/3 1/3 0

Z’L‘ 1 1 2 -1/2 0 1

ey 1 1 1 -1 0 1

Dominantly third family SM fermions

Gauge Global

Field SU4) su@y SU@2)L u@y Ul)p Uy

YL 4 1 2 0 1/4 1/4

v 4 1 1 1/2 1/4 1/4

¥ 4 1 1 -1/2 1/4 1/4
Table 3
Vector-like fermion representation.

New vector-like fermions

Gauge Global

Field SU(4) su@y SU@2)L u@y U(l)p Uy

XL.R 4 1 2 0 1/4 1/4
Table 4

Fermion singlets. The index i =1,2 (a=1, 2, 3) is a flavor index for the gauge sin-
glet fermion vy (Sg).

Right handed singlet fermions

Gauge Global

Field Su@4) su@y SU@2)L u@y UMp uyp
vyl 1 1 1 0 0 1

se 1 1 1 0 0 -1

left-handed dominantly light family SM lepton doublets via 21 in-
sertions.

Since the dominantly third family SM quarks and leptons are
unified into SU(4) multiplets, we get the interesting prediction
that m; = mj, and my = m} if they receive mass only from the
Higgs field. While this approximation works quite well for the
bottom quark and tau lepton, the prediction that the top quark
and tau neutrino must have the same mass is extremely incon-
sistent with experimental data. If the dominantly third family SM
fermions also receive contributions to their masses from the VEV
of ®1°, then there are four independent Yukawa couplings and
correct masses for all third family SM fermions can be achieved.
However, a large fine-tuning is required to arrange a cancella-
tion between the two terms contributing to the tau neutrino mass
in order to obtain an experimentally acceptable value. This fine-
tuning problem for neutrino masses in low scale SU(4) quark-
lepton unification models was solved by Ref. [7] by adding sin-
glet fermions to implement the inverse seesaw mechanism. Here,
we follow this prescription and introduce two right-handed dom-
inantly light family SM neutrinos V;zi and three new right-handed
fermions S% which are singlets under G. This extension of the
fermion content is summarized in Table 4 and we discuss the de-
tails of the ISS mechanism in Section 3.2.

In addition, there are accidental global symmetries U(1)p and
U (1), whose action on the matter fields are displayed in the last
two columns of the first four tables. The VEVs of Q3 and 21 spon-
taneously break both the gauge and global symmetries, leaving two

new global U(1)’s unbroken: B = B’ + %TB and L=1"— \/§T15.
For SM particles, these unbroken U(1)’s correspond to ordinary
baryon and lepton number, respectively. These symmetries protect
proton stability and make the active neutrinos massless. As will be
discussed later on, a soft breaking of U(1); will lead to tiny neu-
trino masses in the context of the inverse seesaw mechanism.

3. Yukawa interactions

Let us define \IJ{ = (Y, xr) and write the Lagrangian contain-
ing Yukawa interactions and mass terms as Lyyx = L12+ L3y + Ly,
where

Li2=—q; YuHuy —q YgHd}
— 0, Y, Hvy =7, YeHely +hc.,
L3y = —Gphg Q5 xr — L he @1 xr — Urm xg
— ULy Hy - WLyl HYR (5)
— Uyt Dyl — Uyl oyl +he,
Ly =—Qf Sgrr¥g — Sg Mrvg

1— 1—
— ES%MS Sg — EU;QCMR Vg +hec..

Here, we have defined H = ioc?H* & = T%(ic20%*), m! =
(Mumixs My), 3y )T =V o0 M o) and V) )T = 0 00 A 0)-

Without Ly, the global flavor symmetry of the model is F =
F3y x F12 X Fs, where F3, =U(2)y,; x U(l)llf;é X U(‘l)(//g X U1 yp
is the flavor symmetry of the dominantly third family SM fermions
and the new vector-like fermion x; g, F12 =UQR)gy x UR)yw x
UR)g x UR)y x UR2)er x U(2), is the flavor symmetry of the
dominantly light family SM fermions, and Fs = U(Ns)s is the fla-
vor symmetry of the right-handed singlet fields S. The breaking
F — U(1)p of the flavor group occurs when Ly is present. We
can use the broken Fi; flavor symmetry start in a basis in which
Y4 and Y, are real and diagonal, Y, = VTY,f'ag, and Y, = UYS'ag.
Here, V and U are orthogonal 2 x 2 matrices, with V approxi-
mately the Cabibbo matrix. Since ps and g softly break U(1)y/,
the group Fs is fully broken and can be used to make s real and
diagonal.

The broken F3, symmetry allows us to choose mpix =0, my
real, and fix the phases of y}, and y‘}_,. The remaining broken
symmetry includes the dominantly third family fermion number
U(1); C F3; and the dominantly light family fermion number
U(1)12 C Fr2. We will later use the U(1)3 to adjust the phase of
)J}, and the U(1)12 to choose one component of Ag = (Afll), Af,z))
to be real. If my, 2 TeV, x can be integrated out to gener-
ate dimension-5 operators which mix the third and light family
fermions, closely approaching the setup of [29]

A _ ~ _ ~
Los =L (a3 Avi+24 7,253 vf)
X
A _ -
+ 2L (Mg iR + 25T i o vg)
+
m

Ha
X
Ae — ~ — ~
2L el Huk+ 25121 Bug)
X
M (g _
+5 (MiaeTHyg +28 T2 o vg) +he.
X

After electroweak symmetry breaking, the dominantly third family
SM fermions receive the following masses [7]
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v 1
mé:%(y,bflcosﬂqu—\/By'jbsmﬂ) , (7)
VEW 3
m, = ﬁ (y”H cos B — 2—\/€y‘f¢ sm,B) , (8)
VEW 1
m;’:f <y(111 5055+T£Y$5‘nﬁ> ) 9)
VEw (4 3 4. )
m. = —= cosB— ——y%sinB |, 10
T > <}’H B 2\/63% B (10)

where we have defined v, = vZ + v and tanf = v¢/vy. Since
we have the freedom to fix the phases of y}, and y‘,f_,, we will
choose them such that the linear combinations which comprise
m; and m; are real. We also simplify the light and third family
fermion mixing coefficients from Lys by defining

V3VEw (.4 |
= A —A 11
fu om, ( } €COS B + Jé q,smﬁ>, (11)
fo= V;;EW (A’ﬁ, cos B — A” sm,B) (12)
X
fa= V;;EW < cos B+ —kd smﬁ) (13)
X
fe= V21:1EW (Ai, cosf — sm ;9) (14)
X

3.1. Quark sector

The quark mass matrices have the same structure as in Ref. [32]

vy ydiag
My=(V2la Thata) (15)
0 my,
viytydiae  _ gy
My=[v2" " Juta). (16)
0 mj

These 3 x 3 matrices can be diagonalized by bi-unitary rota-
tions of the form Mf‘ag VIMvIT with f=u,d. With this
convention, the Cablbbo Kobayashl Maskawa (CKM) matrix is de-
fined as Vcxm = V”V . Diagonalizing M, and M, assuming

VH Y(jllag KMy lrgl, fud, mp, < my, the CKM matrix to leading or-
der is
Vud Vus F (Vud)\(l) + Vus)\(Z))

Vorm = v v F(Veary” + Veshy?

CKM cd cs cd + Vs s

* *
—(F2")" = (F2) 1
(17)
where we have defined
pofu_Ji (18)
m; - my

As mentioned previously, we have the freedom remaining to
choose A£12> real and to fix the phase of )\‘l, such that Im(fy)/m; =
Im(fq)/m;, making F real. Comparing to the Wolfenstein param-
eterization in Ref. [35], the CKM matrix can be fit by: V4 =
AN (1—p—in) =—F(")* =0.0080—i0.0033 and Vs = —Ar% =
—FAY = —0.041.

The UQR)¢ x UR)y x U(2)¢ flavor symmetry of the quark
sector is softly broken by the spurion bi-doublets Y, ~ (2,2,1),
Y4~ (2,1,2), and a single spurion doublet V& = n‘;—ikg) ~(2,1,1)

which is entirely responsible for the communication of the third to
light generations. This setup nicely reproduces the Minimal U (2)
picture of quark masses and mixings proposed in Ref. [33]. The
smallness of the leading breaking spurion doublet V® can be un-
derstood as a consequence of large m, or perhaps small A9 which
is the only coupling violating the light family quark number.

3.2. Lepton sector

As mentioned in Section 2.2, we introduced two right-handed
dominantly light family SM neutrinos v and three new right-
handed fermions S% which are singlets under G in order to avoid
fine-tuning in Eq. (8). To see how this is achieved, we define
n[ = (v Vg S%), where V' contains the light and third family neu-
trinos and S contains all its flavors. When all scalars receive VEVs,
the neutrino mass Lagrangian can be written as

1_
L‘v:—inLMvni—i—h.c.. (19)
The neutrino mass matrix M, is a 9 x 9 matrix of the form
o MP o
My=| M) g ML, (20)
0 Mgr s

where we have defined INVIR = (Mg V—lsz). The 3 x 3 matrix [ig

contains (g as the upper left 2 x 2 block and has zeros elsewhere.
The Dirac mass matrix M2 is a 3 x 3 matrix of the form

vaygydeE g
M‘?: (ﬁ Y fv 12 ' (21)
0 m!

Vr
If M, has the ISS hierarchy [ig, s < m{? < I\71R, then there are
three light Majorana neutrinos with a mass matrix of the form?

Miighe ~ MY M s (ME)~1(MD)T (22)

and six heavy Majorana states which can be grouped into three
pairs with mass splittings proportional to ps, such that they be-
have as three heavy pseudo-Dirac neutrinos with masses O(Mg)
[36,39]. In the ISS limit, sub-eV masses can be achieved for the
light Majorana neutrinos even if the Dirac mass is (’)(vEW) and Mg
is O(v1), as long as s is very small. The fields vy, vR , and Sg
carry U(1); number 1, 1, and —1, respectively, so the two terms in
the first line of £, in Eq. (5) are L conserving, whereas the terms
with pgr and s in the second line violate L by 2 units. Thus, it
is natural in the t'Hooft sense [40] for g and s to be small
parameters because U(1); symmetry is restored in the limit that
R, us — 0. In this limit, the six heavy Majorana states become
three heavy exactly Dirac neutrinos and the three active Majorana
neutrinos become exactly massless because the U(1); symmetry
forbids Majorana mass terms.

4. Gauge interactions and phenomenology
4.1. Fermion interactions with gauge bosons
Let us denote fermion representations with multiple flavor

copies under the unbroken SM gauge group Gsy as Q) =

2 Here, we have taken fig = 0 for simplicity, but its inclusion does not change
the effectiveness of the ISS mechanism if it obeys the hierarchy fig, us < mP <
MR [36,37]. The same is true for lepton number violating couplings of the form
[ HSR which are in principle allowed by gauge invariance [36-38].
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q,'.q; ,QL)T, and L) = (¢}, €3, L)T for left handed fields, and
U, = i, udT, Dy = (d;{,d“)T and Ej = (ef,ei)T for right-
handed fields, where i =1, 2. Expanding the kinetic terms of the
fermions leads to the following V ff couplings in the interaction
basis:

84 (— _
Ly, > 5 (QLVML/L +q23VM£/LB) U
I(QRJ/“L’ +dg yleR + Uy vy )U1M+h,c,,
(23)
848
L:g’ s (QLCL yMTaQL_,’_QRyuTaQR)
+ g“gs (ﬁR CRy"T UL + D Cg/y“TaD;O g, (24)
V3 gagy
Ly ( cLyhqQ, — 3L, L, “L)
z s Q CLyH Q) — 3L ChyML
‘/—g4gY (—/ —
Q.y*QhL —3L “L’)Z/
6f rRY" LR rY" " Lr
‘/—g“g‘( (Uch, MU + D Coy DR ) 2,
«/—g4gy = _F 2g2
Ep CEyHE, — [1+ 221 | 92y ) 27,
2x/_g1 RCZ7VER 3g4 RY"VR |4
(25)
where
2 g2 2 2
-85 - 282 -2
84 & 3g; 38
2 g2 2 2 2
-2 - -8g7 -8 2
C§,=d1ag<£23,i§,1>,cé’,=d1 (_g;_g; _%)
84 & 3 38 &4
4 2 4 2 2 2
C7 =diag %,%,1—1—% ,
3g; 3¢7 25
-4 2 4 2 2 2
€5 =diag —gzl,—gzl,l—i; : (26)
3g; 38 384

Note that the right-handed representations Q and Ly come in a
single copy of flavor. The relevant interactions in the mass basis
are obtained after applying the appropriate rotation matrices.

A detailed phenomenological survey of the model is beyond the
scope of the present work. Here, we comment only on a few inter-
esting effects in low- and high-pr experiments. A good example
is the LHC phenomenology in the limit g4 > g1, g3, where one
finds g3 ~ g; and g1 ~ gy. In this case, the g’ and Z’ bosons de-
cay dominantly to a pair of third family SM fermions (or to y if it
is light enough) and the production cross section in pp collisions
for g’ and Z’ from the valence quarks is suppressed, relaxing oth-
erwise strong bounds. This also makes direct searches for the U*'
vector LQ [41,42] relevant because the mass spectrum of the gauge
bosons cannot be significantly split [16]. The present LHC limits on
these states are already 2 TeV, with significant prospect for im-
provements in the future.?

When integrated out, these vector resonances lead to four-
fermion operators, which could give an observable indirect signal

3 For a recent review on LQ physics, see [43]. LQ direct search phenomenology at
hadron colliders was recently reviewed in [44].

in low-energy flavor and electroweak precision observables. How-
ever, thanks to the approximate U (2) flavor symmetry, the rotation
matrices which control flavor violation are close to identity and
exhibit enough suppression [33,45] to allow for TeV scale vec-
tor resonances.* Flavor effects of the color octet in this context
have been discussed in Ref. [32]. Important constraints come from
the neutral meson oscillation phenomena in the down quark sec-
tor (e.g. Bs-Bs mixing), effectively requiring down-alignment [16].
A TeV scale vector LQ with left-handed interactions controlled by
an approximate U (2) flavor symmetry has been shown to be com-
patible with the constraints from semi-leptonic and rare meson
decays, LFU and LFV in charged lepton decays, and Z and W -pole
precision measurements (see e.g. Ref. [26,46]). It is crucial to note
that in the limit of large m,, this model is the low energy limit
of the PS® model presented in Ref. [29], apart from the neutral
lepton sector.

4.2. B-physics anomalies and PMNS non-unitarity

The model proposed here can accommodate the recently
reported anomalies in B-meson decays both in (i) deviations
from t/¢ (where £ = e, ) universality in semi-tauonic decays
as defined by R(D™) observables (charged b — cfv transi-
tions) [19-21] and (ii) deviations from p/e universality in rare
decays as defined by R(K™) observables (neutral b — s¢¢ transi-
tions) [22,23]. Basically, the Uf vector LQ induces a large tree-level
contribution to b — ctv while simultaneously giving a flavor-
suppressed tree-level contribution to b — suu. We note that
the dimension-6 effective operator introduced in [29] to solve
b — suu is generated in our model when integrating out the
vector-like fermion field .

The rest of the discussion on B-anomalies follows Ref. [29],
and we do not repeat it here. Nonetheless, let us point to
a novel correlation between B-anomalies and non-unitarity in
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, both of
which are controlled by the ratio of Gsy- and G-breaking scales.
On the one hand, the non-standard contribution to AR =

D& —
R(D™)/R(D®)gy — 1 is [29]

5v2
ARY ~22 ARF. ~ ——EW_ (27)

Since (23) (= v3/+/2) controls the mass of the coloron field g/, it
is bounded from below by direct searches at the LHC (v3 > 1 TeV).
On the other hand, deviation of the PMNS matrix from unitarity
is parameterized by the Hermitian matrix € =1 — NNT, where N
is the non-unitarity PMNS matrix. In terms of the ISS parameters
introduced in Section 3.2, we can write € approximately as [39]

~ (M DN R7=1y* (7= INT (agD\T
€~ (M) (Mg )*(Mg )" (My)" . (28)
If we require v3 = 1 TeV in order to evade the bound on direct
searches for the coloron, we then require vi <1 TeV in order to
produce the observed anomaly in ARTD‘. Thus, there is a contribu-
tion to € which is a least as large as
2

VEw
€~ , (29)
v2AR [

meaning that significant PMNS unitarity violation is associated
with a quark-lepton unification scale which is low enough to ex-
plain ARTD“. The two ways to avoid the unitarity bound are: a large

4 The effects of scalar resonances in flavor physics are typically further suppressed
by the light fermion masses.
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coupling |Ag| or accepting some tuning in M"?. For example, the
benchmark point shown in Appendix A predicts PMNS unitarity vi-
olation which is just below the present limits with MD ~ 10~ vgy,
however, a large coupling |Ag| ~ 3 is required.

5. Conclusions

We have constructed a model of TeV scale quark-lepton unifi-
cation based on an extended “4321” gauge group, where the third
family quarks and leptons are unified into fundamental represen-
tations of SU(4) while the light family fermions are charged only
under “321”. As a result of this construction, the model contains
an accidental U(2) flavor symmetry which suppresses FCNC and
allows for the realization of the correct CKM texture. A key pre-
diction of the model is a gauge vector leptoquark U!, coupled
dominantly to the third family, and potentially within reach of the
LHC.

While third family quark-lepton unification nicely explains the
closeness of the tau lepton and bottom quark masses, it fails spec-
tacularly in the up sector, suggesting a peculiar origin for neutrino
masses. In particular, the model, with the addition of gauge sin-
glet fermions, admits a natural realization of light neutrino masses
via the inverse seesaw mechanism. In this article, we present a nu-
merical benchmark point where experimentally acceptable masses
and mixings are obtained for the light neutrinos.

This model is a very interesting and phenomenologically rich
construction, predicting a plethora of observable effects ranging
from low energy neutrino and flavor physics up to high-pr col-
lider searches. We may already be seeing its first signatures in the
still inconclusive B-anomalies.
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Appendix A. Neutrino masses, mixings, and PMNS non-unitarity
A.1. Light neutrino masses and mixings
In Section 3.2, we wrote the neutrino mass Lagrangian as

1_
Ly = _anMvni +h.c., (A1)

where the neutrino mass matrix is a 9 x 9 complex symmetric
matrix which has the ISS texture

o MP o
My=| (M) fig Mf (A2)
0 Mg s

In terms of the original Lagrangian parameters, the mass matrix
has the form

0 0 %UYSiag —fuke O

0 0 0 m), 0

M, = %YSWUT 0 LR 0 MI
—forl  m, 0 0 %x;

0 0 Mg %)\R s

(A3)

The entry ‘:—FZU y42 s the product of a 2 x 2 orthogonal matrix
with a 2 x 2 real diagonal matrix which we parameterize as

VH  diag cosf sind m, 0
Hyydas _ [ ™ e .
V2 —sin® coso 0 m

Vu

(A4)

To reduce the number of free parameters, we seek a solution
which yields acceptable light neutrino masses and mixings with
a simplifying ansatz where ugr =0, us = diag (i1, 12, 43), AlT =
()L/(Z”, Aéz)) and

Mg 0 0
1%
Mr=| 0 mg |, T%AR = o |, (A.5)
0 0 mqr

such that MR = (Mg %AR) is a diagonal 3 x 3 block of M,,.
Here, mq is of order the SU(4) breaking (quark-lepton unifica-
tion) scale. We also take all parameters to be real. Following the
prescription in Refs. [39,47,48], we first block diagonalize M, via
a rotation W such that

(Miight)3x3 036
WIMW = g ) A6
v < 0O6x3 (Mheavy)6x6 ( )
The rotation matrix ¥V is approximately given as
1-leef 0]
w%<[ 70053 e ) (A7)
O3 [1 - 300 ]6><6

assuming ©® is given as a power series in M;;avy as ©=3,0;
with ©; ~ (Ml:elavy)i‘ In terms of the ISS parameters in Eq. (A.2),
the 3 x 3 mass matrix for the light Majorana neutrinos Mij;gns has
the usual ISS form

Miigne ~ My My s (M)~ (M{)T . (A8)
If we now diagonalize Mijgn; and Mpeayy Via rotations of the form
U; and Uy, the complete matrix &/ which diagonalizes M, is

[1-leeu O U,
7 2 A9
u ( o'y, [1-leetu, /)" (A9)
and the light neutrino flavor eigenstates are given by
1 A A
Vo A [U, — 5®1®IU1] n; +[©1Unlyp n,l;, (A.10)
ol

where o =e, u, 7, ﬁ; are the light mass eigenstates withi=1, .., 3,
and ﬁﬁ are the heavy mass eigenstates with b =1, .., 6. The PMNS
neutrino mixing matrix is now a non-unitary matrix given by

o af
N = 1—5@1(91 Uy, (A11)
where e =1 — NNT ~ (~)1®I parameterizes the deviation of NNT

from unitarity. The 3 x 3 Hermitian matrix € can be written ap-
proximately in terms of the original ISS parameters as
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Table 5
ISS parameters for a simplified bench-
mark point.

ISS parameter Value

m, 1.67 GeV

m), 38.3 GeV
"

m;, 10.0 GeV
T

sinf 0.510

furlD 0.883 GeV

forl? 6.80 GeV

mqL 2.00 TeV

mg 10.0 TeV

1 0.720 keV

U2 0.871 keV

"3 1.28 keV

e~ (M) (Mgh* (M HT (M))T (A12)
Assuming the simplifying ansatz for the ISS parameters out-
lined in the previous section, we diagonalize Mgy, numerically
using the benchmark parameter set in Table 5. We obtain a nor-
mal hierarchy of light neutrino masses of m; ~ 1.86 x 102 meV,
my ~ 8.58 meV, m3 ~ 51.3 meV with mass-squared splittings of

Am3, =2.56 x 107> eV?,

Am3, =7.36 x 107> eV2. (A13)

To construct the PMNS matrix, we numerically find the ma-
trix U; which diagonalizes Mjigne as Mﬁ;lgt = U MjigneU; and use
Eq. (A.11). We obtain the following results for the mixing angles

sin® 612 = 0.296,
sin® 6,3 = 0.425,

sin® 613 = 0.0214. (A14)

These mass-squared splittings and mixing angles agree very
well with the best-fit values derived from a global fit of the cur-
rent neutrino oscillation data in Refs. [35,49]. We have also per-
formed an exact numerical diagonalization of Eq. (A.3) and found
very good agreement with the approximate masses and mixings
given by diagonalizing Eq. (A.8). More general benchmark points
are of course possible if the simplifying assumptions about M,
made here are relaxed, e.g. leaving My as a general complex 3 x 3
matrix. One can even consider non-equal numbers of v; and Sg in
order to have additional sterile neutrino states at the scale us [36,
50-55].

A.2. PMNS non-unitarity

We quantify the deviation of the PMNS matrix from unitarity
by |€| = |1 — NNT|. For the benchmark point, the matrix |¢| is

4.04%x10% 794x10°% 2.21x10°6
lel=]794%x10"6 224x10~> 1.70x 10>
221x107% 1.70x 107> 2.50 x 10~°

(A15)

The largest source of non-unitarity is coming from |e33| for which
(assuming the benchmark parameters) a simple analytic approxi-
mation can be obtained

/ 2

m
V-
l€33] ~ < - ) ,
mqlL

(A16)

which is in agreement with the estimate in Eq. (29). The current
bounds on PMNS non-unitarity are [56,57]

21x1073 1.0x107° 2.1x1073
el <] 1.0x10° 40x10% 8.0x10~*
21x1073 80x10% 53x1073

(A17)
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