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Abstract Assuming confirmation of the anomalies in semi-
leptonic B-decays, their explanation in terms of the exchange
of a massive vector leptoquark field, U¢, of charge 2/3,
appears to require the inclusion of Uy, in the vector mul-
tiplet of the adjoint of Pati—Salam SU (4), G A as well as the
introduction of vector-like fermions, F;, in the fundamental
of SU (4). We consider simplified models characterised by
the nature of the SU (4) symmetry (global or local), by the
number of vector-like fermions, and by the couplings of the
Higgs boson to SM fermions (direct or induced by mixing
with the vector-like fermions). In all cases, we implement a
minimal breaking ofa U (2)”f flavour symmetry, with a single
motivated exception. We then perform a global fit including
the main observables sensitive to exchanges of the G ;‘ at tree
level and in loops dominated by logs insensitive to the UV
completion.

1 Introduction and motivations

The intriguing deviations from the Standard Model (SM)
appearing in neutral-current [1-4] and charged-current [5—
10] semileptonic B-meson decays, if confirmed by experi-
ments in progress, would point towards the existence of new
physics close to the TeV scale, and hopefully shed some
much-needed light on the flavour problem of the SM. This
amply justifies the interest in the subject in the literature,
with many different attempts put forward to explain these
“B-anomalies”. Among them one emerging possibility is that
the anomalies are due to the exchange of a vector leptoquark
of charge 2/3, Uﬁ [11] (see also Refs. [12-14]), for which
several UV-complete models have been already suggested
[15-22].

Given this framework, generally speaking, two features
seem unavoidable:

#e-mail: claudia.cornella@uni-mainz.de (corresponding author)

(1) The inclusion of U l‘j in the vector multiplet, G4, of the
adjoint of Pati—-Salam SU (4) with at least the first two
generations of the Standard Model (SM) fermions not
directly coupled to G ﬁ' Here we assume that at least some
of the three generations of SM fermions, f;, couple to
the g;} by mixing with a suitable number of vector-like
fermions, F;, in the fundamental of SU (4).

(i) An approximate flavour symmetry to allow for a rela-
tively low mass for the vectors. To make contact with the
observed pattern of quark and lepton masses and of quark
mixings, we implement a minimal breaking of a U (2)’}
flavour symmetry, with a single motivated exception.

In this work, we propose a few simplified models that cap-
ture the essence of the vector leptoquark explanation of the
anomalies and we analyse their consistency with the observ-
ables affected by G Iﬁ‘ exchanges at tree level or in loops
dominated by IR logs. While this is a seemingly step back-
ward with respect to offering a full UV-complete model, we
believe that this may help identify the proper direction for
model building, as well as better appreciate the role of the
expected experimental progress in different observables. To
this end the tie with the observed flavour structure of the SM —
which we shall implement differently in the different models
— plays, in our view, a decisive role.

As said, we chose not to constrain ourselves into a spe-
cific UV-complete model. Nevertheless, broadly speaking,
we have in mind at least two possibilities for the Ql‘;‘. They
canbe p-like states associated with a SU (4) global symmetry
of some strong dynamics at the TeV scale, with standard color
SU (3) gauged inside SU (4) [15,17]. Alternatively, SU (4)
can be part of a fully gauged SU(4) x SU(3)’, suitably
included into a larger gauge group, with SU(4) x SU(3)
broken to the diagonal standard colour SU (3) [16,18]. A
model formulated in more than four dimensions can allow a
bridge between these two scenarios [21,23]. It is also con-
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ceivable, though not of concern in this work, that these mod-
els be extended to include as well a composite picture of
ElectroWeak symmetry breaking, as in Refs. [17,21,22].

The paper is organised as follows. In Sect. 2 we define
four different simplified models. In Sect. 3, for each model
we determine the couplings of the massless fermions to the
g ;‘L‘ before EW symmetry breaking, as well as their Yukawa
couplings. Section 4 contains the phenomenological analysis.
A discussion of the results is summarised in Sect. 5.

2 Definition of the models

A common element of the models we consider is a minimal
set of J vector-like fermions,

05 ,
Fj=<Lj{ L oj=1..J,

transforming in the fundamental of SU (4). The apex a is
a color index, and Q‘;. and L; are doublets under the stan-
dard SU(2) . gauge group, commuting with SU (4). The F;
have a universal mass term, £, and a mass-mixing with the
standard fermions f;, Lmix:

2.1

Ly = Ly + Luix, (2.2)

and they may enter in the Yukawa couplings to the Higgs
scalar in Ly. Both £,, and Ly have to be invariant under
the SM gauge group. The natural presence of further vector-
like fermions in the fundamental of SU (4) and transforming
as singlets under SU (2), does not play any significant phe-
nomenological role, as we shall see in the following.

The four models that we consider (see Table 1) are clas-
sified according to the following properties:

e The coupling of the Higgs boson to the standard fermions
fi is direct or arises only after their mixing with the
vector-like fermions F;

e SU(4) is a global or a local symmetry. In the latter case
SU (4) acts not only on the F; but also on the third family
of standard quarks and leptons, extended to include a
right-handed neutrino and organised in the usual Pati—

In all cases, with a single motivated exception, we imple-
ment in both Ly and Lpix a minimal breaking of a U (2)’}
flavour symmetry acting on the first two generations of the
Jfi [24-26] and, depending on the model, extended to the F;.

2.1 Model 1

In this model, the SM fermions do not couple directly to the
g;}, while the two vector-like fermions F; are assumed to

interact universally, in a SU (4) invariant way, with the Q;‘:
Ling = gUgﬁJMA
1 soua 1
=gy [E (URdG +he) +GRlg” + WG XHJ)’;] .
2.3)

Here we have introduced, together with the leptoquark U4,
the coloron Gi and the B—L vector X ,. The currents, written

in terms of the components of the F;, are
Ty = QfvuLj. IG5 =0T vuQ;
Jx = QjmQj=3L;yulj,

with j = 1, 2. The flavour symmetry acting on the first two
generations of chiral fermions f; is

(2.4)

U(Z)? =U@)y xUQR)u xUR)g xUQ2); x U2)e,
2.5)

where we used the standard notation for the irreducible rep-
resentations of the SM gauge group. Following [24-26], we
define as “minimal” the case where the breaking of U (2);
occurs only via

e The (leading) spurion doublets,

Vq ~ 2q, Vi~ 2, (2.6)
whose natural size is set by the 32 mixing in the CKM
matrix (|Vep| &~ 4 x 1072);

e The (subleading) spurion bi-doublets

Au ~ (2(17 zu)a Ad ~ (2(17 2(1)7 Ae ~ (217 28)9

Salam 4-plets. 2.7
Table 1 Main features of the four simplified models considered
Model Direct SM Yukawa SU (4) gauged Min. U (2)’}- breaking J
1 Yes No Yes 2
2 Yes Yes Yes 1
3 Yes Yes No 2
4 No No Yes 3(x2)
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each with their two eigenvalues of order of magnitude
similar to the two lightest quark and lepton masses rela-
tive to the third one.

The SM fermions couple directly to the Higgs field. The
U (2)5f breaking structure implies that the 3 x 3 Yukawa matri-
ces have the form
__ (AnxY, s
Ly =y H(q.q3) ( O—":-t—q-> ur = HqrY,ug,

(2.8)

with x, = O(1), and similarly for £%. After SU (4) break-
ing, £, = L, + £, can be decomposed as

Lh=M[Qj, +a;G3+B;@GV)I0 .

witho;, B; = O(1), and similarly for L‘ﬁn. In both Egs. (2.8)
and (2.9) V, is contracted with the doublet component of g
under U (2),. Note that the minimality of the U (2); breaking
forbids any mixing of the two light generations with possi-
ble vector-like SU (2)-singlet fermions, thus justifying not
having included the latter in the first place.

(2.9)

2.2 Model 2

At variance with Model 1, in Model 2 SU(4) is gauged
and acts also on the third family of SM quarks and lep-
tons, embedded in Pati—Salam 4-plets with the addition of
a right-handed neutrino. We also assume a single family of
vector-like fermions charged under SU (2) and SU (4). The
relevant part of the SU (4) currents in Eq. (2.4) receives extra
pieces:

JG¢ =05vulj + @5 vula, (2.10)
JEC =0T, 0 + BT ugs, @.11)
Ty =0ivuQ;-3L; yuL; + g3vuq3—3Gyuls,  (2.12)

where we include explicitly only the left-handed SU (2),
doublets.! We left the index j for later purpose, although
in this case there is a single family of vector-like fermions,
dubbed j = 2 for ease of notation. Unlike in Model 1, in
this case, the universality of the couplings in these currents
is dictated by gauge invariance.

The structure of both Yukawa coupling and vector-like
mass terms is like in Model 1. Note, however, that in this
case, we need SU (4)-breaking terms not only in £, but also

! In Models 2 and 3 it is natural to expect also couplings of the heavy
vectors to right-handed third-generation chiral fermions [18]. The phe-
nomenology of such right-handed currents has been discussed in detail
in Refs. [20,27]. For the sake of minimality, we do not consider these
couplings here. To this purpose, we note that even if right-handed chiral
fermions are charged under SU (4), their couplings to the heavy vectors
can be suppressed via a mass mixing with vector-like fermions which
are not charged under SU (4).

in the Yukawa coupling: the mixing between light and third
generations in Eq. (2.8) breaks explicitly the SU (4) gauge
symmetry. This term can be viewed as the effective result
of a SU (4)-conserving Yukawa interaction between vector-
like fermions and the Higgs, after integrating out the heavy
fermions.

2.3 Model 3

In Model 3 there is no change with respect to Model 2 either
in the gauge structure or in the Yukawa couplings. However,
we enlarge the matter field content with a second family of
vector-like fermions (j = 1, 2). This allows us to extend
the flavour symmetry to U (2)? x U(2)F, and to introduce a

non-minimal breaking of U (2)5,(- via the bi-doublets

Ay =24, 2F), AI=(21,2p). (2.13)

The latter control the mixing between light families and
vector-like fermions via

Lh=M[Q), +;qs+qiDqij] Qjrs (2.14)

and similarly in £,. We assume maximal breaking of U (2)
in the coupling of Q; to g3 (all members of SU (4)-quartets
with couplings to the vectors fixed by gauge invariance),
whereas the spurion A, controls their coupling to the U (2)4-
doublet ¢; (and similarly for the leptons). This will have
important consequences for the alignment of the Yukawa
couplings, which are not generic, with the mass eigenstates.

2.4 Model 4

As we are going to see, in none of the previous models there
is a fixed orientation of the vector-like—SM-fermion mix-
ing with respect to the up or down SM Yukawa couplings.
This introduces an intrinsic uncertainty of the order of the
Cabibbo—Kobayashi—-Maskawa matrix, Vckm, in this rela-
tive orientation. To avoid this feature, we consider a model
in which, as in Ref. [17], there is a doubling of the three
vector-like SU (4) multiplets (with the same weakly gauged
quantum numbers)

Fl'= (0" L"), F'=(Q9 L%, i=1,2,3, (215
and assume no direct coupling between the SU (2) 1 -charged
SM fermions and the Higgs. We further assume that:

e Asin Model 1, only the vector-like fermions couple in a
flavour universal way to the G /‘;‘:

(2.16)
(2.17)

Jl;]m ZQ?QVML}) + Q?HVML;?’
TE* =0UTy, 08 + 01Ty, 0,
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T =01y Q) + 0y Q) =3L} yu L] =3L{ y, L.
(2.18)

e The allowed Yukawa couplings are between vector-like
and chiral fermions,

Ly =HOQYYug+ HL}Y,vg + H* Q% Yadg

+H*LE Y,eg, (2.19)
and they are assumed to respect a product U (2) , +-y+v X
U (2) F;+d+e of diagonal symmetries. The minimal break-
ing of the overall U(2); x UQ2); x UQR)F,4utv X
U (2) F;+d+e flavour symmetry is controlled by

Luix = Gty Q'% + Gring Q% + 1LY + I, LY,
(2.20)

with the mixing matrices i1, 4 .., having the same flavour
structure as the Yukawa couplings in Eq. (2.8).

3 Couplings of the massless fermions

In this section, we derive the couplings of the fermions which
are massless before ElectroWeak symmetry breaking. Need-
less to say, their couplings to the SM gauge bosons are fixed
by gauge invariance. We thus need to derive the couplings
to the g ;2 and the Yukawa couplings, which are not flavour
generic.

3.1 Model 1

Without loss of generality, we can take the spurion doublet
V, oriented in the direction of g, with a single entry ¢, =
O (|Vepl). This way, the mixing partin Eq. (2.9) involves only
the 2-3 sector and can be put in the form

Lnix = éLquqW;_QR’ qL = (Zi) s

_ QIR) 1
ORr <Q2R , 3.1
where

_ O, O
mq—M< 0‘1 0(1)>, (3.2)

and U, and W, are 2 x 2 unitary matrices with off-diagonal
elements of order €, and 1, respectively. Note that, differently
from the previous section, here g7 denotes a two-component
vector. We will go back to the three-family notation at the
end of this section. After inserting Eq. (3.1) into (2.9), the
complete L, leads to two massive states

Q) =s,Ufqr+cW;S 0L (3.3)

@ Springer

and two massless orthogonal combinations

qp =cqU; gL —sqW, QL. (34

which acquire a mass only via the Yukawa interaction. In
these expressions s, and ¢, are diagonal matrices, as m,
itself, and, for each individual entry we have

mq,‘

Sql: 2 29
1/mqi—i-M

By inverting these equations, the components of the (inter-
action) fields Q7 and gy, involving the light states are

cgi = (1 —s5;)'% (3.5)

! !
Orlight = —Wgsqqr,  4qLliighe = Uqcqqy - (3.6)

Analogous expressions hold for the leptons.

The insertion of Qy [iight and L |jighe into the currents in
Eq. (2.4) yields the couplings of the light states to the SU (4)
vectors. To simplify the notation we remove the suffix / from
the fields. For the coloron and the B—L current there are no
flavor-changing couplings:

JMG& = c}Ls[fyMT&qL, (3.7)
IX = Grsgvugr — 31Lsi L. (3.8)

The leptoquark current instead has the form:

I =gl sgWsiyulp., W =W/ w. (3.9)

Since g1 does not enter Lix, we have g; = q{ ,hence in these
expressions for the SU (4) currents g7 and /7, can be thought
to include all the three generations with s, = s;; = 0. Note
that here the ¢, field does not correspond either to the up- or
to the down-quark mass eigenstates, since we have not fully
diagonalised the Yukawa couplings yet; similar considera-
tions hold for /. It is readily seen that the transformation
qL — Uy cqql in the 2-3 sector does not alter the structure
of the Yukawa couplings in (2.8). These are diagonalised by
a proper unitary matrix on the left side only.?

diag ~ diag

A di ~
Yd = Udydlagv Yu =Uuyu =, Ye=Ueye =, (3.10)

where U, = UdVCTKM. As shown in Ref. [27], U, and U,
have the following parametric form:

cd —sg €% 0
Uy ~ Sq et cd Sp
—S4 Sp e_i(ad+¢q) —cd Sp e_i¢q e_i¢q
Ce —s. 0
U, ~ Se Ce St (3.11)

—SeS7 —CeSt 1

These expressions are obtained expanding up to first non-
trivial terms in the small mixing parameters sg p 0, Withs; =

2 A unitary transformation in the (1, 2) right-handed sector is unphys-
ical since it can be taken away by a proper redefinition of ug, dg, er.
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sin 6;, ¢; = cos 6;. The known structure of the CKM matrix
implies that s; and a4 are not free but are constrained by

Via

Vis

Sd

,oag =arg(Vyg/ V).
Cd

(3.12)

On the other hand, the 2-3 mixing angles, which are related
to the Yukawa parameters by s, /cp = |xp| |V, | and s; /c; =
|xz||Ve|, cannot be expressed in terms of SM observables.
Unconstrained are also s, and ¢, (that becomes unphysical
in the limit s, — 0).

The 3 x 3 unitary matrices Uy, . appear in the cur-
rents (3.7)—(3.9) once these are written in terms of mass
eigenstates. For instance, the coloron current involving
down-type quarks takes the form
JG4| = d Ulstyu T Uqdy.

down

(3.13)

3.2 Models 2 and 3

We can effectively discuss these two models together by
assuming two families of vector-like fermions and later treat-
ing F as anull entry in Model 2. The part of £,, that contains
only SU (4) 4-plets ( f3, F1, F>) can be diagonalised by the
unitary transformation

a3 q}él
O, | =W, 21, |, (3.14)
02, QZL

and similarly in the 2 x 2 Qg sector. We can proceed analo-
gously in the lepton sector.

In this new basis, the coloron and the X currents remain
universal and diagonal, whereas the leptoquark current is
modified by a unitary matrix W, Wl+ = W. Also, mass mix-
ing occurs only in the 2 x 2 sector:

Ly =MgiAg;; Q?R + Q?LMQ/' QI}R, (3.15)
where
~ 00
B4 yoger 2 = O (60 <O 1) ’
01 0O(%)
= .1
@ poder 3 = O€0) X ( o 1 ) (3.16)

with & = |V,;5|. Diagonalising £,, we obtain the light states
q’L ~oqr — Ay Qﬁ and the heavy orthogonal combinations

Q}i ~ Qﬁ + A:;qL, with Aq = AqM/MQ. Up to irrelevant
unitary transformations from the right, we can write

~

A, _ <0 0 >
Model 2 0 54,
A A~ sq O
A =U(N , 3.17
1Model 3 ( 0 sq2> 317

where U isa (complex) unitary 2 x 2 matrix with off-diagonal
entries of O(}).

As in the previous case, one obtains the final form of the
SU (4) currents by expressing the interaction fields in terms
of their light components. In Model 2, this leads exactly to
the same currents as in Model 1 with 54, = s;; = 1 (and
sq; = s1; = 0). Atthe same time, the structure of the Yukawa
couplings remains unchanged.

In Model 3 there are three non vanishing hierarchical
angles s4; < ¢4, < $4; and, most important, a unitary trans-
formation in the 1-2 sector. The latter can be moved to the
Yukawa sector, recovering a flavour-diagonal structure for
the SU (4) currents as in Egs. (3.7)-(3.9), but altering the
structure of the Yukawa couplings. This results in a differ-
ence in the Yukawa diagonalization matrices that is particu-
larly relevant in the 1-2 quark sector. In the basis where the
SU (4) currents have the form in Egs. (3.7)-(3.9),

54 = Uy yjlag, U, = (-%'}(1).) x Ug. (3.18)

The matrix Uy has the same parametric form of Uy in
Eq. (3.11), with O (1) 1-2 off-diagonal entries, and 2—3 and
1-3 entries of order O (sp) and O (Asp), respectively. Unlike
in Model 2, however, the entries in the 2 x 2 (light-family)
block are now free parameters, not constrained by the CKM
matrix elements. In particular, we can reach the limit of real
mixing in the light-family sector (i.e. the limit where the
2 x 2 light-family block of Uy is a real orthogonal matrix)
that, as we shall see and as recently pointed out in Ref. [28],
is phenomenologically favoured.

It is worth stressing that real mixing in the light-family
sector can be obtained if all the U (2)’} breaking bi-doublets
in the quark sector (A, 4 and A,) are CP conserving. In this
case, the phase of the CKM matrix originates only from the
V, spurion, which in the basis where all the bi-doublets are
real has a non-trivial orientation in U (2), space.?

3.3 Model 4

Let us define the 9-component vector made of the left-handed
fields

q
Q = Qu 9
Qd
as indicated. The mass matrix in the quark sector before Elec-

troWeak symmetry breaking, £, is diagonalised from the
left by a unitary transformation of the form Q,, = WQ,

(3.19)

3 In this limit, the phase ey in the expression of Uy in Eq. (3.11) appears
as a consequence of having chosen a U (2), basis where V, is oriented
in the direction of the second family.
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where
ql

On=10n1l, (3.20)
o4

and ¢’ are the three massless states.

As in the previous cases, to determine the interactions
of the light states both with the Higgs and with the SU (4)
vectors, what counts are the light components in Q%¢:

= wyq'. (321

u 1 d
. = w ,
0"[igni = wug's  Q i

where wy, 4 are 3 x 3 matrices. With similar considerations
in the lepton sector, one obtains the Yukawa couplings

)A’u = w;_Ym )A/d :w;}_Yd’ )A’v :wij

Je = w)Y,. (3.22)

Since Yy, 4.1, are diagonal matrices, the SU (4) currents reads
@' 1'">q.D

1 1
JUVC =g 5y——3F + 5a——35F ) yul, 3.23
P q <ququyv+dedYeye Yu (3.23)
10— g (5.5t 45025 ) yuri (3.24)
" _q quZy“ ydyzyd VlL CI, .
u d
1 1
JXZC] )A’u_);—i_‘l‘);d_);j q
1" ( yzou Y?
SO I B
_3l va_vzyv +y€Y_62ye l (325)

At the same time, as implied by the spurion transformation
properties under U (2)"%, the Yukawa couplings assume the
usual structure

)A’u ~ uqu;_9 }A)d = UdydW+7 )A’v ~ vaij_
Yo = Ueye W,F, (3.26)

where W, 4., . are unitary matrices in the 2 x 2 light-family

sector only. Defining
Ulu, = E, (3.27)

and recalling that U,j Uy =V = Vckw, the SU (4) currents,
written in terms of the light mass eigenstates, are given by

Jlf& = IZL(Zﬁ + VZ%VT)]/MT&ML + C?L(Zgl

+VI2V)y, Ty, (3.28)
T =i (2uWinzo ET + VzaWaeze) VuvL
+d (VI 2 Win 2o ET 4 2aWaeze) yuer, (3.29)

JX = =3e1(z; + EZ}E ) yuer — 300(z; + EZpEN)yuvp
+ip (zp + VgV yuur +di(zg

+VIZ2V)y,dy, (3.30)

@ Springer

where
ydiag .
Zu,d,v,e = , W = Wuerv
Y u,d,v,e
Wae = W W,. (3.31)

Note that, due to U (2)'} invariance of the Yukawa matrices
in Eq. (2.19), we have:

Zul m 2d1 mq Zel m

M E XL = (3.32)
Zu2 me 2d2 mg Ze2 my

Note also the asymmetry between quarks and leptons in the
above equations, given that the vy are defined as current

eigenstates.

4 Phenomenological analysis

We now proceed with a phenomenological analysis of the
most relevant observables for the different models. We limit
our analysis to observables that are either mediated at the
tree-level by the new massive vectors, or are loop-induced
but dominated by logs insensitive to the UV completion. The
overall size of the non-standard contributions is controlled by
the effective coupling Cy or, equivalently, by the effective
scale mesr = my /gy, defined as

2 2 2
_ gU mW _ v
U eff

To unify the description of the relevant observables, we intro-
duce the effective couplings ,31.‘]/. parameterizing the currents
of the heavy vectors to the light mass-eigenstates:

I =B i vety . I =B arvuT]

IX = BXalvual + BT vutl. 4.2)
The expressions of the ,Bl.‘;. in the different models can be read-
ily derived from the previous section. Simplified expressions
for the relevant observables in terms of the ,Bi‘j/. are reported
in Appendix A.* The observables playing a relevant role in
constraining the model parameters, given the current exper-
imental data, are collected in Table 2. We can divide them
into four groups:

I LFU anomalies. This group is the only one provid-
ing indications for non-vanishing /3,.‘//.. In the case of
b — s€T¢~ observables, we use as 'inputs the best-fit
value of the modified Wilson coefficients Cog, 19 extracted

4 To highlight the origin of the specific mediator contributing to each
observable, the formulae in Appendix A are expressed in terms of the
three overall couplings Cx, Cg/, Cy, which are assumed to be identical
in the fit.
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Table 2 Relevant low-energy observables. Upper bounds on branching ratios correspond to 90% CL. The entry marked with a [*] denotes our
constraint imposed on the magnitude of Am g . The only correlated measurements are those of Rp and R, with correlation given by p

Class Observable Experiment/constraint Correlation SM prediction Theory expr.
I Chinp = —Clo np —0.39 4 0.07 [29] - 0 (A2)
Rp 0.340 £ 0.030 [30] p=—0.38 0.298 £ 0.003 [30] (A3)
Rp~ 0.295 £ 0.014 [30] 0.252 £ 0.005 [30] (A3)
11 (8c/8e.1) 1.0012 £ 0.0012 [30] - 1 (A7)
111 T — 31 <2.1x 1078 [31] - 0 (A.8)
K; — pteF < 4.7 x 10712 [31] - 0 (A.13)
IV 8(Amp,) 0.0 £ 0.1 [*] - 0 (A.11)
Im(CNP) [GeV 2] (—0.03 £ 0.46) x 1014 [32,33] - 0 (A.10)
Im(CYP) [GeV 2] (0.06 £ 0.09) x 10714 [32,33] - 0 (A.10)
from a global fit to b — s€7 €~ data in Ref. [29], assum- 6
ing a pure left-handed structure for the non-standard con- m SM
tribution (Cg \p = —Cg np )- In the case of b — ctv sl B Models 1,2
observables, we use the HFLAV averages for the experi- m  Model 3
E(e)r]ltal results and for the theoretical predictions of R j B Model 4
. 4t

II Tests of universality in T decays. These are expressed via
the effective coupling ratio (g:/ge,,) [30]. Despite not
receiving tree-level contributions in our setup, a largely
model-independent modification of (g:/g., ) is gener-
ated at the one-loop level. As pointed out firstin Ref. [34],
this effect provides a significant constraint to any model
addressing the Ry anomalies.

IIT Lepton Flavour Violating (LFV) rates. The most relevant
observables to constrain 7—u and p—e couplings in our
models are the bounds on B(t — 3u) and B(K; — ue).

IV AF = 2 observables. In this case, the most relevant con-
straints are derived from Amp_, for which we assume
a reference 10% Gaussian error over its SM value, and
CP violation in neutral K- and D-meson mixing. In the
latter case, we use as inputs the constraints on the imagi-
nary parts of four-quark left-handed Wilson coefficients
determined in Refs. [32,33], in the standard convention
for the phases of the CKM matrix elements.

e Inall modelsitis easy to accommodate the present central
values of the b — s£7¢~ anomalies, and T — 3 does
not pose a serious constraint.

We distinguish three different non-SM fits, given that
Models 1 and 2 are described by an equivalent set of effective
parameters. The contribution to ( Xém)l/ 2 (or the pull of the
fit) from the various observables in the three different cases,
vs. the SM one, is reported in Fig. 1. The best fit points for

the model parameters are reported in Table 3.

Rpey b—sll 7LFU  7—3u Amp, Im[Cp] Im[Ck]

Fig. 1 Contribution to v/x2 coming from each observable for mod-
els 14

A few details about the fit procedure are in order. Since s, is
constrained only by K; — pue, in all cases we set s, = 0 and
treat this parameter (as well as K;, — pe) separately. In mod-
els 1,2,3 we assume 55, = 54, = Oand s;; = s4; = 1. We fur-
ther implement the requirement that U (2)’} breaking should
not exceed its natural size dictated by the structure of the SM
Yukawa couplings, adding a smooth gaussian contribution
with o = 0.05 to the x? for |s¢,4.4,.1,| > 0.1 and |64 > 0.3.
Additionally, we impose a smooth gaussian contribution for
}9X2| > (.5. For Model 4, on top of adding a smooth gaus-
sian contribution with o = 0.05 to the X2 for |s;| > 0.1, we
assume the following strict boundaries |zu2,d2,e2,,)2‘ < 0.2,
0.5 < ‘Zd3,u3,e3,v3| < 1, and |Zu1| < 0.01, again dictated by
a natural flavour symmetry breaking structure.
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Table 3 Fit results for the different Models. In the xéin entry, the number in parenthesis is the contribution to leﬁn that comes solely from the

observables. For reference, in the SM xéin’ sm =47.6

Case Xr%nin Model parameters Best fit point lo
Model 1, 2 54, aq fixed 0, free 20.9(17.5) megr [TeV] 0.76 [0.59, 0.80]
S 0.02
Sty 0.18
St 0.12
Sb 0.004
Oy 0.50
ay 0.66
Model 3 54, ag free 0,, free 6.8(6.2) mefr [TeV] 0.67 [0.66, 0.92]
Sqn 0.13
Sty 0.10
St 0.10
Sp —0.002
Oy, 0.51
ay 0
04 —-0.24
aq 0.00005
Model 4 minimal model 23.7(20.9) megr [TeV] 1.31 [0.93, 1.35]
Zuy 0.02
Zus 0.5
2dy —0.07
Zds —0.5
Zey 0.2
Zey -1
Zn —0.01
Zu, —-0.2
Zug 1
St 0.17

5 Summary and conclusions

Asmanifest from the explicit expressions given in Appendix A,
no easy correlation among the low-energy observables
affected by the exchange of the heavy vectors is possible in
absence of specific assumptions about their flavour-violating
couplings in the different mass bases. To check the viabil-
ity of this framework, we have constrained these couplings
by implementing, in different simplified models, a specific
breaking of a U (2)’} flavour symmetry in the Yukawa interac-
tions, Ly, and in the mixing between the chiral and the vector-
like fermions, L,,;,. This choice is motivated by the obser-
vation that an approximate flavour symmetry, resembling the
one observed in the SM Yukawa couplings, is needed to allow
for a mass of the SU (4) vectors in the TeV range.

From the analysis of the fit results, illustrated in Fig. 1 and
Table 3, we can deduce the following conclusions:

@ Springer

e In all models a strong lower bound on meg is set by
LFU in 7 decays. This limits the contribution to § R p
from the pure third-generation semileptonic operator
(in the down-quark mass basis) generated by the lep-
toquark exchange, i.e. the amplitude proportional to
CuVesBL BL* in Eq. (A3).

In models 1, 2 and 3, if ,, = O(1) and 54, # 0, a
sizeable effective coupling ﬂg R Sy,S8q, 18 generated.
This can in turn yield an additional contribution to 8 R py)
proportional to Cy Vg ,Bg ﬂlsjr*. In Model 4, since there
is no freedom in the flavour-changing interactions, we
do not have such a possibility. Indeed, in this case it is
not possible to generate a sizeable contribution to R pe).
Additional constraints from AF = 2 observables drive
the best-fit point for this model toward higher m values.
In models 1, 2 and 3, in order to reach the present central
value of 8 R», we need not only 8,, = O(1) but also
sq» = 0(0.1). The latter condition is phenomenologi-
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—  Model 3
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Fig. 2 §Rp as a function of megr varying megr in the 1o (dark) and
20 (light) region preferred by the fit. The remaining parameters entering
SR p are fixed to the best-fit point. The grey band indicates the CMS
exclusion at 700 GeV [35-37]

cally viable only if we can adjust the parameters in Uy
(or Uy) to minimize the AF = 2 amplitudes generated
by the (tree-level) coloron exchange. While all models
can satisfy the By mixing bound in the s, — 0 limit,
only in Model 3 is possible to adjust also s; and oy in
order to satisfy both K — K and D — D mixing bounds.
As anticipated, this happens in the case of a real 2 x 2
light block in Uy.

e Also the constraint from K; — e is easily evaded. In
particular, for the best fit point of Model 3, the K; — e
bound implies the (weak) condition |s.| < 0.6.

A clear summary of the all these features is provided by the
SR p vs. megr plotin Fig. 2. As can be seen, only Model 3 is
able to generate a contribution to § R () above 10%, provided
mefr lies close to its lower bound. In this figure, we also show
the bound on mef obtained by searching for modifications
of the Drell-Yan process pp — Tt~ 4 X at high-energies,
which is sensitive to the ¢f-channel U; exchange [38—40].

A series of recent analyses by CMS of pp — t7t~ + X
[35,36], and the related charged-current process pp — tv+
X [37], allows us to set the bound meg = 700 GeV, with a
tantalizing 30 excess for mefr ~ 800 GeV [36].

Focusing on Model 3, in Fig. 3 we illustrate the range of the
mixing parameters determined by the fit. These plots provide
a qualitative indication of the degree of flavour alignment
necessary to successfully fit both sets of anomalies and, at the
same time, satisfy all available constraints. As it can be seen,
all parameters are compatible with their natural size, hence
with the assumption of a mildly broken U (2)’} symmetry.
However, both s; and s, require a 10% tuning with respect
to their natural sizes: s; = O(A) and sp = O(|Vep)).

In summary, the proposal of a U;; leptoquark, with cou-
plings to fermions ruled by a mildly broken U (2)’} flavour
symmetry connected to the structure of the SM Yukawa cou-
plings, originally formulated in [11], remains a very inter-
esting option to address one or both sets of B anomalies.
The embedding of the U l‘j in the adjoint of SU(4), which
is necessary for any realistic UV completion, makes this
construction more constrained but still viable. As we have
shown, addressing both sets of anomalies is possible only
under rather specific conditions about the U (2)’} symme-
try breaking. The evolution of the experimental data in the
near future will tell if (some of) the anomalies will persist
and, in the positive case, in which direction their explanation
in terms of SU(4) vector leptoquarks will have to evolve.
In particular, the charged-current anomalies, being the most
difficult to reproduce, are the observables with the strongest
discriminating power: if a large (= 10%) deviation from the
SM in Rp« will be confirmed, models where the Uﬁ are
the massive gauge bosons of an SU (4) group, under which
third-generation SM fermions are also charged, would be
favoured.

On general grounds, the relatively low value of megr that
we found in all the simplified models we have considered
makes the search for high-energy signatures of the leptoquark
(and possibly the vector-like fermions) quite interesting in
view of the high-luminosity phase of the LHC.
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Appendix A: Simplified expressions for low-energy observ-
ables

We denote the relative variation of an observable O with
respect to the SM by §(0), with

0 — Osm

8(0) =
(0) Osv

(A.1)
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Neglecting the X contribution and using the fact that
)ﬂ,ﬁ@e < |8l

2
<g_,> ~ (g_,> ~1-ncy gl (A7)
8u/y 8e /e

where the running n = 0.079 is computed assuming A =
2TeV.

T — wLFV

9 2
B(r 3w = o ‘ﬂff,ﬂffﬂ) B(t — uiv)sy.  (A8)

AF = 2 observables

Effective Lagrangian for the A F = 2 mixing amplitudes:
AF=2 P 2 i 2

L = —Cs (bryuse)” — Cpa (bLyudr)

— Cys (CzLVp,SL)z — Cye (ﬁL)/MCL)Z + h.c.,
(A.9)

NP contribution to these Wilson coefficients:
2 (Cq 2 Cyx 2
NP G X
Cos =3 <— Pos + =4 Pos )
2 G 2. Cx ,x2
NP G X
Cds = F( 13 4 IBds )
2 2 C
NP G ,G,
¥ =g (T ey

X X,2
4ﬂucu >

Main observables are Im[C,ij], Im[CGIfSP
The latter is defined as

(A.10)

] and §(Amp,).

NP
S(Amp) = 14+ =5 | —1, (A.11)
bs
where
G2 m2 2
oot = =53 (Vi Vis) ™ o). (A.12)
. m2
with x; = —+ and Sp(x;) ~ 2.37.
myy
u—eLFV

2
B 1k, G fim’mg m?
B(K2—>,u e'ﬂ:% 1——5
Cx x 1 gx
CU (,BduB + ﬂsaﬁ ) — —2Re I:ﬂds:l IB;J.e

4
‘L'KLG2 2i712m1< | mi 2
8 m%(

B(Kg —ute) =

Cy 2
x |Cu (85,87 + BLBI) — = 2Re [ B ] B2,
(A.13)
B(u — 3e) = —CX ﬂeuﬂee B(/,L — evv)sM. (A.14)
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