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Abstract

A properly defined and suitably broken U(2) flavour symmetry leads to successful quanti-
tative relations between quark mass ratios and CKM angles. At the same time the intrinsic
distinction introduced by U(2) between the third and the first two families of quarks and
leptons may support anomalies in charged and neutral current semi-leptonic B-decays of
the kind tentatively observed in current flavour experiments. We show how this is possible
by the exchange of the (3, 1)/3 vector leptoquark in two U(2)-models with significantly dif-
ferent values of Lepton Flavour Universality violation, observable in foreseen experiments.
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1 Introduction and statement of the framework

In spite of several attempts, a truly convincing way of reducing the number of free parameters
in the flavour sector of the Standard Model is still elusive. To the point that one can express a
pessimistic view about making progress in this area without new crucial experimental informa-
tion. In this respect, the apparent presence of Lepton Flavour Universality (LFU) violations in
B-decays represents an interesting possibility that we want to explore in this article. As observed
in previous works [1-3], a putative anomaly in the decays of a third generation particle [4-9]
invites to make a connection with the relative separation between the third and the first two
generations, both as to their masses and to the CKM angles. In turn this may call into play
a U(2)-symmetry that acts on the first two generations as doublets and the third generation
particles as singlets.

As recalled in Section 4, a properly defined and simply broken U(2)-symmetry [10-15] de-
termines the mixing angles between the first and the two heavier generations in terms of quark
mass ratios, while giving, at the same time, a correct account of all quark masses and CKM
angles in terms of two small symmetry breaking parameters €, €, both of order V,;, and of O(1)
factors. This outcome is summarised by the forms taken by the unitary transformations that
diagonalise the Yukawa couplings YV and Y on the left side, with a proper choice of quark
phases [13-15],

1 Us 0 1 Diy D3
Uk=| -Us, 1 Uy, DF = —D3, L Da |, (1)
UhUsy —Uz 1 DiyD33 — Dis —Ds3 1
where
My, mq magMms Sq
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U23, D23 = O(E) s tan(@d) = |Y312)/3/32| , Cq = COS(tgd) , S4 = sin(ﬁd) . (3)

These relations are valid up to relative corrections of order m, /m. in the up-sector and of order
maq/ms in the down sector.

Similarly, with an extended analogous definition of U(2) on the leptons, the matrix E* that
diagonalises the charged lepton Yukawa coupling Y¥ on the left side has the same form of D*
with

m mem,, S
Ep| = Ve, Byl =, —2t—, tan(6.) = Yy, /Yas ). 4
EAENENG Bl = [ (60) = IVE/YE. @
and Ea3 = O(e).
Let us now turn to B-decays, with possible anomalies due to the exchange of a vector
leptoquark V', transforming as

Vii=(3,1)3 (5)



under the SM gauge group. To make these anomalies observable in current or foreseen experi-
ments, V' cannot be coupled universally to the three generations of quarks and leptons, since
its exchange would lead to a branching ratio for K — pe far bigger than the current bound.
To address this problem we assume that V' is coupled universally to three generations of heavy
Dirac fermions, F' = @Q, L,U, D, E, with the same quantum numbers of the usual multiplets
f=4q,l,u,d, e under the SM gauge group, mixed with f by gauge invariant bilinear mass terms.
A key point is the distinction between the F’s and the f’s. This can be either because the F’s
are composite, like V! itself, whereas the f’s are elementary [2, 16], or because the F’s transform
non-trivially under an extra gauge group, which does not act on the light fermions f [17].

The question that we ask in this work is whether the flavour symmetry responsible for the
above relations can be extended to Vi and F' in such a way that the violation of LFU in B-decays
is controlled by a minimum number of parameters - in fact the same €, ¢ and O(1) coefficients
referred to above - without (or with a minimum of) ad hoc hypotheses'. In view of the still
evolving character of the data on LFU in B-decays, we ask this question without explicitly
aiming at reproducing the current values of the putative anomalies. We think that the precision
foreseen in future measurements [19-22] justifies this attitude.

2 Leptoquark interactions

Referring to Section 4 for an explicit realization, here we assume that the bridging alluded to
in the last paragraph of the Introduction is possible, so as to see its general consequences. In
synthetic notation the reference Lagrangian, invariant under the SM gauge group, is

L = Lign + MV,V]I+ (FMpF +mF A f + v Ay f +1.c) + Ling (6)

where Ly, includes the gauge invariant interactions of f, F' and Vi with the SM gauge bosons,
and L;,; has the form

‘Cint = gVV:(Qf%LZ + D?’YMEZ) + h.c. (7)
where ¢ = 1,2, 3 is the flavour index, left implicit in the fermion mass bilinear terms. Note that
the leptoquark does only interact with the heavy fermions F' but not with the light fermions
f because of their different nature, as emphasised above. The matrices Mg, \ix and Ay act
in gauge and flavour space. We take all the usual multiplets in f as left-handed, so that the
heavy F' in the mixing term are only the right-handed components. We do not include right-
handed neutrinos, assumed to be heavy. In the heavy sector we assume flavour universality of
the mass matrix Mpr and of the leptoquark interactions in L. The flavour independence of
My is a purely simplifying assumption that does not affect any of our equations, whereas the
universality of L, helps in reducing the number of free parameters. This assumption, however,
is well justified in concrete examples, either in strongly interacting composite Higgs models,
where flavour could be associated with an approximate global symmetry, like in QCD, or if Ly
arises from an extended gauge interaction of the heavy F’s, which is universal by construction.

'For a recently proposed alternative, also compatible with a suitable U(2)-symmetry, see Ref. [18].



To determine the leptoquark interactions with the light fermion eigenstates, it is useful to
first go to the diagonal basis of mFAnixf by proper unitary transformations of the F' and the
f fields. In general the transformations of the heavy fields, being different for ) and L, as well
as for D and E, introduce unitary matrices in Ly, eq. (7) [23]. Keeping the same notation for
the rotated fields, in the new basis the interaction Lagrangian becomes

Ling — gvV;(Qa%VLQL + D%, VPPE) + h.c. (8)

Given the diagonal form of the mixing matrices m,; and mq . in the new basis, it is easy to extract
the light fermions, massless in the limit of unbroken electroweak symmetry, in the normalised
combinations

q' :éqq—éqQL, l/ :éll—glLL, d/ = édd—ngL, 6/ = éee—éeEL, (9)

where §,(¢,) are sines (cosines) of mixing angles with the same diagonal form and typical size
of order m, /Mg, and similarly for the other angles.

For the purposes of the present section, to be justified later on in Section 4, we assume that
the (broken) flavour symmetry implies for all the elements of §,, that they be sufficiently small,

(3ae)ii S O(€). (10)

As it can be explicitly checked quantitatively for all the appropriate observables, this implies
that the only phenomenologically relevant interaction of the leptoquark with the light fields,
omitting the primed indices,

Finally, in terms of the unitary transformations U%, D, E* that diagonalise on the left side the
Yukawa couplings of the up- and down-quarks and the charged leptons respectively?, the final
expression for the interaction Lagrangian in the physical mass basis is

LoV = gy Vie(ds yu FPey + v, FVvp) + hec. (12)

int

where

FP =DM VoraEY,  FY =U"3,Vor8E". (13)
Note that the transformation Vg — '@V e®L| with e’®@r diagonal phase matrices, can be
reabsorbed by proper phase redefinitions of U%, D* EL and of the light fields without changing
the form of eqs. (1), (2), (4) nor the CKM matrix Vogy = ULTDE. Using this phase freedom, if
we further require from the flavour symmetry, to be justified later on in Section 4, that

(§q,l)11 S 0(62)7 (§q,l)22 = Sq2,12 S 0(6)7 (14)

Vor can be effectively reduced, in the cases to be considered below, to a real rotation between
the second and the third generation, defined by an angle 6, (cy = cosfy, sy = sinfy).

2 The diagonalisation of the mixing terms leads to a modification of the Yukawa couplings Ay — Ay. One
can show that Ay differs from Ay by O(1) factors and by sub-leading corrections in €, ¢, thus not affecting the
forms of egs. (1), (2), (4).



3 Violations of Lepton Flavour Universality

3.1 General expressions

By integrating out the leptoquark from (12), one obtains the effective Lagrangians relevant to
describe the LF'U violations:

2
g " _ _
£ == () R Flleonb) rinmm), (15)
2
g . _ _
LY =— <—MVV ) Fyy Fop (5p7br) (Bir i) - (16)

Therefore, from the usual definition,
BR(B — DY%rv)
BR(B — D®Wlv)’

2
: 1 FPeFY
ARp =100 ( v ) Re (—”T CT) , (18)

R%](\i{) M_V \/§ G F ‘/;b

where we neglect suppressed contributions that do not interfere with the SM amplitude.
Similarly, encapsulating the neutral current anomaly into the Wilson coefficient ACY as
usually done in the literature (ACY, = —AC¥)?

RD(*) = [ = €, U, (17)

one has

«
Leif = AV2G Vi Vi ACE (51bu) (i yuite) (19)
one has , i
gv \ 4r 1 FyF,
ACH = — | L) ————Re | 2] . 20
? (Mv> a 442Gk ( Vis Vi (20)

These expressions do not depend on the phases of the fermion fields, as they have to. Using the
expressions for U, D¥ E' in Section 1 with their phase convention and expanding in e, it is

D
qu— = 5¢3513Cq = O(l) s (2].)
Sq2
Fg_ ~ Sq3513 <—quU23 + Sqlsi) ~ O(G) , (22)
q3
D Si2
By, ~ 843513 (—cqlE§3 — Sqls_lg> ~ O(e), (23)
I S¢2 S12 Sq2 512 2
F,, = sg3sis (chngEgg + cqlsi— — Sg——FEjs + Sql—Dgg) ~ O(e). (24)
q3 SI3 S¢3 Si3
At the same time one has
Vip = =V & Doz — Usz ~ O(e) . (25)
3For the theoretically clean observables ARx = 1 — Rilpgceve and ARy« = 1 — Rg+|[1.1,6)cev?, it is

ARy ~ ARy ~ —0.46ACY [24].



Minimal Model
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Figure 1: Isolines of the charged current (CC, red solid lines) and of the neutral current (NC,
blue dashed lines) anomaly in the minimal model for ARp = {2,3,4,5,6}% and —AC) /2?2 =
{0.1/16,0.2/16,0.3/16,0.4/16} respectively, and z. = |Ea3/Vis|.

3.2 Expected range for LFU violations

3.2.1 Minimal model

A strong simplification occurs in egs. (21-24) if s,220 S O(€?), to be justified in Section 4.2, so
that each Fg’D is dominated by the first terms on the r.h.s. of these equations. In this case

FP*FY U
Re (%) = — (sq3313cql)27€e (é;) , (26)
and .
F, " F. Do
Re ( ‘/l:b‘/t:u> = (Sg3513¢q1)” | Bas|*Re ( Vcb) ; (27)

so that, from eq. (25),

AR — (9V8q35136qz)2 1 [1 e (Dgg):|
b MV \/§GF ‘/cb

() e (1))




Extended Model

Sq2/8q3Sqi/cq Re[1/Vep]

1.2
Mest [TeV]

Figure 2: Isolines of the charged current (CC, red solid lines) and of the neutral current (NC,
blue dashed lines) anomaly in the extended model for ARp = {5,7.5,10,15,20}% and —ACk /y? =
{0.2/6,0.3/6,0.4/6,0.6/6,0.8/6} respectively, with y.|Vey| = s12/s13.

with My = My /(gvsgssiscq) and

2
4 1 D
AC’{,‘ _ (gV8q33l3qu) ™ |E23|2Re ( 23)

My o 442G Vip
TeV 2 E23 2 D23
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The two anomalies are represented in Fig. 1 in a range of values for M.z compatible with
current bounds from direct searches of the leptoquark in pair production, pp — V'V, and
indirect searches via pp — 77 [25-31]. Especially in the CC case, the values of the anomalies in
Fig. 1 are definitely lower than the central values of the current averages [24, 32-37]

ARp = (14+4)%, ACY = — (0.53 + 0.09) , (30)

which are, however, still evolving and have relatively large errors. These values, however, are

not outside the expected sensitivity of future experiments [19-21], eventually with a modest
improvement in the theory.



3.2.2 Extended model

More parameters are involved if 5490 = O(€). We consider s;, = O(1) and, in order to represent
this case, although with a corresponding uncertainty, among the O(e) parameters we take s,2/543
and sj2/s;3 dominant over |Uss|, |Dag|, | E2s|. This gives

FPxpUu S¢2 Sal 1
Re [ Zbr et ) 22224, (o 31
6( v ) (843813¢41) Se3 e (Vcb> ; (31)
and S ,
F, " F S, S S 1
Re | L) ~ PR () Re( — 32
e( VinVis ) (sqas1acu) Cql Sq3 \ S13 ‘ Vo) (32)
so that
TeV 2 (s 0Sa 1 >
ARp = 0.06 Sa2%! , 33
P (Meff) 5q3Cq Re(Vep) (33)
TeV\? [ sp50 1 sp 1)
AC“:—O.(M( ) ( 2% ><__ | 34
’ Mg Sq3Cq Re(Vep) si3 | Vep| (34)

In Fig. 2 we represent the two anomalies in the range of values explicitly indicated. Unlike the
previous case, these values can be close to the ones currently observed.

4 LFU violations and flavour symmetries

4.1 Relating mixing angles to fermion masses

As anticipated in the Introduction, for the ease of the reader we recall the two ingredients needed
to give rise to the mass-angle relations in eqgs. (1), (2), (4):

e An SU(2)y x U(1)s symmetry that acts as U(2) on the first two generations, one doublet
for any irreducible representation of the SM gauge group - ¢, [, u, d, e in standard notation,
all left-handed Weyl spinors - and the U(1) factor extended to act on the third generation
SU (2)-singlets with charges given in Table 1. These charges, which account for the relative
heaviness of the top among the third generation particle themselves, are normalised to the
U (1) ¢-charge of the first two generation doublets, transforming as 2y under SU(2) s xU(1).

e Two spurions, one doublet and one singlet under SU(2); x U(1);

Y= 2.1 = (Gfo\f) ; X = 1,= EIAfa (35)

where Ay is the UV scale of the flavour sector, i.e. the scale at which the spurions enter
as scalar fields into an effective SU(2); x U(1) s-invariant Lagrangian, and, without loss of
generality, we have taken > pointing in the first direction. The dimensionless parameter
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Table 1: U(1)s charges of the third generation fermions, which are SU(2); singlets. The first two
generations all transform as 2; under SU(2); x U(1)y.

e 1s of order of V,;, and ¢ is a factor of a few times smaller than e. Their determination is
not precise, since it depends on the unknown O(1) factors that are allowed to enter the
effective Lagrangian.

Egs. (1), (2), (4) arise from the most general Yukawa couplings YV (3, y; Af) consistent with
the SU(2); x U(1); symmetry and O(1) parameters®. From Ve = UL DE and suitable choices
of the quark phases, egs. (1) and (2) lead to the relations

—za1 /@
ms\/_
Sq Mg
V — ‘/; laz , 37
N (AR 37)

Sq M
Vi = —i(a1+a1) ( |Vcb| _ pilai—az) mq \/d_mb) 7 (38)

- [ ] (39)

Table 2 shows the predictions of U(2 models with ; = 0 [10, 11] compared with the current
experimental values, using the CKM mput from Ref. [38]. Clearly these data, in particular the
value of V;,/ Vi, favor U(2) models with §; # 0 [12-15]. Indeed all relations above are brought
to precise agreement with data, including the CP violating phase, for either ¢; = 0.91 + 0.03,
o =—-1.6%£0.2, as =1.54+0.1, or ¢y =0.66 £0.04, oy =2.6 £0.3, ap = 1.5 £0.1.

Vs = ’ , (36)

where

] = arg {

| Vs Via/ Vel | [Vas/Ves|
0.16 = 0.20 | 0.22(2) | 0.045(9)
0.2251(6) | 0.21(1) | 0.093(6)

Table 2: U(2) predictions for s;4 = 0 (second line) and current experimental values (third line). With
04 # 0 all these relations, in particular the one for V,;/V,, are brought to precise agreement with data.

Can one extend this flavour symmetry to the heavy fermions F' in a way consistent with eq. (7)
and such that the conditions (10) and (14) are automatically satisfied? We show that the answer
is positive, distinguishing the two cases considered in Sections 3.2.1 and 3.2.2, respectively called
Minimal Model and Extended Model.

“Refs. [13-15] consider the case with the U(1)¢-charges of I3 and e3 interchanged with respect to the ones in
Table 1, thus commuting with the SU(5) generators. While this choice leaves eqs. (1,2) unchanged, it would
suppress to O(e) the leptoquark interactions to the third generation fermions.




4.2 Minimal model

Under SU(2); x U(1)y we assume that the heavy Dirac fermions F' = @, L, U, D, E transform
as the charge conjugated of the corresponding f = ¢,l,u,d,e with the U(1); charges chosen
according to Table 1. Furthermore we require that the mixing terms between F' and f respect
the flavour symmetry with inclusion of the spurions ¥ and y, see eq. (35), as it is the case for
the Yukawa couplings of the fermions f themselves.

In full generality the mixing mass terms acquire the form:

Lonising (@, @) = m[Q3q3 + Q3(Za€as®) + (Qu€abXn)q3 + (Qu€abXp) (Xc€eada)

_ _ _ _ 40
+ (Quear®) X + Q3(Ziqa)x* + (QuXi)asx® + (QuZi) (X5 an) X ], (40)

and similarly for Loixing(L, 1), where in front of every term we leave understood an O(1) factor
and an appropriate inverse power of Ay;

Luixing (D, d) = m[Dsdsx* + D3(Saeapdy) X + (Da€apSo)dsX + (Da€apSp) (Ec€eada) (41)
+ (Daeabdb)X2 + D3(22da)><3 + (DaZZ)d3X3 + (DaEZ)(EZdb)X4] )
and similarly for Lyixing(E, €).
Upon use of eq. (35) one obtains these mixing terms in matrix form:
a“ 24 2 2
Lmixing(@a Q> = (Qh QQv C?3)an q 1, my = _6/2 62 € ) (42)
q3 ee? € 1

(again with O(1) factors left understood) and similarly for Lixing(L,!) with a matrix m,;. In
the same way

dl 626/4 6/2 66'3
(7 B B _ 12 2 /

£mixing(D, d) = (Dl, Dy, D3)md dy |, mg = | —€ € ee 1, (43)
ds e e €?

as for Lyixing(E,€) with a matrix m.. Note that, by gauge invariance, the heavy fermions in
L mixing are all only right-handed whereas in Liy, eq. (7), they are fully Dirac fields.

Following Section 2, of particular relevance are the diagonal forms of m,; and mg. in the
new bases

dt/e2 0 0 dt/e2 0 0
Mg =M 0 € 0], Mae =M 0 €€ 0 (44)
0 0 1 0 0 €2,

with O(1) factors, different for ¢, 1, d, e, left understood. As desired, this automatically implies
egs. (10) and (14) with, in particular, sy ~ O(€?). The form of m,; also shows that, in this
case, sy = O(e).

10



Q. Q3 U, Us D, Ds|%F
SU2pr 2 1 2 1 2 1|2
Ulpr -1 0 0 -1 0 -1]-1

Table 3: Transformation properties under SU(2)r x U(1)r of the heavy fermions, grouped in SU(4)
multiplets as in eq. (45).

4.3 Extended model: an existence proof

To reproduce the conditions of Fig. 2, we need s,0,2 = O(e) as well as s,; = O(1). To define the
flavour symmetry, let us first organise the heavy fermions F' into quartets of SU(4), as it has
been the case for the light fermions f:

(@) w2 e

with 7 = 1,2,3 a flavour index”. We then introduce a new SU(2)r x U(1)r which acts on
these multiplets, each split into doublets, i = a = 1,2, and singlets, i = 3, under SU(2)r. The
U(1)p-charges are indicated in Table 3, where we have also included a spurion 2. We take %
pointing in the first direction, without loss of generality, and with a vev of order Ap.

This choice of the U(1)g charges, admittedly ad hoc but possible, introduces mixing only in
the (@, q) and (L,[) sectors. Leaving O(1) factors and inverse powers of Ap understood, the
most general mixing mass term in this case is

Emixing(@: Q) = m[Q3Q3 + QS(EaGabe) + Q?)(EZQCL)XZ

_ _ _ 46
+ (Qaeabzlf)QB + (Qaeabzf)(zcﬁchd) + (Qaeab25>(zzqc)xz] 9 ( )

and similarly for Lyixing(L, ). In matrix notation, with

=F = (EFé\f ) , (47)

it 1s
/0 0 0\ [a
Emixing(@v Q) = (Ql) Q27 Q3) EFEGI €F€ GF q2 . (48)
T | g3
After diagonalisation, for €/ = O(1), one gets s,z ~ O(1), si2 =~ O(€), 8,1 = 0 and similarly for

s1i, and moreover sy >~ O(1).

5N is a Dirac fermion singlet which does not play any role in the following since we rely on the usual see-saw
mechanism for neutrino masses and the mixing of IV with the ”elementary” super-heavy Majorana vg leaves no
light state in the (Np, Ng,vr) sector.

11



5 Other flavour observables

Both in the Minimal and in the Extended Model, a relatively precise description of the leptoquark
couplings to the first two generations allows to predict a number of flavour-violating observables.
We briefly discuss some of them in the following, with results summarized in Tables 4 and 5.

5.1 Ky — ue
The effective Lagrangian relevant to Ky — p~ et is
L = (Cas57udr, + Cogdiyuse) (finyuer) + hc. (49)

from which the corresponding decay amplitude is (neglecting small CP violating effects)

A(KL = pmet) = Crspe < p= e |(507udr) (Bryper) | Ko >, (50)
where
1 —ip i
CKﬁ,ue = E(CdEG + Cscie ) ) (51)

and [ is the phase of V'V 4.
In the Minimal Model it is®
2

1 % « —q 1.0- 10_6 D23 TLe 2
CNye = — g (BEER) VIRDE DR e = = — |2 () Veawe,  (52)
In the Extended Model it is
1 (sps0) 5 51107 2
EM 2 512 L 1oL L L _—iB] ~ Yq Ye
Rt =~y (3252) (Bl ) VERAD D) = i (55) v 53
5.2 uN —eN
The effective Lagrangian relevant to p — e conversion is
L= Cyue(dpyupir)(@ryudy) + hec. (54)
where, in the Minimal Model,
1 . . 1.6-1077 | Dyg|* e\ 2
C}Y[—l\g = _M_lef (D?[;l E:sLQ)(EsLl D:fl) ~ M2, Vo <Z> cav/Ce (55)
and, in the Extended Model,
1 Sg2 Si2 2 8.0 - 1077 Yq Ye 2
CEM _ (2252 (pLipLy(plipLy & 02 7 <_q_> - 56
pu—e Mfff (ng 513) ( o1 Fa) (B 21) Mesz 33 Car/Ce (56)

5From eq. (1) one can see that D%, and similarly EX | receive two contributions. Here we assume for simplicity
the dominance of D15 Da3(E12Es3) over Di3(FE13), respectively. We also drop irrelevant signs in the following.

12



53 B —= K7pu
The effective Lagrangian relevant to BT — K7~ is

L = Coppr (bryum) (i yuse) + hee. (57)

where, in the Minimal Model,

1 " " 6.8-1073 Dos Te
O, = 3 (D ERNEE DY) ~ 2550 (72) (%) (58)
and, in the Extended Model,
1 Sq2 S12 1.5- 10_2 Yq Ye
o, =L (Ge) 150 ey 5
ST Mz <5q3 513) Mz 33 (59)
Similarly for BT — Ktr—put it is
£ = Cs%bﬂT(BLqu/LL)@_—L’YuSL) + h.c. (60)
where, in the Minimal Model,
1 % % 6.8 - 10_3 D23 Te
O, =~ (DK ERNEEDE) ~ *Sm— (72) (%) (61)
and, in the Extended Model,
EM 1 [ sy 2 s siz) _ 6.8-107% (s . Sql Yq
By, = o () (i) o 25 () (Zal) (62)
Meff Cql 5¢3 Si3 Meff Cql 2 Cql 2

5.4 T = uy

The 7 — pvy amplitude receives from the leptoquark exchange a one-loop contribution, which
depends on the leptoquark interactions with the light fermions, eq. (11), on its minimal gauge
invariant interactions with the hypercharge field and on the interaction

2
AL = —ig Shy VIV, B, (63)

In terms of the effective Lagrangian
L=Crpyem:(irouwr)F, +h.c. (64)
the coefficient C;_,,, in the Minimal Model can be written as

1 A 52-107* sz A% 3
MM Lx L e _

In a similar way in the Extended Model

1 A Sql S12 2.6 - 10_4 Sql Y
CEM 2aql ) T A 222 ) 66
T M2 3272 (cql 513 MZ Cql 2 (66)
In egs. (65), (66) we have considered only the exchange of light down-quarks in the loop, as the
exchange of their partners depends on unknown heavy masses, which can be comparable to My, .

13



9.9 L —ey

In terms of the effective Lagrangian
L=C\sevemy(eroupir)F,, +h.c. (67)

the coefficient C),_,., in the Minimal Model is

1 A 591070 /m.\2
Cot = 57, g PR ~ A () Ve (68)
eff eff

whereas in the Extended Model

1 A [(sa\ [s2) 15-107%  /suye)\’
O p— ) () plra =t g (2E .. 69
HTer s M2, 322 (cql) (Slg 21 M2 Cql 2 Vee (69)
5.6 AB, ;=2

The effective Lagrangian for AB = 2 transitions is generated by quadratically divergent loop
effects. In the AB, = 2 case

L= CABS:Q(ELfVubL)Q —+ h.c. (70)

where, in the Minimal Model,

1 A2 2 33-107°5 /TeV\2/ A \?/Dy\>
CMM_ - __ - = DL*DL ~ 71
ABs=2 M2, 1287r2( 5 Dss) M?Z, Mg 5 TeV Vo ) (1)

and, in the Extended Model,

cev LN (s (st 13107 (TN A N (s (72)
AR M 12872 \ ey sa)  MZ Mefy b TeV a2/

Similarly, in the AB; = 2 case

L = Cap,=2(dry,br)* + h.c. (73)

where, in the Minimal Model,

1 A? s 17-107% /TeV\* [/ A \° /D)’
ABg=2 M2 12872 (D31 D) M2, Mg 5 TeV V) (74)
and, in the Extended Model,
CEM 1 A% sy 2 Sq2 2 My 6.8-1076 /TeV > A2 Sal Y 2
p=———| = — Cq & L) ¢
ABa=2 M2 12872 \ ¢y Sq3) s d MZ Mg 5 TeV Cql 2 -
75

The current bounds on Cap, ,—2 [39] depend on their phases and are weakest for approximately
real Wilson coefficients, giving the bounds that we quote in Table 5.
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MZ.CMM M2.CFM TeV2C

Kp—pe | 1.0-1070 |22 i (%) \feate | 5.1-1076 (L2e)? Jege, [1.0-107°
pN —eN | 1.6-1077 Dz (=) ey | 801077 (B8 ey | 171070
BY o Kirtp | 68-107° (B2) (%) 15-1072 (k) [6.2-1072
B o Ktropt | 68107 () (%) 681078 (20 (2en) [7.9.10°2
Ty 5.2-1071A () 26-107A (%) |86-10"
- ey 5.9-10°A (2)* /&, | 1.5-107A <—§%>2 Ve | 111076

Table 4: Predictions for the coefficients in the relevant effective Lagrangians, as defined in the text,
compared with the current bounds in the last column.

(M /TeV?)(5 TeV/A)2CMM | M2 /TeV?)(5 TeV/A)2CEM | TeVZC
2 2
AB, = 2 3.3.107° (%) 1.3-10~4 (—l%) 92.2.10°5
cb Cql
2 2
ABy =2 17-10° (82) ¢ 6.8-10°° (%) ¢, |10-10°¢

Table 5: Predictions for the coefficients in the relevant effective Lagrangians, as defined in the text,
compared with the current bounds in the last column [39].

6 Summary and Outlook

The apparently emerging anomalies in the semi-leptonic decays of the B-mesons [4-9] have
triggered a great interest both in the theoretical as in the experimental community. This is
justified by the potential significance of these results and, even more importantly, by the foreseen
power of future data to prove, or disprove, the reality of these anomalies with great precision [19-
21]. To us a more specific reason comes from the involvement of third generation particles,
three out of four particles in the CC case. On one side this goes well with the relative isolation
of the third generation particles from the first two, both in the spectrum and in the CKM
angles, making the third generation particles special. On the other side this very feature allows
to conceive detectable deviations from the SM without conflicting with the extended body of
already existing data in the flavour sector. In both cases an approximate U(2)-symmetry may
come into play, that acts on the first two generations as doublets and the third generation
particles as singlets.

This point of view, also considering the still evolving character of the data on the anomalies,
has motivated us to consider models based on U(2) that can catch some features of the SM
parameters in the flavour sector and that, at the same time, may lead to violations of LFU in
b-decays at an observable level in foreseen experiments. To this end, at least as an example,

we attribute the violations of LFU to the exchange of a vector leptoquark, Vi, singlet under
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SU2) and carrying charge 2/3. We end up with two models based on specific charges under
U(2) of the standard fermions f and of the mediator heavy fermions F, which both give rise to
the predictions of the CKM angles described in Section 4.1.

The expected range for the observable violations of LFU in b-decays is shown in Figs. 1 and
2. Fig. 1 refers to the Minimal Model (MM), so called because of the simple transformation
properties under a single U(2)-symmetry of both the light and the heavy fermions. As such, the
MM only involves, other than the effective scale Mg, three O(1) parameters, Das/ Vi, Eas/ Vi
and tan .. The Extended Model (EM) involves several O(1)parameters, some of which are as-
sumed dominant when Fig. 2 is drawn. While the size of the expected anomalies are significantly
different in the two cases, based on existing forecasts we think that the ranges in the two figures
will be explored in foreseen experiments. Note in particular that in the MM the predicted values
of the anomalies, Fig. 1, are below the central values of the current data, eq. (30), which are,
however, still evolving. More specific conclusions drawn from these figures are:

e In the MM, Mt can be higher than the range shown (i.e. Meg < 1.5TeV, which is
expected to be fully explorable at LHC with 3 ab™" of integrated luminosity [30, 31]) only
at the price of making the violation of LFU in the CC case invisible.

e In the EM, M. can be higher than 1.5 TeV with violations of LFU still observable both
in the CC and NC cases with reasonable O(1) parameters.

A relatively precise description in both models of the first two generations makes it possible
to predict a number of flavour-violating observables in a restricted range. For some of these
observables, the corresponding ranges are summarised in Table 4 and compared with the bounds
from current experiments for the coefficients of the relevant effective operators. The O(1)
parameters occurring in these predictions, all shown in the Table, are normalised to their most
likely values, depending on the internal consistency of the picture in both models. The constraint
from . — ey appears particularly significant for the MM.

Needless to say that the UV completion of a vector leptoquark exchange is non-trivial [2, 16,
17, 23, 40-47] and, no doubt, will be required in case the anomalies will be confirmed at some
level. This will bring in a number of new effects as of low-energy relevant effective operators. At
the same time this will allow a fully meaningful treatment of matching and RG-running effects,
known to be potentially significant [48-50]. At this stage we have limited ourselves to show, with
a cutoff A, what is likely to be one of the most relevant, if not the most relevant, loop effect:
AB = 2 transitions with leptoquark exchanges. The corresponding results are summarised
in Table 5. The constraints appear severe for the EM, but one should not forget, other than
possible extra contributions occurring in a proper UV completion, the assumed dominance of
some parameters, as recalled above and in Section 3.2.2.
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