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After briefly reviewing the status of the B-physics anomalies, I describing the challenges of
building a scenario of physics beyond the Standard Model that can accommodate the observed
departures from lepton flavor universality, I then discuss a new model, based on extending
the Standard Model by two light [O(1 TeV)] scalar leptoquarks. That model, in addition to
satisfying a number of flavor physics constraints both at low and high energies, also allows for
a SU (5) unification.

1

Introduction

Over the past several years we witnessed a growing experimental evidence of the lepton flavor
universality violation (LFUV) in the decays of B-mesons. In particular, the measured ratios a
RD(∗) =
RK (∗) =

B(B → D(∗) τ ντ )
B(B → D(∗) lνl )

,
l∈e,µ

B 0 (B → K (∗) µµ)
,
B 0 (B → K (∗) ee)

(1)

appear to be different from the values predicted in the Standard Model (SM). While for the
exp
SM
SM tree-level decays b → c`ν̄` the observed ratios are larger than predicted (RD
(∗) > RD (∗) ) to
≈ 3σ level, similar ratios for the b → s`` decays, induced by quantum loops in the SM, turn
exp
SM
out to be smaller than predictions (RK
(∗) < RK (∗) ) to ≈ 2.5σ. These deviations, often referred
to as the B-physics anomalies, need further experimental verification and improvements that
are supposed to be ensured in the new runs at LHC, and especially at the B-factory at KEK,
exp
exp
SM
SM
Belle II. If RD
(∗) > RD (∗) and/or RK (∗) < RK (∗) remain true to at least 5 σ, that would constitute
a clear signal of physics beyond the SM. Building a model of new physics (NP) that can describe
both types of B-physics anomalies turns out to be a very challenging task. In this write-up we
will elaborate on a new model which – to date – offers arguably the most appealing solution to
the problem discussed above, cf. Ref. 1 .
1.1

Remarks on the SM uncertainties

The SM estimates of the above-mentioned LFUV ratios are rather robust even though a full
theoretical control over the hadronic uncertainties is still lacking. One of the reasons to prefer
working with ratios is that many hadronic uncertainties actually cancel. The residual errors,
arising mostly from the hadronic form factors, are however still significant and can be reduced
a

B and B0 stand for the full and partial branching fraction, respectively.

model-independently through numerical simulations of QCD on the lattice. With regards to that
statement, we first remark that the form factors f+,0 (q 2 ), relevant to the B → D`ν` decays, have
been computed on the lattice by two different lattice collaborations 2 in the region of q 2 ’s close
2
2
to qmax
= (mB − mD )2 . b Extrapolation to qmin
= m2` is highly constrained by the condition
that the two form factors are equal to each other at q 2 = 0, f+ (0) = f0 (0). The situation
is much less convenient in the case of B → D∗ `ν` for which the estimate of the form factors
2
away from qmax
= (mB − mD∗ )2 has been made only in the quenched approximation 3 . In such a
situation one has to make two assumptions: (i) The shape of the form factor A1 (q 2 ), which in the
heavy quark limit corresponds to the celebrated Isgur-Wise function, is truncated to a quadratic
function of w−1, where the relative velocity is related to q 2 via w = (m2B +m2D∗ −q 2 )/(2mB mD∗ ).
The unitarity bound on the decay amplitude can be used to model the shape of A1 (w) as to
eliminate one parameter, cf. Refs. 4 , so that only one parameter is needed to describe both the
linear and the quadratic dependence in (w − 1). (ii) The ratios between other form factors and
A1 (q 2 ) are also parametrized as quadratic functions of w − 1. Those shapes, in the SM, can be
extracted from the experimentally measured angular distribution of B → D∗ (→ Dπ)lνl decay
(l ∈ e, µ), which has been done in Refs. 5 . In other words, as of now, we need to assume that the
departure from lepton flavor universality in RD∗ is (almost) entirely due to B(B → D∗ τ ντ )exp >
B(B → D∗ τ ντ )SM . Notice also that the (pseudo-)scalar form factor A0 (q 2 ) has never been
computed on the lattice. Its value has only been deduced from considerations based on heavy
quark effective theory (HQET). For a recent discussion regarding the form factor values and
their shapes see Ref. 6 .
As for B → K (∗) l+ l− decays the corresponding form factors have not been computed on the
lattice for small q 2 ∈ (1, 6) GeV2 , i.e. in the region in which the ratios RK (∗) have been measured.
Instead, they have been computed for large q 2 -values and then extrapolated to the low q 2 ’s 7 .
Due to the fact that the form factors at low q 2 ’s are flat functions of q 2 , it is extremely important
to compute their values at q 2 ≈ 0. Small deviations from flat behavior can be computed in any
given model. A model which captures most features of QCD and allows to compute the form
factor values at low q 2 ’s is the so called QCD sum rules near the light cone (LCSR). The size
of systematic uncertainties of the results of LCSR is often subject of controversies. A common
practice is to use LCSR result and not question the robustness of the estimated uncertainties.
Finally, and before closing this set of remarks, we need to emphasize that an important
source of uncertainty come from the soft photon radiation, which in the case of RK (∗) is actually
the main source of theory error 8 . Early estimates of that source of uncertainties to RD(∗) have
been discussed in Ref. 9 .
1.2

B-physics anomalies in numbers

We close this section by quoting the experimental values:
RD = 0.41(5),
[1,6]
RK

= 0.74(9),

RD∗ = 0.30(2),
[1.1,6]
RK ∗

RJ/ψ = 0.71(25),

= 0.71(10),

[0.045,1.1]

RK ∗

= 0.68(9),

(2)

RD and RD∗ have been measured by several collaborations and the above results are the average
values 10 . The value of RJ/ψ has been taken from Ref. 11 . RK and RK ∗ , at this level of
precision, have only been measured by LHCb the results of which were reported in Refs. ?,13 ,
respectively. Notice also that the superscript in RK (∗) indicate the range of q 2 ’s over which the
partial branching fractions have been measured.
b

Hadronic matrix elements of the weak charged current is expressed in terms of two and four form
µ
µ
factors, depending on the spin of the final state, hD|c̄γL
b|Bi ∝ f+ (q 2 ), f0 (q 2 ), and hD∗ |c̄γL
b|Bi ∝
2
2
2
2
2
2
A1 (q ), A2 (q ), A0 (q ), V (q ). In the SM the scalar and pseudoscalar form factors, f0 (q ) and A0 (q ), are only
relevant if ` = τ .

The above values are to be compared with those predicted in the SM, namely,
RD = 0.30(1),
[1,6]

RK

= 1.00(1),

RD∗ = 0.26(1),
[1.1,6]

RK ∗

RJ/ψ = 0.23(1),
[0.045,1.1]

= 1.00(1),

RK ∗

= 0.66(3).

(3)

Hadronic uncertainties in RD have been tamed by lattice QCD in Ref. 2 . The value of RD? is
taken from Ref. 6 in which the previous estimate 14 has been updated. RJ/ψ was estimated by
combining the lattice QCD and QCD sum rules 15 . The SM values for RK (∗) were taken from
Ref. 8 .
The difference between the numbers shown in Eq. (2) and those in Eq. (3) is what is known
today as the B-physics anomalies. Other similar channels are nowadays being explored experimentally and we can soon expect the results for RDs , RΛ(∗) , Rφ and others 16 .
c

1.3

What New Physics Scenario for B-physics anomalies?

Clearly, LFUV cannot be accommodated in the SM and one has to look for a scenario beyond
the SM. Since this part is abundantly discussed in several talks at this conference, the reader
is referred to Refs. 17 . I would only mention that building a model to accommodate the above
anomalies is extremely challenging because of the numerous constraints arising (i) from the direct
searches in colliders (LHC, in particular), (ii) from the low-energy physics observables, and (iii)
from perturbative unitarity. Models that can accommodate the anomalies in the processes
governed by the flavor changing charged currents (b → c`ν̄` ) usually fail in describing the
anomalies observed in the processes governed by the flavor changing neutral currents (b → s`+ `− )
and vice versa. One class of models which seems to be appropriate for describing the LFUV
effects are those which involve one or more light leptoquark (LQ) state(s), where by light a mass
mLQ = O(1 TeV) is assumed. c It appears, however, that no model with a single light scalar LQ
can provide a solution to both kinds of B-physics anomalies. One way out is to build a scenario
with a light vector LQ, but the problem one encounters in those models is that a new theory
is not renormalizable and the UV-completion should be devised. Consequently a model with
light vector leptoquark(s) require more particles and parameters resulting in a not so elegant a
solution to the problem in hands. Since we want a model to be minimalistic (in terms of new
parameters), the most favorable situations in that respect are those in which we combine two
light scalar LQ’s.
1.4

New Viable Model

Our model at the TeV-scale – in flavor basis – can be described by
ij
e† + y ij Q̄C iτ2 (τk S k )Lj + h.c. ,
L ⊃ yR
Q̄i `Rj R2 + yLij ūRi Lj R
i
3
2

(4)

where besides the quark and lepton fields in usual notation we also introduced the so called R2
and S3 scalar LQ’s, which carry the SM quantum numbers R2 = (3, 2, 7/6) and S3 = (3̄, 3, 1/3),
referring to SU (3)c , SU (2)L and U (1)Y , respectively. y and yL,R are the matrices of Yukawa
couplings. Specifying their content means specifying the model. Before doing that, we first
rotate the above Lagrangian to the fermion mass eigenstate basis and get
† ij 0 0
L ⊃ (VCKM yR ER
) ūLi `Rj R2

(5/3)

(2/3)
† ij ¯0 0
+ (yR ER
) dLi `Rj R2

(2/3)

0
+ (UR yL UPMNS )ij ū0Ri νLj
R2

(5/3)

− (UR yL )ij ū0Ri `0Lj R2

√ ij 0C 0 (4/3)
(1/3)
0
− (y UPMNS )ij d¯0C
ν
S
−
2 y d¯Li `Lj S3
Li Lj 3
√
(−2/3)
(1/3)
∗
0
∗
0
+ 2(VCKM
y UPMNS )ij ū0C
− (VCKM
y)ij ū0C
+ h.c. ,
Li νLj S3
Li `Lj S3
c

(5)

The main reason for insisting on mLQ = O(1 TeV) is that its presence can be directly checked on at the LHC.

where we recognize the usual quark and lepton mixing matrices, VCKM and UPMNS . Note that
the superscripts of the LQ field correspond to their electric charge. Our (minimalistic) choice of
Yukawa matrices that can accommodate the B-physics anomalies is:






0 0 0
0 0
0
1
0
0
†
yR ER
= 0 0 0  , UR yL = 0 yLcµ yLcτ  , UR = 0 cos θ − sin θ ,
(6)
bτ
0 0
0
0 sin θ cos θ
0 0 yR
T and y = −y . The model thus involves six new parameters: m , m , y bτ ,
satisfying yR = yR
S3
L
R2
R
cµ
cτ
yL , yL , and θ. From the analysis of compatibility with various experimental data we find that
bτ is mostly imaginary.
θ ≈ π/2 and that yR

1.5

RK and RK ∗

A common way to describe the b → s`` decays is to devise a low energy effective theory with


4GF
Heff ⊃ − √ Vtb Vts∗ C9 (µ)O9 + C10 (µ)O10 + h.c. ,
2
2
e
e2
¯ µ `),
¯ µ γ 5 `),
O9 =
(s̄γµ PL b)(`γ
O10 =
(s̄γµ PL b)(`γ
(7)
2
(4π)
(4π)2
where we display only the contributions which are of interest to our considerations here. The
Wilson coefficients C9,10 are obtained by matching the effective and full theories in the SM. To
those one adds the contributions arising from our model (5) for which we obtain,
µµ
=
C9µµ = −C10

∗
ybµ ysµ
πv 2
.
Vtb Vts∗ αem m2S3

(8)

We see that the LFUV is assumed to arise from the NP couplings to muons and not to electrons
and only S3 can modify b → sµµ. This is consistent with observations based on the results
of global fits to many b → s`` observables, cf. Fig. 9 in Ref. 18 . After comparing theory with
experiment for B(Bs → µµ), RK and RK ∗ we get C9µµ ∈ (−0.85, −0.50), where in the theory
estimate of RK and RK ∗ we assume the validity of the values and uncertainties of the form
factors as estimated by means of LCSR 19 .
1.6

RD and RD∗

We proceed as before and build a low energy effective theory to describe b → c`ν` via,

4 GF
Leff ⊃ − √ Vcb (1 + gV )(ūL γµ dL )(`¯L γ µ νL ) + gS (µ) (ūR dL )(`¯R νL )
2

+ gT (µ) (ūR σµν dL )(`¯R σ µν νL ) + h.c.

(9)

After a quick inspection of Eq. (5) we can easily identify the NP couplings gV,S,T with

0
d` ∗
yLu` yR
gS (µ) = 4 gT (µ) = √
4 2 m2R2 GF Vud

,
µ=mR2

yd`0 (V y ∗ )u`
gV = − √
,
4 2 m2S3 GF Vud

(10)

with u ∈ {u, c}, d ∈ {s, b}, `(0) ∈ {µ, τ }. gV appears to be tiny and can be safely neglected, while
the LFUV comes mostly from a non-zero value of gS , which in turn arises from couplings to R2 .
A simultaneous fit with experimental data for RD and RD∗ suggests that gS should be complex,
cf. Fig. 1. In obtaining the plausible region of gS 6= 0 we added many more observables in the
global fit, such as ∆mBs , Γ(Z → ``), Γ(Z → νν), as well as the LEP bound on B(τ → µφ), and
the experimental values for Γ(K − → e− ν̄)/Γ(K − → µ− ν̄) and Γ(B → D(∗) µν̄)/Γ(B → D(∗) eν̄).

Figure 1 – Constraints from the low energy data on Re[gS ] and Im[gS ], fully compatible with RD and RD∗
which are also shown in the plot. In the right plot the same region of selected points is combined with projected
constraints arising from direct searches.

We would like to stress the importance of the experimental bound on B(τ → µφ) which helps
selecting the larger of the two plausible solutions, θ ≈ 0 and θ ≈ π/2.
Notice also that the electroweak corrections mix gS and gT as discussed in Ref. 20 . We took
that effect properly into account – in addition to QCD – while running between µ = mb ↔ µ =
mR2 . By setting e.g. Re[gS ] = 0, we obtain Im[gS ] = 0.59+0.13
−0.14 , to 1σ, which is attributed to
bτ . We checked that this NP phase does not entail any observable CP-violating effect. We also
yR
0
checked that our model is fully consistent with the measured D0 − D mixing parameters.
1.7

Perturbativity

In addition to
√ all of the above, we also require all of our non-zero Yukawa couplings to be
smaller than 4π. While this is clearly realized from our fits with low energy data, venturing to
a scenario of grand unification (GUT) might create problems for some Yukawa couplings which
can become far too large when running from Λ ∼ 1 TeV to ΛGUT ' 5 × 1015 GeV 21 .
bτ and y cµ because they
Furthermore, it is important to have small or moderate values of yR
L
could otherwise generate important modifications to the running of the third generation of the
SM fermions.
1.8

Constraints from direct searches at the LHC

As it was shown in Ref. 22 , important constraints on the Yukawa couplings can be inferred from
direct searches in colliders. Couplings to a light LQ can, for example, result in a significant
deviation of the tails of the pT distribution of σ(pp → ``). Since in our model the Yukawa
couplings are small, the current data do not provide constraints competitive with those we
discussed before. However, after projecting to 100 fb−1 from the tails of pp → τ τ one can
extract efficient bounds on Yukawa couplings, which in our case (θ ≈ π/2) are important for R2
and only marginal for S3 . We checked that the pp → µµ data are not very useful to constrain our
model. Instead, the experimental bounds on the LQ pair productions can bring very significant
constraints, especially if focusing onto the final states tt̄τ τ̄ , bb̄τ τ̄ , cc̄ν ν̄. Relevant constraints are
shown in Fig. 2 (left plot) where we also show the perturbativity bound, as well as the bounds
from the low energy flavor observables.

m R2 = 0.9 TeV, m S3 = 2TeV, θ ≈ π /2

LHC 13 TeV

LHC 13 TeV, 100 fb - 1

mR 2 = 0.8 TeV, mS3= 2 TeV, θ ≃ π / 2

ttττ

pp → τ τ
ττ

bb

ττ

bb

ttττ

ybτ
R

yRbτ

b b, c c → τ τ

ccν ν
ccνν
yLcτ

ycτ
L

Figure 2 – In the left (right) plot we show the constraints on the Yukawa couplings coming from the direct searches
using the data projected to 100 fb−1 and by fixing mR2 to 800 (900) GeV. In the left plot we also show the curve
corresponding to the perturbative unitarity, as well as the “ellipse-like” shape which comes from the fit with low
energy flavor data to 1 σ.

1.9

Predictions

We end this Section by spelling out several predictions of our model. As discussed in our previous
papers, the possibility of lepton flavor violation (LFV) is very appealing since these decay modes
are likely to be studied at LHCb and at Belle II. We notice an important correlation with
(∗)
Rνν = B(B → K (∗) νν)/B(B → K (∗) νν)SM which has been recently bounded experimentally 23 ,
so that we get both the upper and lower bound on the LFV modes, cf. Fig. 3, i.e.
1.1 × 10−7 . B(B → Kµτ ) . 6.5 × 10−7 ,

(11)

however, two orders of magnitude smaller than the current experimental bound. Note that the
other similar LFV modes are related to the above one via B(B → K ∗ µτ ) ≈ 1.9 × B(B → Kµτ ),
and B(Bs → µτ ) ≈ 0.9 × B(B → Kµτ ), see Ref. 24 . We also get interesting lower (1 σ) bounds
B(B → K ∗ µτ ) & 1.5 × 10−8 , and B(B → K ∗ νν) & 1.3 × B(B → K (∗) νν.
We should also note that B(Bc → τ ν̄τ )/B(Bc → τ ν̄τ )SM gets enhanced by a factor between
5 and 11, within bounds discussed in Ref. 25 .
1.10

SU (5) embedding: GUT – The Gravy

One might wonder about our motivation for choosing the Yukawa matrices as in Eq. (6), where
T and y = −y . That choice was actually driven by the possibility of
we also required yR = yR
L
embedding our model in a plausible SU (5) GUT scenario. We should note that in SU (5) the
SM matter fields are in 5 and 10 multiplets, while the scalar leptoquarks live in R2 ∈ 45, 50
and S3 ∈ 45. In order to comply with the bounds on the proton lifetime, the contractions
z · 10i 10j 45 are constrained to extremely small values (z  1), which we can safely set to zero
(z = 0) 26 . Other available operators are
10i 5j 45 :
10i 10j 50 :

y2RLij uiR R2a εab Lj,b
L ,
y2LRij eiR R2a ∗ Qj,a
L ,

i,a

LL
y3ij
Qc L εab (τ k S3k )bc Lj,c
L ,

(12)

where i, j are the generation indices. While breaking SU (5) down to SM, the two R2 mix in
such a way that one can be light and the other one very heavy. In that way we remain with two
light LQ’s, one being R2 and the other S3 . This explain our motivation for Eqs. (5) and (6).

B(Bc→τν)/B(Bc→τν)SM

20

15

10

5

θ = 90°
0
0.0

0.2

0.4
0.6
τ
|gS |=|gPτ|

0.8

1.0

Figure 3 – Predictions based on the model proposed here: Left panel shows the correlation between B(B → Kµτ )
and Rνν which allows one to deduce the upper and lower bound on B(B → Kµτ ), as discussed in the text. Right
panel shows the enhancement of B(Bc → τ ν̄τ ) with respect to its SM value (red and orange regions correspond
to 1 and 2 σ constraint, respectively).

2

Conclusion
• Currently there is a considerable effort to build a viable NP model that would accommodate
the B-physics anomalies, but remains consistent with all other measured flavor observables.
That task is highly nontrivial as we are in the era in which the model building efforts are
data driven.
• We propose a minimalistic model which involves two scalar leptoquarks of mass O(1 TeV)
and which complies with all of the available low energy flavor physics constraints. A peculiarity is that one of the Yukawa couplings is complex. The corresponding NP phase
does not result in any visible CP-violating effects. Furthermore, regarding the NP contribution to b → cτ ν modes, our model is not of the “V-A”-type. Instead in generates
terms proportional to (pseudo-)scalar and to tensor operators in a peculiar combination,
cf. Eq. (10).
• The high-pT tail of pp → `` can be sensitive to the presence of light LQ’s. Together with
the bounds concerning the leptoquark pair production, we show that our model is expected
to stay consistent with direct searches after projecting to 100 fb−1 of data. Since such data
are becoming increasingly important, it is essential to correctly estimate the experimental
background before promoting the experimental bounds to the stringent constraints on the
Yukawa couplings.
• We also show that the model we build is inspired by the SU (5) unification. By relying
on the 1-loop running, we checked that our Yukawa couplings satisfy the perturbativity at
every stage of the construction and the unification can be achieved at ΛGUT ' 5×1015 GeV.
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