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The observed anomalies in semileptonic B-meson decays represent the
most significant deviation from the SM observed to date in particle physics.
In this paper, I discuss how these can be consistently combined in a co-
herent and simple EFT setup. The complete set of heavy states which
can generate the required operators when integrated out is then presented:
colourless vectors, vector leptoquarks and scalar leptoquarks. Among these,
the leptoquarks offer the most compelling case and their most interesting
signatures in high-pr searches are explored.
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1. Introduction

The largest set of deviations from the Standard Model (SM) observed
in the last few years in particle physics experiments are the numerous hints
of Lepton Flavour Universality (LFU) violations observed in semi-leptonic
B decays. The first class of deviations has been observed in charged-current
b — c7~ v transitions via the R(D) and R(D*) observables [2-5|. The de-
viation from the tree-level SM contribution is at the level of ~ 20% with a
combined significance of ~ 4¢. The second class of anomalies occurs instead
in flavour-changing neutral-current transitions b — s¢*¢~ [6-9]. Also, in this
case, all the observed deviations can be consistently combined, the deviation
from the loop-suppressed SM contribution is ~ 10% at the amplitude level
and the global significance is above the 40 level [10, 11].

These deviations from the SM have triggered a series of theoretical spec-
ulations about the possible new physics (NP) interpretations. Attempts to
provide a combined/coherent explanation for both charged- and neutral-
current anomalies have been presented in Refs. |1, 12-35]. One of the puz-
zling aspects of the present anomalies is that they have been observed only
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in semi-leptonic B decays and the size of the effect is quite large compared
to the corresponding SM amplitude. On the other hand, no deviation from
the SM has been seen so far in the precise (per-mil) tests of LFU in elec-
troweak precision tests, 7 decays and semi-leptonic K and 7 decays. A
possible solution to this issue is to assume that the NP mainly couples to
third generation fermions of quarks and leptons, with a smaller mixing with
light generations [14, 26, 36]. This feature can be naturally explained for
example by introducing a SU(2), x SU(2), flavour symmetry [37, 38]. In
this case, the scale of the mediators responsible for the observed deviations
should be close to the ~ 1 TeV scale. This creates possible challenges to
be consistent with the absence of NP signals from high-pr data from the
LHC [39] and other low-energy precision observables such as electroweak
precision measurements [40, 41] and Bs and By meson—antimeson mixing.

In this proceedings, based on Ref. [1], I present a combined Effective
Field Theory (EFT) analysis of the observed deviations from the SM as well
as all the other available constraints from low-energy physics and electroweak
precision tests. The required set of operators can be generated by integrating
out at the tree-level some heavy states. I present the complete list of such
particles via a simplified model approach, allowing to connect low-energy
data with high-pt observables.

2. Semi-leptonic effective operators

In this section, we study the phenomenology of the semileptonic effective
operators at the electroweak scale employing the formalism of the SM EFT.
For both charged- and neutral-current anomalies, semileptonic operators
involving only left-handed fermions offer the best fit. For this reason, we
focus on the two possible such operators, with a flavour structure determined
by the U(2), x U(2), flavour symmetry, minimally broken by two spurions
Vy~(2,1) and V; ~ (1,2) [37, 38].

2.1. The effective Lagrangian
We consider the following effective Lagrangian at the NP scale A

Leg = Lsm — ;12)\%)\5;5
x| Or (@i @] ) (Lin"o1f ) +Cs (Qim@] ) (L Ly) | . ()

where v &~ 246 GeV. For simplicity, the definition of the EFT cut-off scale
and the normalisation of the two operators is reabsorbed in the flavour-
blind adimensional coefficients Cs and Ct. We adopt as reference flavour
basis the down-type quark and charged-lepton mass eigenstate basis, where
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Qi = (Vﬁui,di)T and L® = (12, £¢)T. The flavour structure in Eq. (1) is
contained in the Hermitian matrices )\gj, )\fx 3 and follows from the assumed

U(2)q x U(2), flavour symmetry and its breaking [1]

<1, M =0 (()\ﬁ#>2> .

(2)

Agb:)‘f—rz L, )‘gb:O(H/d?Dv
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2.2. Fit of the semi-leptonic operators

To quantify how well the proposed framework can accommodate the
observed anomalies, we perform a fit to low-energy data with four free pa-
rameters: C, Cg, )\gb, and )\fm, while for simplicity we set )\fu =0"'. The
set of experimental measurements entering the fit, together with their func-
tional dependence on the fit parameters, is discussed in length in Ref. [1]

and summarised in Table I.
TABLE I

Observables entering in the fit, together with the associated experimental bounds
(assuming the uncertainties follow the Gaussian distribution) and their linearised
expressions in terms of the EFT parameters.

Observable | Experimental bound Linearised expression
R 1.23740.053 14207 (1= A, Vi /ViE) (1= X, /2)
ACH = —ACTy | 0612012 [42] | —5Fgm AL As (O + Cs)
Ry —1 0.0040.02 207(1 = ALV [V,
Brevs 0.0+2.6 1+ %W(CT—CS))\& (1+%,)
5gTZL —0.000240.0006 0.033Ct — 0.043CY
5ng —0.004040.0021 —0.033CT — 0.043C5
97 /g | 1.000974£0.00098 |1 — 0.084C
B(r — 3u) (0.0£0.6) x 108 | 2.5 x 107*(Cs — C)2 (AL,)°

We minimise the total x? function to find the best-fit point and the
corresponding confidence level intervals. The results are presented as 2D
plots after marginalising over the other two parameters in figure 1. The
main observations can be summarised as follows:

— The radiative constraints from electroweak precision tests and 7 decays
favour sizeable values of X!, /Vi ~ —\?, /V;,, which allow to lower the

L We explicitly verified that a non-zero Aru has no impact on the fit results.
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Fig.1. (Colour on-line) Fit to the semi-leptonic and purely leptonic (radiatively
generated) observables in Table I, in the framework of the triplet and singlet
V—A operators (see Eq. (1)), imposing |[A]] < 5|V|. In dark grey/green, light
grey/yellow, and grey, we show the Ax? < 2.3 (10), 6.2 (20), and 11.8 (30) re-
gions, respectively, after marginalising over all other parameters. In the top right
plot, we fix C'r = Cs and perform a fit with and without the radiatively induced ob-
servables. In the bottom right plot, we show the 1o prediction for ACY = —ACY,
(following from R“Ke(*)) and Rg(*). The black/red cross denotes the 1o experimental
constraint.

value of Ct g (i.e. to increase the scale of NP) keeping fixed the con-
tribution to REE(*) (see the top right panel of Fig. 1). Having a large
NP scale also helps when confronting the simplified models with the

high-p searches.

— In this large mizing region, a too large effect in B(B — K*vv) is
alleviated by requiring Ct ~ Cg. The degree to which this relation
should be satisfied can be seen in the top left panel of Fig. 1 and is at
the 30% level. This also eases the bound from Z77 couplings.
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— The measured value of ACY = —ACY, together with the size of Y,
and Ct g from the points above, requires a value of )‘fm ~ —0(1072),
i.e. Ary ~ O(0.1). This value of A, is also consistent with limits from
LFV in 7 decays.

— The best-fit region is consistent with both R“Ke(*) and RTZ(*) anomalies.
In the bottom right panel of Fig. 1, we show the values of the two
observables for a randomly chosen set of points within the 1o preferred
region (Ax? < 2.3). Larger values of |A%] help to improve the fit to

L4
RD(*).

The smoking gun of the preferred solution of the EFT fit is a huge
enhancement of b — s77 transitions between two and three orders of mag-
nitude with respect to the SM. The size of the enhancement is correlated
with the maximal allowed value of Apg.

3. Simplified models

In this section, we study three specific (simplified) UV scenarios with
explicit mediators. We take the simplifying assumption that only one or two
of these mediators are present and with the couplings required to generate
the singlet and triplet operators. It should be kept in mind that in more
complete theories a more complex scenario might arise, where also other
states and/or other coupling structures might be present.

The complete set of single-mediator models with tree-level matching to
the effective operators in Eq. (1) consists of [43]:

Field | Spin | SU(3). | SU2)L | U(1)y
B, | 1 1 1 0
w1 1 3 0
vl | 1 3 1 2/3 (3)
Uy 1 3 3 2/3
Sy |0 3 1 1/3
Sy |0 3 3 1/3

The first two are colourless vectors, while all the others are leptoquark (LQ)
fields, i.e. they couple to currents made of one quark and one lepton. In
figure 2, we show the correlation between triplet and singlet operators pre-
dicted in all single-mediator models, compared to the regions favoured by
the EFT fit. Note that for the LQ, only one sign of the coefficients is allowed
since it is proportional to the modulus squared of the relevant coupling, as
is shown in detail below.
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Fig.2. (Colour on-line) The lines show the correlations among triplet and sin-
glet operators in single-mediator models. Colourless vectors are shown in green,
coloured scalar in blue, while coloured vectors in red. Electroweak singlet mediators
are shown with the solid lines, while triplets with dashed.

3.1. Scenario I: Vector leptoquark

The plot in figure 2 clearly singles out the case of a SU(2)y,-singlet vector
LQ, Ul' = (3,1,2/3) as the best single-mediator case. This UV realisation
was originally proposed in [18]. Its interaction to the left-handed quarks and
leptons is described by the Lagrangian

Ly D guia (QiV"La) Uy + hec. (4)

Here, B;q describe the flavour structure of the couplings, which can be related
to the one introduced in Eq. (2)

5b7‘ =1 ) /857' ~ )\bs ) 6b,u ~ )\Tuy /Bsu ~ )\bs)\Tu . (5)

After integrating out the leptoquark field, the tree-level matching condition
for the EFT is

Lot > —5Cuiabs
< | (Qio @) (Efotrs) + (Quw@l) (EvLe)] . ©)

where Cyy = v2|gy|?/(2ME) > 0. Note that in this case, the singlet and
triplet operators have the same flavour structure and, importantly, the re-
lation Cg = Ct is automatically fulfilled at the tree-level. Furthermore,
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as already stressed, the flavour-blind contraction involving light fermions
(flavour doublets) is automatically forbidden by the U(2), x U(2); sym-
metry. Last but not least, this LQ representation does not allow baryon
number violating operators of dimension four. The best fit points described
in Section 2.2 can be recovered without any tuning of the model parameters.
Another welcome feature of the vector leptoquark is the absence of a
tree-level contribution to By meson—antimeson mixing. However, a con-
tribution is generated at the one-loop level. The result of the loop is quadrat-
ically divergent and, therefore, strongly dependent on the UV completion.
Furthermore, in most models providing a UV-completion of the vector lep-
toquark, neutral vectors are present which, in turn, can mediate AF = 2
processes at the tree level, which require a tuning or a deviation from the
pure U(2), expectations of the model’s parameters [25, 31, 32, 34, 35].

3.2. Scenario II: Scalar leptoquarks

From figure 2, one concludes that a single scalar leptoquark cannot re-
produce the result of the EFT fit. However, by introducing both scalar
leptoquarks S; = (3,1,1/3) and S3 = (3,3,1/3), this becomes easily possi-
ble. This might also be naturally justified in more UV complete descriptions
if both representations arise as partners, with the same underlying mecha-
nism. The relevant interaction Lagrangian is given by [43]

LD 91810 (Qf'eLf) St + g3Bs,ia (Qf'ea®L{) S§ + h.c. (7)

where € = io?, Qf = CQ{, and S§ are the components of the S3 leptoquark
in SU(2)y, space. Contrary to the vector LQ case, baryon number conser-
vation is not automatically absent in the renormalisable operators built in
terms of S7 3 and must be imposed as an additional symmetry of the theory.

Integrating out the leptoquark states at tree-level and matching to the
effective theory, we find the following semi-leptonic operators:

1
Leg D —

02
1
02

(C1B1LisBY jo — C3B3,i855 ja) (Qi%f’aQi) (ﬁVﬂJ&Lﬁ)
(—=C1B1,i857 jo — 3C383,i853 ju) (QiL’VuQi> (E%V“Lf,) ; (8)

where C1 3 = v*[g13[*/(4M3, ,) > 0. Enforcing a minimally broken U(2)q x
U(2), flavour symmetry, the two mixing matrices (1 ;o and 33 ;o follow a very
similar structure as the vector LQ case, Eq. (5). These two flavour matrices
are, in general, different. However, for the sake of simplicity, in the fit we fix
B3,su = B1,sp and B1p, = B34, keeping only the two s—7 elements different
(since this is also required for the fit to work). The leading contributions to
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the flavour observables in Table I are

RD/(Z*) ~ 1+ 2(01 - 03) + 2(0151,37 - CSﬁS,s*r)@ ;
4
ACy = ~ACig = ——CsBafi
Cy Cho ViV C3BsuBpu
e Ves
RZL)LLC ~ 1+ 2(01 - 03)61);1, <Bb'u, + 65#‘/b> 5
By, —1 (Clﬁl,m— + 0363,57) s (9)

see Ref. [1| for more detailed expressions. As for the vector LQ case, also
with the two scalars it is possible to completely recover the EFT fit solution
without any tuning [1]

Cl ~ C3 5 10727 /61,87' ~ _/63,87' ~ (few) X |‘/ts| > 0,
B3y ~ 0.1, B1(3),s1 = B1(3),puB1,57 - (10)

The greatest virtue of this scenario is the natural absence of significant
constraints from AF' = 2 processes due to the smallness of the corresponding
(finite) loop amplitudes.

3.3. Scenario III: Colourless vectors

The last simplified model we consider includes the pair of heavy colour-
less vectors, W/ and B/, coupled respectively to the SM fermion triplet and
singlet currents (see |1, 14] for the details). By integrating out these vector
fields, one generates at the tree-level the triplet and singlet semileptonic op-
erators of the EFT fit described above, but also four-quark and four-lepton
operators. While the observables described in Section 2 can be easily repro-
duced, inserting the required parameters, one gets contributions to AB = 2
and AC = 2 amplitudes larger than the experimental limits by a factor of
~ 500 and ~ 20, respectively [1]. When taken at face value, these observ-
ables exclude this scenario as a viable explanation of the flavour anomalies.

An alternative way in which the model could survive is to abandon the
large mixing region selected by the EFT fit and move to the small \?, region,
where A, = O(1071) x |V3|. The most serious problem of this scenario, al-
ready encountered in Ref. [14], is the fact that the required large values of
€¢,q imply a low mass scale and large coupling of the neutral triplet vec-
tor resonance to br,br, and 71,71,. Therefore, the very stringent limits from
high-pr di-tau searches apply [39] and can be avoided only if the resonances
have a very large width [14, 39].
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4. Direct searches of leptoquarks

The vector and scalar LQ can be pair produced at the LHC via their
QCD interactions. The vector LQ Ul" is expected to decay to to; and br™
final states democratically, while the scalars decay to: (5’?:4/ S br ),
(S1, S3Q:1/3 — tr+,bu,), and (552_2/3 — to,).

Presently, pair production offers the most stringent limits. A CMS search
at 13 TeV with 12.9 fb~! [44] implies My > 1.0 TeV or Mg, > 855GeV,
while the CMS recast of SUSY stop searches [45] implies Mg, > 1020 GeV
(via the tv channel). For masses larger than approximately 1.4 TeV, the
single production channel becomes more sensitive [1, 46]. Another relevant
collider signature is the production of tau-lepton pairs at high energies (pp —
77 + X)) due to the t-channel (tree-level) leptoquark exchange [39]. Collider
signatures involving muons in the final state [47] can be relevant in the future
for large values of the (3, parameter

The compilation of the leading collider bounds, as well as the correspond-
ing projections for 300 fb~!, is shown in figure 3 for the vector LQ case. The
preferred range of Cyy from the flavour fit is translated to the green (1o) and

yellow (20) bands.
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Fig. 3. (Colour on-line) Present and future-projected LHC constraints on the vector
leptoquark model of Section 3.1. The 1o and 20 preferred regions from the low-
energy fit are shown in green and yellow, respectively.

5. Conclusions

In this paper, based on Ref. [1], we presented an attempt to provide a co-
herent BSM interpretation of the B-physics anomalies which appeared in the
last few years. By studying the problem at the EFT level, we showed that
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a coherent solution can be found also while keeping into account the strong
indirect constraints from electroweak precision tests and lepton flavour uni-
versality in 7 decays. The solution points towards NP coupled mainly to
third generation fermions, with a sizable 3-2 mixing in the quark sector,
and an overall new physics scale of 1-2 TeV (with couplings of O(1)).

Going beyond the EFT approach, we introduced the complete set of tree-
level mediators which can generate the required singlet and triplet semilep-
tonic operators: colourless vectors (triplet and singlets), vector leptoquarks
and scalar leptoquarks. While the colourless vectors are excluded by a too
large tree-level contribution to AF = 2 processes, the leptoquarks are very
good candidates to explain the observed anomalies.

Among these, the vector LQ U} is particuarly interesting since it allows
to fit all the observed deviations with one single mediators and very few
parameters. Instead, both scalar leptoquarks S7 and S3 are required to
perform the same goal. On the other hand, the latter solution could offer an
easier way to avoid the strong AF = 2 constraints once a full UV completion
is introduced, since vector LQ are usually accompanied by colourless singlets
which mediate it at the tree-level.

Presently, these third generation LQs are searched for at the LHC mainly
via pair production, and the present limits are near the ~ 1 TeV scale, or
in the 77 final state where they contribute in the ¢-channel. While it is not
assured that they will ever be seen at the LHC, in particular if their mass
will be large, it is extremely important to continue these LQ searches.

The data that will be collected and analysed by the LHCb and Belle 11
experiments in the next few years will give us a final answer on the nature
of the B-physics anomalies. If they are confirmed as genuine new physics
effects, a revolution of our understanding of physics at the TeV scale will
take place, possibly with important implications also in our understanding
of the SM flavour puzzle. The connection with UV models explored here
will be crucial to test this NP in the high-energy frontier.

I thank the organisers of the Epiphany Conference for the very interesting
conference and the pleasant stay in Krakow. I am also extremely grateful
to D. Buttazzo, A. Greljo and G. Isidori for the collaboration for the work
presented here.
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