B-ANOMALIES: A MODEL BUILDER’S GUIDE
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I present a few model building lessons for high-pr searches at the LHC when addressing
recently reported hints on lepton flavour universality violation in semi-tauonic and rare B-
meson decays.

1 Introduction

An increasing set of experimental measurements in semi-leptonic B-meson decays contradicts the
SM predictions. Despite the fact that a compelling evidence for new physics (NP) is still missing,
the case for it looks very encouraging as the coherent picture of deviations seems to be solidifying.
B-anomalies consistently point towards a violation of lepton flavour universality (LFU) and are
grouped into two different categories: (i) deviations from 7/¢ (where ¢ = e, u) universality in
semi-tauonic decays as defined by R(D®*)) observables (b — cfv charged currents) 23 and (ii)
deviations from p/e universality in rare decays as defined by R(K®*)) observables (b — st/
neutral currents) ®. Additional indication of consistent deviations in rare b — spu transitions
has been observed in the measurements of angular distributions of B — K*ut = %7, The overall
statistical significance of the discrepancies in the clean LFU observables alone is at the level of
4 ¢ for both charged and neutral current processes 9101112

While new experimental developments in B-decays are slowly approaching, it is important
to provide consistent NP models to address present B-anomalies and predict smoking gun sig-
natures in other (ongoing) searches, in particular, at the high-py frontier. Indeed, anomalies in
B-meson decays point to a new mass scale potentially interesting for the ATLAS and CMS ex-
periments. More precisely, the charged current anomaly (b — c7v) implies the effective scale of
O(1TeV), while the neutral current anomaly (b — spu) implies the effective scale of O(30 TeV).
The effective scale corresponds roughly to the mediator mass for O(1) couplings when the effect
is tree-level generated. However, some explicit models exhibit parametric suppression (e.g. from
flavour), or dynamical suppression (e.g. loop-generated), lowering the new mass scale towards
the interesting range for the LHC. For example, a coherent picture of neutral and charged cur-
rent B-anomalies is emerging when invoking i) a new (tree-level) dynamics at the TeV scale in
(mainly) left-handed semi-leptonic currents such as (Qv*o®Q)(Lv,0°L), and i) a flavour sym-
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Figure 1 — LHC limits on the W' model for R(D(*)) anomaly from pp — 7777, The plot is taken from the ref. .

metry implying dominant couplings are to the third family while the couplings to light families
follow in a controlled way from the symmetry breaking spurions 6. All tree-level models have
either colour-neutral vectors (W’ and Z’) or colour-triplet scalar or vector leptoquarks (LQs),
or combination of those.

The main purpose of this talk is to connect B-anomalies and high-pr searches at the LHC.
In the following, I will discuss a few model building lessons from refs. 13:14:15,16,17,18,19,20,21

2 Semi-Tauonic B-decays and Di-Tau at high-pp

The simplest way to generate the effective semi-leptonic triplet operator (Qv*o%Q)(Lv,0®L)
at low-energies, and hence address the B-anomalies coherently, is to integrate at tree-level a
massive colour-neutral real SU(2)y, triplet vector 2. Let us take W' ~ (W'*, Z’) coupled to the
SM quarks and leptons as

Ly D (/\fgj@fy“a“@j + )\fjfjify“g“Lj) wlar (1)

We assume )\3]@

~ gb(T)(Sig(Sjg, such that the largest effects are in B-mesons and tau leptons,
consistent with U(2) flavour symmetry. Departures from this limit are constrained by low energy
flavour data, including neutral meson mixing, rare B decays, LFU and LFV in 7 decays and
neutrino physics, a detail analysis of which has been performed in refs. 1316,

An important constraint on the model is obtained from pp — 777~ search where a corre-
sponding Z' is produced from the bottom fusion and decayed to a pair of tau leptons 4. The
resulting 95% CL upper limits on the |gyg;| x v2/M2, as a function of the Z’ mass and total Z’
decay width, after recasting ATLAS 13 TeV 777~ analysis with 3.2 fb~! are shown in Fig. 1
with red isolines. These exclusions are to be compared with the preferred value from the fit to
the R(D™) anomaly, |gyg-| x v2/M2, = (0.13 & 0.03), indicated in green (1o) and yellow (20)
shaded regions in the plot. Note that these results do not depend on the specific assumptions
about extra Z’ decay channels. The main conclusion here is that the explanation of the R(D(*))
anomaly can only be reconciled with the existing LHC 777~ searches for a relatively wide reso-
nance where the model’s parameter space is approaching the strongly coupled regime such that
perturbative calculations start to fail.
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Figure 2 — LHC limits on the MFV Z’ model for R(K(*>) from pp — p . The plot is taken from the ref. ®.

To circumvent this problem, in ref. 2%, we considered the case in which the R(D™*)) anomaly
is generated by the b — ¢ Np transition mediated instead by an SU(2)y, singlet W', where Ng
is a light right-handed neutrino. This is in contrast to the triplet model of ref.3, which requires
the W'* to be nearly degenerate with the corresponding Z’, and the flavour structures of W'+
and Z’ couplings to be related through the CKM mixing matrix. These requirements are lifted
in the singlet model such that the stringent 777~ limits are satisfied.

3 Rare B-decays and High-pr dilepton tails

Recent hints on lepton flavour universality violation in b — sup transitions suggest new physics
in pp — uTp~ process at the LHC. Even if the new mass scale is well beyond the kinematical
reach for on-shell production, the signal in the high-pr dilepton tail might still be observed as
first noted in ref. 15. -

To illustrate this point, we assume a Z’ vector boson model, £ D gg)’” (Qi’y“Qj)ZL +

gg)’kl(ik'y“Ll)Z/’u with g(Ql)’ii = gg),m = g* where ¢ = 1,2,3 and MFV structure in the quark
sector gg )23 _ Visg*, as dictated by the neutral meson oscillation constraints. We derive limits

on g* as a function of the mass My, fitting the dimuon invariant mass spectrum from the
ATLAS putp~ search at 13 TeV with 36.1 fb~! of data. (The Z’ decay width is determined by
decays into the SM fermions, I'z: /M =~ 592 /(67).)

The results are shown in Fig. 2. The limits in the full model are shown with solid-blue
while those in the EFT are shown with dashed-blue. We see that for a mass Mz > 5 TeV,
the EFT limit works quite well. On top of this, we show with green band the best fit and 2o
interval which reproduces the b — suu flavour anomalies, showing how LHC dimuon searches
already exclude such a scenario independently of the Z’ mass. The red solid line indicates the
naive bound obtained when interpreting the limits on the narrow-width resonance production,
o(pp = Z') x B(Z' — p 7).

4 Consistency of the low-pr data and single mediator models

The consistency of the B-anomalies with other low-pr data, such as (other) rare B decays, LFU
and LFV in 7 decays and Z-boson decays, has been investigated in ref. 6 starting with the
left-handed semi-leptonic operators within the SM EFT. The complete set of single-mediator
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Figure 3 — Coherent picture of B-anomalies and single-mediator models. The plot is taken from the ref. 1.

models with tree-level matching to the vector triplet and/or singlet V' — A semi-leptonic oper-
ators consists of: colour-singlet vectors BL ~ (1,1,0) and W/; ~ (1,3,0), colour-triplet scalars
Sy ~ (3,1,1/3) and S3 ~ (3,3,1/3), and vectors U} ~ (3,1,2/3) and U§ ~ (3,3,2/3) 2L
(The quantum numbers in brackets indicate colour, weak, and hypercharge representations,
respectively.)

In Fig. 3 we show the correlation between triplet and singlet operators predicted in all single-
mediator models, compared to the regions favoured by the EFT fit from ref. 16, A remarkably
simple explanation of all the low-energy data is obtained by supplementing the SM with a single
field — vector leptoquark representation U}" ~ (3,1,2/3). Importantly, leptoquarks induce semi-
leptonic transitions at tree level, while pure 4-quark and 4-lepton transitions arise only at one
loop?!. The exceptional feature of this particular representation is the absence of tree-level down-
quark-to-neutrino, as well as up-quark-to-charged-lepton transitions, naturally suppressing (a set
of) otherwise strongly constrained observables. The first explicit ultraviolet completion of this
simplified model is provided in 7.

5 B-anomalies inspired leptoquarks

The B-anomalies inspired L(Q) searches at the LHC exhibit an interplay between three produc-
tion mechanisms: LQ pair production, single LQ production in association with the lepton,
and di-lepton production (see e.g. '® for a recent discussion). Interestingly enough, the three
production mechanisms scale differently with the size of the LQ-g-¢ coupling and consequently
offer complementary probes of the LQ parameter space.

To illustrate this point, in Fig. 4 we show what values of Yukawa couplings one needs to use
to have equality between the total inclusive single LQ production cross section and the total
inclusive LQ pair production cross section for a given initial quark flavour as a function of the
LQ mass. This plot clearly shows the importance of the single LQ production in the heavy LQ
regime. In addition, for the R(D™) anomaly, one expects LQ-b-7 coupling of O(1) for a TeV
scale LQ which is in the right ballpark. The calculation leading to Fig. 4 is performed using the
Monte Carlo tool for LQ and NLO in QCD presented in ref. 8.



Osingle = O pair

LHC @ 13 TeV

LOyyql @ +he.

0.50F

yq/

0.10}

0.05}

MadGraph5_aMC@NLO
PDF4LHC15_nlo_mc

0.5 1.0 15 2.0 25 3.0

mLqQ [TeV]
Figure 4 — LQ pair production versus single LQ plus lepton production at the LHC. The plot is taken from the
ref. 18,
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