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A TeV scale leptoquark (LQ) is one of the promising explanations of the recent anomalies in the
semileptonic decays of B mesons. Among the various LQs, the vector U is capable of explaining
the anomalies in both R,(-) and R -) observables. We use the current LHC data to put bounds on
the parameter space of Uj relevant for the anomalies. Precise bounds are drawn by recasting the
latest 77 and pu searches by the ATLAS and CMS collaborations. We find that it is imperative
to include the resonant production modes for obtaining limits in the low mass regions. For higher
mass points, the non-resonant production modes play a dominant role.
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1. Introduction

The discrepancies among the theoretical and experimental values of Ry and Ry observ-
ables might lead to a pathway to the discovery of beyond the standard model (BSM) physics. They
are defined as follows,

B(B — DY1v) B(B — K®pu*tu~)
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The recent measurement of R (. are smaller than the theoretical prediction by 3.10- [1-4]. Whereas
the measurements of the R, observables show a combined excess of 3.1¢0 [5] than the Standard
Model (SM) value. From the many models proposed to explain the anomalies, we focus on the
U, = (3,1,2/3) leptoquark (LQ) model that can explain both the anomalies simultaneously. LQs
are colored triplet, scalar or vector bosons. They carry both lepton and baryon numbers and decay
to the leptons and quarks. LQs appear in many models like, SU(4) Pati-Salam models, Technicolor
models, RPV SUSY models, etc. Their coupling to SM leptons and quarks makes them an ideal
candidate to explain the B-anomalies.

2. The U; Lagrangian
The Lagrangian for the interactions between U; and the SM quarks and leptons is given as,

Lo xt 0y Ul PLLY + xR dy, Ul PRl +hee. )
Here, Q; and L are the SM left-handed quark and lepton doublets, respectively. The d;e and €£ are
the down-type right-handed quarks and leptons, respectively. The indices i, j = {1, 2, 3} stand for
the quark and lepton generations. Thus, the x{}:; and x{¥ are 3 x 3 matrices in the flavour space.
Here, we consider only real values of the couplings in the matrices and set all couplings but the

ones involved in the b — c71v (i.e., /153, /13L3/R) and b — su*u” (ie., /léz/R, /lgz/R) decays to be zero.
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2.1 The Rj) & Ry () scenarios

To explain the R scenarios, the new physics needs to contribute to the b — ¢tV transition.
Hence, in our case, the U; needs to couple with both c-v and b-t pairs. To obtain the required
couplings, we first consider some minimal single-coupling scenarios and then move on to more
complex multi-coupling scenarios. In the first single-coupling scenario, we consider only /15 to be

3
non-zero in the following manner,

Lo Asleryuve + Syt U = Bgléryuve + (Vigdp + Vise + Vi b )y t) UL, (4)

i.e., the c-v coupling is generated directly but the b-t coupling is an effective one, generated by the
mixing among the down-type quarks. In ref. [6], this scenario is called RD1A. Similarly, if we put
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Table 1: Summary of the single and multi-coupling scenarios to explain the R and Rg ) anomalies

(from ref. [6]).

Rp o scenarios A g,, /léT A l’fT Ry (v scenarios A SL” /116;4 A 5” A Ilfy
RDIA A% v ALy RKI1A Vil ve Ak - -
RDIB Vepdly i RK1B Viak, vk - -
RKI1C - - VesdR Vepa%
RKID - - Visd®  Vipa®
RD2A Vesdly +Vepads i - RK2A L % - -
RD2B Vesdky - A%, RK2B a5 - - %
RK2C - Vi & -
RK2D - - & %
RD3 Vepdls + VesAh % A%, RK4 % % & %

all but /13L3 to be zero, i.e., we generate the b-t coupling directly and c-v coupling via quark mixing,
we get the scenario RD1B with the following lagrangian,

Lo A5 [Frypve + bryti)UY = V5[ (Vapiip + VepCr + Vipf)yuve) + byt JUY . (5)

The possible single and multi-coupling scenarios have been summarized in Table 1. There we also
show some of the possible scenarios one can construct to accommodate the R (-) anomalies. These
scenarios may seem similar from an effective-field-theory point of view, but their LHC signatures
are quite different. Further details on these scenarios can be found in ref. [6].

3. Production at the LHC and data recast

We generate Monte Carlo events for all LQ production modes in the R and Rg (- scenarios.
While recasting the LHC dilepton data [7, 8] we systematically combine the events that can contribute
to these searches [9-13]. The U can be produced at the LHC via two types of processes—resonant
productions (like pair and the single productions) and non-resonant productions (like 7-channel
LQ exchange). In the RD1A (RD1B) scenario, the pair production mode, which is mostly QCD
mediated, gives the following final states,

pp — UU; — stst(btbt) =17 +2). (6)
The relevant single-production channels in the R (Rg ) scenarios can be written as
pp > Uit() + Urt(w)j — 77j(upj) + 77jj(ppjj) = 7v(up) +nj. (7

The single productions depend on the U;-f-g couplings (1) and play a significant role in the
limits. The A-dependent non-resonant process where a U; is exchanged in the #-channel can lead
to 77 (uuw) final states. Moreover, this process interferes with the SM background processes like
pp = Zy" = 11(up).
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Figure 1: (a) The region (in purple) excluded by the LHC 77 data and the region (in yellow) favoured by the
flavour observables in a /l%-MU1 plane. (b) For a 1.5TeV Uy, the blue color region is allowed by the LHC 77
data (from ref. [6]).

Since there is destructive interference between the BSM process and the SM background, we
use a y test instead of a simple recast to recast the latest 77 (uu) search data from ATLAS [7]
(CMS [8]) to obtain bounds. The y? can be expressed as follows [6],

2

bins | [N + NIl Ny = Ny]' + Niy = N

Y= Z D ®)
T v s (avg)

where N, Nincl N, Ny, NpG, and Np are the number of events from pair production, single
production, pure-BSM (z-channel U; exchange), the BSM-SM interference, the SM background,

and the data, respectively and Ng =\ /NiD and Ni,_  =0.1 N;') are the statistical and systematic

tat Syst
uncertainties. For a range of U; masses, we use the total transverse mass distribution from the

77 data and the invariant mass distribution from the uu data to find the best fit parameters (i.e.,
couplings) and the 20 exclusion limits on them.

4. Results

In Figure 1(a), we show the exclusion limits on /153 in purple (v7) and the Rp . -favoured
region (FlavD, which also satisfies other flavour bounds like Fy (D*), P(D*) etc. [6]) in yellow.
Exclusion region (in magenta) come from direct searches of LQ. We find the single-coupling R
scenarios are not favoured by the LHC data. However, we see an improvement in a two-coupling
Rp+ scenario. We show the region allowed by the LHC data in blue for the RD2A scenario for a
1.5 TeV U, in Figure 1(b). There is a considerable overlap between this region and the one required
by the relevant flavour observables (in yellow and green).

In Figure 2(a), we plot the limits on the single coupling scenario RK1A (where only /152 # 0).
Here we see the LHC pu data (in purple) is not much restrictive for the Ry ) -favoured region
(FlavK). FlavK (in yellow) also consists of other flavour observables relevant to this particular
scenario. However, a recast of the direct search for scalar LQ [14] (magenta dotted line) effectively
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Figure 2: a) Excluded region (purple) by the LHC and the R () -favoured region (yellow). (b) For a 2.0 TeV
U, the regions allowed by the LHC (in blue) and relevant to the Ry () observables (in yellow) [6].
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Figure 3: Region in the A5,-1%, plane for a 1.5 TeV U, allowed by the LHC data (blue) and simultaneously
explaining the R and Ry (- anomalies (yellow) [6].

rules out a 1.5 TeV LQ in the one- or two-coupling R - -scenarios (Table 1). We show the region
allowed by the LHC data for a heavier LQ in the RK2A scenario in Figure 2(b).

However, a 1.5 TeV U; can simultaneously revolve both the anomalies. In Figure 3, we show
such a possibility where we have considered four new couplings to be nonzero (two relevant for the
R+ -observable and the other two, for Rg ().

5. Conclusions

We obtained precise bounds on the parameter space of the U, leptoquark in all possible simple
Rp - and Ry (- - anomalies-motivated scenarios from the latest 77 and pu resonance search data at
the LHC. The current dilepton data from the LHC put stringent bounds on the U; model parameters
needed to explain the R and the Ry anomalies. The obtained bounds are precise since we
considered the contribution of all production modes (including the signal-background interference
contribution) in the signal while recasting. In the low-mass region, the resonant modes play a
significant role in obtaining the limits. We found a 1.5 TeV LQ can explain both R and Rg ¢
anomalies simultaneously while satisfying all relevant limits.

1See ref. [12] for a similar analysis with the scalar LQ S and refs. [15, 16] for the discovery prospects of LQs that
couples with third generation quarks at the HL-LHC.
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