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Abstract Long-lived particles decaying to e Fv, with
masses between 7 and 50 GeV/c? and lifetimes between 2
and 50 ps, are searched for by looking at displaced vertices
containing electrons and muons of opposite charges. The
search is performed using 5.4fb~! of pp collisions col-
lected with the LHCb detector at a centre-of-mass energy
of /s = 13TeV. Three mechanisms of production of
long-lived particles are considered: the direct pair produc-
tion from quark interactions, the pair production from the
decay of a Standard-Model-like Higgs boson with a mass
of 125 GeV/c?, and the charged current production from an
on-shell W boson with an additional lepton. No evidence of
these long-lived states is obtained and upper limits on the
production cross-section times branching fraction are set on
the different production modes.

1 Introduction

A variety of models beyond the Standard Model (SM) fea-
ture the existence of new massive particles with lifetimes that
can be long, compared to the SM particles at the weak scale.
These so-called long-lived particles (LLP) appear, for exam-
ple, in Supersymmetry or extensions to the SM that predict
right-handed neutrinos [1]. The study presented in this paper
focuses on the search for decays of neutral LLPs using three
production mechanisms: direct pair production (DPP), pair
production from the decay of a SM-like Higgs boson with a
mass of 125 GeV/c? (HIG), and from charged current (CC)
processes. Diagrams for each production mode are shown in
Fig. 1. The production of LLPs from the decay of a SM-like
Higgs boson has been studied in several searches conducted
by the CMS, ATLAS and LHCb experiments, using LLP
decays to light-flavour jets [2-6], b-quark jets [7] and light
leptons [8,9]. In this study the LLP can be a neutralino )Z(}, in
R-parity-violating supersymmetric models [10], or a right-
handed neutrino N decaying to two charged leptons and a
neutrino [11-13]. Searches for LLP — eiu¢v decays have
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been performed by the ATLAS experiment in the context of
Supersymmetry [14], and also with right-handed neutrinos
[15].

The first direct LLP — e® ¥ v search at the LHCb exper-
iment is presented in this paper. The LHCb detector probes
the forward rapidity region that is only partially covered by
the other LHC experiments, and triggers on particles with low
transverse momenta, which allows the experiment to explore
relatively small LLP masses. In the present study, displaced
vertices consisting of an electron and a muon of opposite
charges are searched for in pp collisions at a centre-of-mass
energy of /s = 13TeV, using a data sample correspond-
ing to an integrated luminosity of 5.38 0.11 b~ collected
with the LHCDb detector in 2016-2018. The momentum of the
neutrino in the final state can be partly reconstructed from
the misalignment between the LLP flight direction and the
momentum of the electron and muon system. The explored
masses of the LLP (myp) range from 7 to 50 GeV/c? and
lifetimes (zrLp) range from 2 to 50 ps. This search enlarges
the domain of searches for heavy LLPs at LHCb, which pre-
viously probed for displaced jets [4-6] or displaced dimuons
[16-18].

2 Detector description

The LHCb detector [19,20] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < n < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system con-
sisting of a silicon-strip vertex detector surrounding the pp
interaction region (VELO), a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes, placed downstream of the magnet. The
tracking system provides a measurement of momentum, p,
of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary pp collision vertex
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Fig. 1 Production modes of the q LLP
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(PV), the impact parameter (IP), is measured with a resolu-
tion of (15 + 29/ pt) um, where pr is the component of the
momentum transverse to the beam axis, in GeV/c. Differ-
ent types of charged hadrons are distinguished using infor-
mation from two ring-imaging Cherenkov detectors. Pho-
tons, electrons and hadrons are identified by a calorimeter
system consisting of scintillating-pad and preshower detec-
tors, an electromagnetic calorimeter (ECAL) and a hadronic
calorimeter (HCAL). Muons are identified by a system com-
posed of alternating layers of iron and multiwire proportional
chambers.

The online event selection is performed by a trigger, which
consists of a hardware stage based on information from the
calorimeter and muon systems, followed by a software stage
that carries out a full event reconstruction. During data taking
an alignment and calibration of the detector is performed in
near real-time and used in the software trigger [21]. Events
from pp collisions fulfilling the muon or electron trigger
are studied. At the hardware level the muon trigger requires
a muon track identified by matching hits in the muon sta-
tions, for the electron trigger a cluster in the ECAL with
large transverse energy deposit is required. At the software
level the muon trigger selects muons with a minimum pr of
10 GeV/e, the electron trigger selects electrons with a mini-
mum pr of 15GeV/c.

3 Simulation

Simulated samples of LLP — e*uTv events are used to
design and optimise the signal selection and to estimate the
detection efficiency, but also for the construction of the signal
model. Parton-level events with LLPs are generated at lead-
ing order with MADGRAPH [22] using Universal FeynRules
Outputs (UFO) [23] for long-lived particle searches follow-
ing Ref. [1]. For the DPP and HIG mechanisms, the UFO for
the minimal supersymmetric standard model with R-parity
violation [10] is chosen, and in this framework the signal is
represented by the lightest neutralino X(} For the CC produc-
tion the UFO of the Left-Right Symmetric model [24-26] is
used, and here the LLP is represented by a heavy neutrino
produced from an on-shell W boson. For all three modes, the
LLP is allowed to decay into an electron and a muon with
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opposite charges, and a neutrino. The decay of the LLP is
performed through the MADSPIN package [27]. The parton
shower of the events is simulated with PYTHIAS [28,29] using
a specific LHCb configuration [30] and using the CTEQ6
leading-order set of parton density functions [31]. The inter-
action of the particles with the detector and its response are
implemented using the GEANT4 toolkit [32,33] as described
in Ref. [34]. Signal events withmy 1 p = 7, 10, 15, 20, 30, 38
and 50 GeV/c? and e = 2,5, 10, 25 and 50 ps are gener-
ated.

Samples are also generated for background studies and
cross checks, although the background estimate in this study
is based on data. The most relevant background in this anal-
ysis is from bb events. Two distinct topologies are observed
with the two leptons from the same jet or from two dif-
ferent jets, as discussed in Sect. 5. Events generated from
88/qq — bb processes with PYTHIAS, with at least one
muon with pt > 10 GeV/c in the LHCb acceptance are sim-
ulated and required to satisfy the muon trigger criteria.

4 Signal selection

The LLP — e* 1 Fv candidates are reconstructed from the
combination of a muon and an electron candidate of oppo-
site charges forming a good-quality vertex within the VELO
detector. The following selection of the candidates is devel-
oped and optimised using the DPP samples for each pair of
myrp and tppp values. This selection is also adopted for the
study of the HIG and CC processes.

The muon and electron candidates are required to have
pt > 1.6GeV/c and p > 10 GeV/c. The measured momen-
tum of the electron candidates is corrected for the loss of
energy due to bremsstrahlung [35]. The muon and electron
need to form a good-quality vertex displaced from any PV,
with a flight distance greater than 15 times its uncertainty. In
addition, the lifetime of the candidate is required to be greater
than 0.5 ps. For the estimate of the lifetime, the Lorentz boost
is calculated from the dilepton momentum, p(ew), neglect-
ing the contribution of the neutrino. The mass of the candi-
date is obtained from the dilepton system with a correction
to account for not reconstructing the neutrino. The correc-
tion is inferred from the misalignment of the dilepton recon-
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structed momentum and the flight direction from the PV
to the decay vertex. The corrected invariant mass is com-
puted as meor = vVm(ew)? + p(ep)?sin? 0 + p(ew) sin @
[36], where 6 is the angle formed by the dilepton
momentum and the LLP flight direction. Candidates with
Meorr < 3.3 GeV/c? are discarded.

To suppress the heavy-flavour background the leptons are
required to be isolated from other charged particles. The iso-
lation variable is defined as I = (P — Peone)T / (P ~+ Pcone)Ts
where p is the momentum of the lepton candidate and peope is
the sum of all the momenta of charged tracks, excluding the
lepton candidates, within a distance AR = /An? + A¢p?
of 0.5 around the lepton, where An and A¢ are the pseudo-
rapidity and azimuthal angle differences between the lepton
candidate and the charged tracks. The subscript T indicates
the momentum component in the transverse plane. A value
of I = 1 denotes a fully isolated lepton. Candidates with
I(n) > 0and I (e) > 0.4 are selected. Particle identification
criteria are applied to the muon and the electron candidates.
A tighter identification criterion on the electron is needed
to reject the background due to misidentified pions or kaons.
This criterion is optimised to preserve signal efficiency while
maximising the rejection power over a data sample of same-
sign candidates, e*u*, used as background proxy. The sig-
nal selection is also applied on the same-sign candidates.
Figure 2 compares distributions of observables for data and
simulated bb candidates, and examples of signals with dif-
ferent myp and 7y pp values, which survive the selection
presented above. Figure 2a, b show the candidates mcorr and
flight distance distributions. These observables are used in
the fit to determine the presence of signal, as explained in
Sect. 5. Figure 2c, d show the transverse momentum distribu-
tions of the muon and electron, respectively. These muon and
electron pr distributions show the effect of the pr threshold
in the muon and the electron triggers. In Fig. 2e, f the dis-
tributions of the isolation variable, 7, are displayed for the
muon and electron, respectively. The leptons from the signal
are expected to be more isolated than the ones from the bb
background.

A boosted decision tree (BDT) classifier [37,38] is used
to further purify the LLP — eTu¥v candidate sample.
The BDT is trained using 70k signal decays from a combi-
nation of DPP samples, and background candidates drawn
from the same-sign sample. The full signal sample con-
tains 2000 candidates for each set of (mprp, T Lp) param-
eters. Using all simulated signal samples for the training
phase allows to obtain a uniform BDT response across the
(myLp, TLLP) Space. Furthermore, the uniformity is enforced
by using a special cost function described in Ref. [39]. This
cost function has the objective to provide the best classifica-
tion between the signal and the background, while keeping
the BDT response uniform on mprp and trpp. The BDT
input observables are: the muon pr; the maximum between

the momentum of the two leptons; the two isolation vari-
ables; the angle between the muon momentum in the eu
rest frame and the e;r momentum; the ratio of the energy
deposited by the muon in the calorimeters and its momen-
tum; the ratio of the energy deposited by the electron in the
HCAL and its momentum; the distance of closest approach
between the two lepton tracks; the x 2 of the LLP decay ver-
tex; the difference between the muon and electron impact
parameters divided by the LLP impact parameter; the impact
parameter x2 of the leptons, XIZP(I), divided by XIZP(LLP).
For a given particle, the impact parameter x? is defined
as the difference between the x2 of the PV reconstructed
with and without that particle. The BDT response, shown in
Fig. 3, is uniformly distributed between 0 and 1 for the sig-
nal, while peaking at zero for the background. Candidates
with a BDT value below 0.1 are rejected, leaving 61116
signal candidates. The observed BDT distribution is consis-
tent with a bb composition of the background. Using the bb
cross-section at 13 TeV measured by LHCb, 144 +1+21 ub
[40], (60 £ 14) x 10° bb — ei;ﬁX candidates are pre-
dicted after selection, consistent with the observed total
yield.

5 Determination of the signal yield

The signal yield is determined from a simultaneous extended
maximum likelihood fit to the LLP corrected mass micqr and
flight distance distributions selected into two BDT inter-
vals (0.1, 0.5] and (0.5, 1.0]. The study of the simulated
bb — e*uTX background indicates the presence of two
components that depend on whether the two leptons belong to
the same heavy-flavour jet or two different jets. The two com-
ponents have different m o and flight distance distributions,
and can be separated by the distance AR between the two
leptons. When leptons originate from the same heavy-flavour
jet, they have relatively small AR, selected with AR < 1,
while AR > 1 selects the complementary component. The
background probability density functions of the mi and
flight distance needed in the global fit are inferred from the
same-sign data. This choice has been validated by a com-
parison of the distributions of mor and the flight distance
in simulated b6 — e*uFTX and bb — eTpTX candi-
dates.

When AR < 1, the background m o values are mostly
found below 6 GeV/c?. This component is modelled using
a sum of a Gaussian and a Crystal Ball function [41]. The
fraction between the two distributions is fixed to the value
obtained in the fit to the same-sign data. The parameters
describing the tail are free in each BDT bin. Other parameters
are free but common to all the BDT bins. For the AR > 1
region mcorr 1S mostly above 10 GeV/c2. This region is mod-
elled using a Johnson Sy distribution [42] with shape param-

@ Springer



261 Page4 of 16

Eur. Phys. J. C (2021) 81:261

4 4
((.\4-5.><'1(') T T T T T /é\s_X](') T T T T T
o f ] 5
%4.0 - LHCb Data E g ; g LHCb Data
O (a) Simulated bb — e*u*X ] g (b) Simulated bb — e*u*X ]
X350 —— m=7GeV/c®,T=10ps ] digf —— m=15GeV/c}, 7=2ps ]
2301 1 = tr7 m=15GeV/c?, t=50ps 1
S3.0F 1 2.
Py . ] § 5 -
% 25¢ 1 38 [
220k 1 E4f
=20F 41 O [
S 1 3f
© 1.5F . -
10 3 2p
0.5 E g
00 9 00' I 20 40 I 60 I I 80 I ‘ 100
Meor [GeV/c?] LLP flight distance [mm]
S5 S
31.8_*1'0'|"'|""|""|""|""|""|"" 3122(1'0%' T T LI B B
RS L 4 < r
> 16k LHCb R — Data 1= - LHCb . Data ]
g F (0) | Simulated bb — e*u™X ] g LOH | (d) Simulated bb — e*u™X -
S l4r | —— m=7GeV/A,t=10ps 1 T L —— m=7GeV/c?, 7=10ps
S L f L, m=50GeV/ct, r=10ps 1 S [ | oo m =50 GeV/c?, 7 =10 ps
Z12r E 4 0.8 H
8 I | 18 &4
g 1.0 | ] § L i
EI: Z06F L, .
g 0.8 r i 1 g § i
Q r 1 Q + =
0.6 ; b 04 7 B
04F ] :
L 2, ] 0.2 7
02 3
N 7Ry i N s
00 15 20 25 30 40 00 5 10 15 20 25 30 35
pr(p) [GeV/c] pr(e) [GeV/c]
2106__'"|"'|"'|"'|"'J:2106;"'l L B B B
g LACb s Data ] g LHCb ... Data
>t (e) Simulated bb — e*fuX M 5 [ Simulated bb — e*u*X [}
s —— m=7GeV/cA,t=10ps [ £ —— m=7GeV/c?, t=10ps
S 105k 2 H =100k 2
2= - T m =50 GeV/c”, T =10 ps g e e m =50 GeV/c”, 7 =10 ps
5 ] E
O =y @)
104 t 10k
103 : i = E 10'% 3
||||||||||||||||I- ||||||||||||||||||...I....i

0.0 0.6 0.8 1.0
(1)
Fig. 2 Distributions in data (dashed black histogram) compared to sim-
ulated bb — e+ uF X (green filled histogram), showing, a mcorr, b the
LLP flight distance, ¢ the transverse momentum of the muon, d the
transverse momentum of the electron, e the isolation of the muon, and
f the isolation of the electron. LLP signal distributions are also shown

(coloured histograms) for different myp and tppp values, where the
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LLP is produced through the DPP mechanism. The distributions from
simulation are normalised to the number of candidates in data. There are
no simulated bb candidates for p(11) < 10 GeV/c? due to a pr require-
ment at the generation. For the same reason there is a lack of simulated
bb candidates for pr(e) > 15 GeV/c? as candidates are required to pass
the muon or electron trigger
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Fig. 3 Distribution of the BDT response in data (dashed black his-
togram) compared to simulated bb — e* 1 X (green filled histogram)
and LLP signal samples (coloured histograms) for different a my 1 p and

eters free in each BDT bin. To model the signal micop dis-
tribution a sum of a modified Gaussian distribution, where
the left tail is exponential and the right tail a power law, and
another Gaussian distribution is used. The parameters of the
model are fixed to the values obtained from the fits to the
simulated samples, for each (myppp, T Lp) hypothesis. The
same signal mqor models are used for each BDT bin and
production mechanism.

The background candidates with AR < 1 have long flight
distances, above 10 mm. The opposite is true for AR > 1.
The two components are modelled using a Johnson Sy dis-
tribution, with all parameters kept free. Inthe AR < 1 region
the parameters of the model are not shared across the BDT
bins, while they are shared when AR > 1. A kernel den-
sity estimation algorithm is used to estimate the probability
density function of the flight distance distribution in simu-
lated signal for each BDT bin. The same signal flight distance
model for a given (mypp, TLLp) hypothesis is used for each
production mechanism.

In the final fit the fractions of signal yield in each BDT
interval are constrained by Gaussian functions to the val-
ues and uncertainties that are estimated in the simulation. In
order to explore a larger set of myp values than the sim-
ulated set, signal templates for the m o and flight distance
distributions are interpolated from the simulated distributions
using a moment morphing algorithm [43]. Distributions of
meorr and the flight distance in two BDT regions are shown
in Fig. 4, with an example of a fit result for a signal with
MLLP 47 GeV/c? and 1 1p 50 ps overlaid. For each
myrp and trp hypothesis the fitted yields are consistent
with no signal present.

b 111 p values, where the LLP is produced through the DPP mecha-
nism. The distributions from simulation are normalised to the number
of candidates in data

6 Signal efficiencies and systematic uncertainties

The determination of the signal detection efficiency relies on
simulation. Systematic effects are identified from differences
between data and simulation. Regarding the electron, sam-
plesof J/iy — eTe™ and Z — e e~ decays are considered,
and J/y — utu=,Y — utu~ and Z — putu~ decays
are used for the muon. Samples of bb — e* * X candidates
are used to compare distributions of the reconstructed dilep-
ton system such as the corrected mass and the flight distance.
Systematic uncertainties on the signal efficiency have been
evaluated. They are summarised in Table 1 and discussed in
more details below. Also reported in the table are the uncer-
tainties on the integrated luminosity, evaluated to be 2% [44],
on the signal fraction in each BDT bin, and on the signal yield
associated with the fit procedure, discussed at the end of this
section.

To account for the mismodelling in the simulation used to
compute the signal efficiency, a bias for each variable used
in the selection is determined by comparing simulated and
experimental distributions of Z and bb candidates. The cor-
relations between the selection variables are computed using
the signal samples. The effect of imperfect simulation is sub-
sequently estimated by recomputing several times the signal
efficiency after changing the selection requirements on the
variables by factors drawn from a multivariate normal dis-
tribution, with biases and correlations between the variables
as input. The standard deviation of the distribution of effi-
ciencies is found in the range 4.9 to 7.3%, depending on
the signal mass, lifetime and production mechanism, which
is taken as a contribution to the systematic uncertainty. In
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Fig. 4 Distributions of m o (top) and the flight distance (bottom) of two BDT intervals (left and right), where a simultaneous fit result for a LLP
signal with myp = 47 GeV/e? and 1 p = 50 ps is overlaid; the fitted signal yield in this example is 14 £ 14

a similar way, systematic uncertainties ranging from 0.5 to
2.4% are assigned to the identification of the two leptons.

The systematic uncertainty due to the imprecision in the
simulated signal sample used to train the BDT classifier is
estimated by applying the classifier on modified signal dis-
tributions: each input variable is multiplied by a scale factor
drawn from a multivariate normal distribution built with the
variable biases and correlations, also inferred from the con-
trol samples. The standard deviation of the efficiency distri-
bution is used as systematic uncertainty, ranging from 0.6 to
1.0% for the BDT > 0.1 requirement, and from 3.3 to 4.0%
on the signal fraction in the BDT bins.

The contribution to the systematic uncertainty from the
statistical precision of the simulated signal samples is in the
range 1.1-3.0%.

The theoretical uncertainties are dominated by the lim-
ited knowledge of the partonic luminosity. This contribution
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is estimated following the procedure explained in Ref. [45]
and varies from 1.1% up to 6.1%. The minimum systematic
contribution is found for the DPP and CC processes while the
maximum contribution is found for the gluon-gluon fusion
process HIG.

Finally, the total systematic uncertainty is obtained as the
sum in quadrature of all contributions, where the different
components of the detection efficiency are assumed to be
fully correlated. In order to uniformly cover the full mpp
range, a third-order polynomial is fitted to the signal detection
efficiency as function of my 1 p for each simulated r p value.
A second order polynomial is also fitted to the efficiency. The
difference between the two efficiencies is assigned as system-
atic uncertainty, a contribution that is always less than 4%.
The interpolated signal efficiency for LLPs produced through
the DPP mechanism is shown in Fig. 5, accounting for the
geometrical acceptance. The criteria on the vertex displace-
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Table1 Contributions to the relative systematic uncertainties in %. The
contributions are grouped in three categories, the integrated luminosity,
the detection efficiency and the signal yield, separated by horizontal
lines. The detection efficiency is affected by the parton luminosity model
and depends upon the production process, with a maximum uncertainty
of 6.1% for the gluon-gluon fusion process HIG

Source Contribution (%)
Integrated luminosity 2.0
Reconstruction and selection 4.9-7.3
Particle identification 0.5-2.4
BDT 0.6-1.0
Simulation sample size 1.1-3.0
Parton luminosity 1.1-6.1
Efficiency interpolation 0.14.0
Signal fraction in the BDT bins 3.3-4.0
Signal model 0.7-8.1
Total 10.6-17.7

ment favour large lifetimes; however, above 10 ps the proba-
bility that the LLP decays outside the VELO increases, lead-
ing to a loss of efficiency. The selection efficiency increases
with mp1p, however, this effect is counteracted by the loss
of lepton candidates outside the spectrometer acceptance,
which is more likely for heavier LLPs. Therefore the signal
efficiencies are highest for masses between 20 and 30 GeV/c?
and lifetimes between 5 and 10 ps. The DPP mechanism has
the highest detection efficiency. On average, the detection
efficiency for the HIG (CC) mechanism is 20% (60%) lower
than the DPP mechanism.

The choice of templates for the corrected mass and flight
distance can affect the result of the fit. The uncertainty due

to the signal model accounts for imperfect simulation of the
scale and resolution of the mqr and flight distance, and that
of the finite size of the simulated signal samples used to
produce the probability density functions. Uncertainties of
0.2% on the mcor scale and 1.6% on the m o resolution are
estimated from the comparison between data and bb simu-
lated candidates. For the flight distance a scale uncertainty
of 1.2% and a resolution uncertainty of 1.1% are estimated.
The propagation of uncertainties is performed using pseudo-
experiments generated from the background model fitted to
the same-sign data. Ten signal data points are drawn from
modified signal m o and flight distance distributions, mod-
ified by smearing or rescaling, and added to each pseudo-
experiment. The fitted signal yield is compared to the result
with ten signal data points drawn from a non-modified sig-
nal. Changing the m oy scale leads to arelative change on the
signal yield from 0.1 to 1.2%, and 0.1 to 0.8% for the flight
distance, depending on the signal hypothesis. A relative vari-
ation of the signal yield from 0.1 to 8.1% is observed from
an additional smearing of the signal m .y distribution, 0.1 to
0.8% for the flight distance. The effect of the limited sam-
ple size used to construct the signal model is addressed by
replacing the parameter values of the signal model by values
drawn from Gaussian distributions. For each parameter the
mean of the Gaussian distribution is equal to its fitted value,
and the standard deviation is equal to its uncertainty. A rel-
ative variation of the signal yield due to the limited sample
size is found to be between 0.1 and 1.7%. A total systematic
uncertainty 0.7-8.1% is accounted for the signal yield.

All the systematic uncertainties related to the integrated
luminosity, the signal efficiency and the signal yield are
included as nuisance parameters in the determination of the
cross-section upper limits.
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Fig. 5 Total detection efficiency for LLP produced through the DPP mechanism as a function of mpp (central line) and its uncertainty (coloured

band), obtained for different values of 7y p

@ Springer



261 Page 8 of 16 Eur. Phys. J. C (2021) 81:261

= = 1F T — T T —
= LHCb (a) TLep = 10 ps S r LHCb (b) 1
= 1k 4 = [ ]
H - ]l = - i
+|3~ : : +|3~ r o 7
NS [ ] | T
T 117 o
Q= N Q— - Pragte s PR 4
3 1 O . Vil -7 .0
% | e B e s
X X o7 el -D'/ -8
‘) —~ 0.1p § __________ Spmmmmmm V‘—: —————— ’,,/’ o]
S Q= e S e - P gt E
<13>S< cl?s i g _______ = __—_::-7-'——-—%;/ T
10 0.1 e r ---———-I:::%::::::::ﬁ?=' b
T T '
|g lg : :
\E/ E/ =-O= myp = 7.0 (}6\7/(:2 == mpp = 12.1 GC\//C2
I F - myp = 8.7 GeV/c? -~ my1p = 29.8 GeV/c? 1
L E == mpp=10.8 GCV/02 -O= mpp =150 GCV/C2
PR [T T T T S TN TN T SN NN ST SR SR SR N S SR S L L L PR R | L L L L
0.01
10 20 30 40 50 10

myp [GeV/c?]

Fig. 6 a Expected (open circles and dotted line) and observed (filled
circles and solid line) upper limits of the cross-section as a function of
mypLp for rpp = 10ps, for LLPs produced through the DPP mecha-
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Fig. 7 Observed upper limits on the production cross-sections times branching fraction for a myip = 7 GeV/c? and b mprp = 29.8 GeV/c? as

function of 71 p for the DPP, HIG and CC production mechanisms

7 Results

The results of the simultaneous fits to the LLP corrected
mass and flight distance distributions in the two BDT inter-
vals (0.1, 0.5] and (0.5, 1.0], are found to be compatible
with the background-only hypothesis for all signal hypothe-
ses considered. Upper limits at 95% confidence level (CL)
on the production cross-sections times branching fraction are
computed for each production mechanism,

@ Springer

oppp = 0(qq — i A1) x BGY — e uTv),
ouig = o(gg — h) x B(h — )Z?;Z?) X B()Z? — eTuFv), and
occ =0 (W = IN) x B(N — eTuFv),

for each pair of my 1 p and 71 1 p values using the CLs approach
[46]. Upper limits for selected mprp and tppp values are
shown in Fig. 6, 7 and 8. Figure 6a gives examples of
observed upper limits on oppp, along with the range of limits
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expected for the background-only hypothesis, as a function
of mypp for 7y p = 10ps. Figure 6b shows the observed
upper limits on oppp as a function of tp, for a selection of
mypLp values that shows the range of limit values. The best
observed limits on oppp are of the order of 0.06 pb for a mass
of 29.8 GeV/c?. A comparison of observed upper limits on
oppp, oxiG and occ as a function of tp 1 p for the lowest mass
studied, myp = 7, and 29.8 GeV/c? is shown in Fig. 7. The
best and worst limits are obtained for the DPP and CC mecha-
nisms, respectively. The differences between the sensitivities
for each production mechanism are principally due to detec-
tion efficiency. The limits obtained by the ATLAS experi-
ment on the squark-antisquark production cross-section [14],
where the squark has a mass of 700 or 1600 GeV/c? and
decays to g ()Z? — eev/euv/uuv), have values from 1 to
10 fb for m(3{) = 50 GeV/c? in the lifetime range studied.
These results are complementary to the results obtained by
the ATLAS experiment, extend to lower mass and lifetime
regions and explore different LLP production mechanisms.

Finally, the limits on oyig are compared to the value of the
SM Higgs boson production cross-section from gluon-gluon
fusion of 48.6 4= 3.5 pb [47], which is illustrated in Fig. 8.
These limits are placed on (U/J;gAiH) X ZS’(HO — )Z?)Z?),
assuming B()Zlo — ei,ufv) = 1, as a function of 7 1p
for a selection of myyp values. Under this assumption the
limits on B(H® — )N(Pf(?) have a minimum of ~ 0.15%.
Decays of LLP — p™ ™, produced in pairs from SM Higgs
bosons, were searched by the CMS experiment [8]. Assuming
B(LLP — putu™) = I, the limits on B(H? — LLPLLP)
for mprp = 50GeV/c? are the best for lifetimes between
1 ps and 10ns with a minimum of 0.05% [48], which is
approximately 3 times lower than the minimum limits on
B(H" — )Z? )Z?) presented in this paper.

8 Conclusion

A search for decays of long-lived massive particles, in the
e 1 F v final state, is performed using pp collisions at /s =
13 TeV recorded with the LHCb detector, for a total inte-
grated luminosity of 5.38 & 0.11fb~!. The search covers
LLP masses from 7 to 50 GeV/c?, lifetimes from 2 to 50 ps
and considers three production mechanisms: the direct pair
production from the interaction of quarks, the pair produc-
tion from the decay of a SM-like Higgs boson with a mass
of 125 GeV/c?, and the charged current production from an
on-shell W boson with an additional lepton.

Fully simulated signal events are used to define the sig-
nal selection criteria and the signal detection efficiency. The
background is dominated by bb candidates. A BDT, taking
as input properties of the leptons and displaced vertex of the
LLP, is used to purify the signal from the heavy hadron back-
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Fig. 8 Observed limits on the (o/agg"iﬂ) x B(HY — 70%?D), assum-
ing B()Z? — ¢*uFv) = 1 as a function of 1 p for different mypp

values. The value of the gluon-gluon fusion production cross-section
used is 48.6 &+ 3.5 pb [47]

ground. The signal yield is determined by a simultaneous fit
of the LLP corrected mass and flight distance, using signal
templates derived from simulation. All the results of the fits
are compatible with the absence of signal, and upper limits
on the cross-section times branching fraction for each pro-
duction mechanism are computed. The best upper limits are
achieved for the pair production, from interaction of quarks
or the decay of a SM-like Higgs boson, for lifetimes below
10 ps and masses above 10 GeV/c2, and are of the order of
0.1 pb.
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