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Motivation

Long-lived exotic particles

Many new-physics models feature massive long-lived exotics
( χ̃0, π0

ν , ...) which decay into Standard Model particles

A decaying long-lived particle produces a displaced vertex, which LHCb
would be able to trigger and reconstruct

Standard Model background is low

Why looking at long-lived heavy particles?

Discovery of in bubble chamber

Long-lived particles (LLP) are rare and well known, with mass below 7 GeV .

The recipe still works: Observation of Ω−
b , LHCb-CONF-2011-060.

Interesting place to look for new phenomena.
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Signature of the displaced vertex

Large decay length→ LHCb is sensitive to ∼ 1mm -1m

High track multiplicity→ for decay to quarks

High mass→ & 20 GeV

Fully hadronic, semi-leptonic, fully leptonic

Combine pairs of back-to-back long-lived particles
→ reducing background

Long-lived particles can be produced in pairs through Higgs decay: h0 → χ̃0χ̃0
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Example Model

mSuGRA with baryon number violation [Carpenter, Kaplan, Rhee]

χ̃0 → qq̃ → q{qq}

Monte Carlo sample ”BV48”:
mh0 = 114 GeV, mχ̃0 = 48 GeV, τχ̃0 = 10 ps

Other options:

Hidden Valley (h0 → π0
vπ

0
v → bb̄bb̄) Monte Carlo sample ”HV10” [Strassler, Zurek]

SUSY with R parity violation, unstable Lightest SUSY Partner
(χ̃0 → ν`+`−, χ̃0 → νqq̄, χ̃0 → `qq̄) [Carpenter, Kaplan, Rhee], [De Campos, Eboli, et al]
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Large Hadron Collider
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LHCb detector [2008 JINST 3 S08005]

LHCb is designed to detect b-hadrons, produced
in the forward region

Reconstruct b- and d-hadron decays
(flight distance ∼1cm)

Measure CP-violation

Search for rare decays

This analysis uses 2010 data
(35.8 pb−1)
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LHCb detector

[2008 JINST 3 S08005]
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LHCb detector

[2008 JINST 3 S08005]
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Why LHCb?

Displaced vertex trigger
VELO provides excellent vertex reconstruction
Unique coverage: 2 < η < 5 (ATLAS/CMS tracking systems: |η| < 2.5)
Distribution of MC signal samples at generator level
(BV48→ mSuGRA, HV10→Hidden Valley)

25% of the generated events have a long-lived particle in the acceptance

For the 2010 dataset (35.8 pb−1) we expect about 50-100 events with two
decay vertices in the acceptance for the model BV48
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Tracking System

Reconstruction of 1-100 ps lifetime is possible.

Flight distance <40cm: Tracks include VELO segment

Flight distance 20cm-2m: Tracks without VELO segment (future analysis)
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Trigger

The trigger reduces the total data rate from 40 MHz to 3 kHz

Trigger strategy

L0 and HLT1 rather well suited (trigger on displaced
energetic object).

HLT2 have dedicated lines.

Velo tracking run in early stage. Vertex reconstruction is
run on top of it.

≥ 2 vertices dedicated trigger lines:
Low mass, low displacement.

≥ 1 vertex dedicated trigger lines:
Large mass.
or large displacement.
or medium mass and displacement

Typical efficiencies on reconstructible events ∼ 40%.

L0

HLT1

HLT2

1MHz

50kHz

3kHz

40MHz
inclusive
high p objectsT

inclusive
displaced tracks,

inclusive
+exclusive triggers

Our displaced vertex
trigger lines

(output ~20Hz)
Hardware

Software

(4.5kHz in 2012)
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Vertexing

VELO tracking, PV reconstruction run at
1 MHz

Displaced vertex reconstruction run at
50 kHz

Make seed with neighbouring tracks,
run adaptive least square fit
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Trigger

Trigger on a displaced vertex:

Trigger Selection

At least two displaced vertices

Radius > 0.4 mm

N tracks > 4

Mass > 3 GeV (charged particles only)

Passes material veto

The trigger efficiency on reconstructible MC signal is ∼40%

In 2010 the efficiency on offline reconstructed events was 67%

Improved trigger for 2011 and 2012 data taking
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Backgrounds

Primary vertices
Centered in interaction region
→ Reject by requiring large radius
from beamline

Interactions with detector material
High track multiplicity,
large mass
→ Material veto
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Figure 8: Left: longitudinal position of PV candidates. Right: radial position to the
calculated beam axis. The vertical bar indicates the region considered for the PV selection,
r<0.3 mm.

5.2 Event preselection

Once the set of PVs identified, all the other RVs are candidates for the decay position of
LLPs. The event preselection requires at least one PV in the event and at least one LLP
with:

• at least 4 forward tracks

• no backward tracks

• an invariant mass reconstructed from tracks larger than 3 GeV/c2

• a distance to the beam line of more than 0.3 mm.

We give in Figure 9 the efficiencies to find a vertex as a function of the distance from
the PV inferred from MC events. True MC values are used to define the coordinates
of the PV and of the LLP vertices and it is necessary that the decay leaves at least 6
charged particles in the acceptance. After reconstruction the RV is declared detected
when satisfying the first two of the above listed criteria (the cuts on the mass and the
distance to the beam are not active).

From the analysis of MinBias MC events we can estimate the quark flavors responsible
for the vertices selected by the preselection. This is shown in Figure 10 as a function of
the distance from the true PV. The large light flavor component (non-c non-b) is mainly
background due to interactions in matter.

Figure 11 shows the distributions in longitudinal and radial position of the RVs (in
the laboratory frame), and Figure 12 the (x,z) scatter plot. The position of the detector
material is clearly visible, and in particular the “RF shield” which protects the VELO
from the beam induced RF noise. For reference we also show the same distribution for MC
MinBias events. The main difference resides in the fact that more RVs are found in the

11

Vertex reconstruction
A key algorithm

LHCb-CONF-2012-014

Inclusive vertex reconstruction ( seeding + adaptive fitting ).
Minimal requirements Ntr ≥ 4, mvertex > 3 GeV , Radial distance to the beam line
R > 0.4 mm.
Including Velo: fly less than 40 cm, resolution O(100 µm).
Without Velo: fly between 20 cm and 2 m, resolution O(1 mm) - Not in preliminary analysis.

Main backgrounds: Hadronic interaction with matter, B hadrons.
Matter Veto has been developed.

Velo Silicon sensor

RF foil

Region accepted
by the matter veto
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Backgrounds

Decay of Standard Model particles
Inclusive bb̄, cc̄, t t̄
Displaced, low track multiplicity, low mass
These should not fall in the signal region,
but they will if we make a mistake in the vertex reconstruction
(e.g. merge two b-vertices or include a primary vertex track in the displaced vertex)

→ bb̄ is the main background
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Preliminary analysis on 35.8 pb−1(2010 data) (rad)!"
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Figure 3: Distributions for pairs of LLP candidates selected in data (full circles with
statistical error bars), compared with MC distributions for bb background (red-solid his-
tograms with statistical error bars), BV48 signal (blue-dashed histograms) and HV10
signal (green-dotted histogram), each normalized to one. From top to bottom and left to
right: azimuthal angle difference, transverse momentum, and invariant mass of the pair.

4 Systematic uncertainties

The contributions to the total systematic uncertainty are summarized in Table 4 and
described below. With the exception of the integrated luminosity, they are computed by
comparing the simulation with the data. The uncertainty on the trigger efficiency has
been estimated by comparing the number of bb events with large time of flight in data and
simulation, and found to agree within a statistical uncertainty of 15 %. Conservatively
we adopt this value as the systematic uncertainty on the trigger efficiency. In addition
the results have been cross checked by using LLP candidates generated in the detector
material, and by sampling with independent triggers. The uncertainty on the total track
reconstruction efficiency has been estimated from a comparison of the number of tracks
observed in the LLP candidates in data and bb MC events. The quoted contribution of 7 %
is inferred by artificially varying the track efficiency in simulated events. This result also
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Figure 2: Monte Carlo distributions compared with data results, shown with unit normal-
ization. From top left to bottom right: number of tracks of the LLP candidate, transverse
momentum, invariant mass, pseudorapidity, radial r.m.s. error of the vertex, and the dis-
tance of flight. Various distributions for the LLP candidates selected in data (full circles
with statistical error bars), compared with Monte Carlo distributions for bb background
(red-solid histograms with statistical error bars), BV48 signal (blue-dashed histograms)
and HV10 signal (green-dotted histogram).
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Figure 2: Monte Carlo distributions compared with data results, shown with unit normal-
ization. From top left to bottom right: number of tracks of the LLP candidate, transverse
momentum, invariant mass, pseudorapidity, radial r.m.s. error of the vertex, and the dis-
tance of flight. Various distributions for the LLP candidates selected in data (full circles
with statistical error bars), compared with Monte Carlo distributions for bb background
(red-solid histograms with statistical error bars), BV48 signal (blue-dashed histograms)
and HV10 signal (green-dotted histogram).
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Figure 2: Monte Carlo distributions compared with data results, shown with unit normal-
ization. From top left to bottom right: number of tracks of the LLP candidate, transverse
momentum, invariant mass, pseudorapidity, radial r.m.s. error of the vertex, and the dis-
tance of flight. Various distributions for the LLP candidates selected in data (full circles
with statistical error bars), compared with Monte Carlo distributions for bb background
(red-solid histograms with statistical error bars), BV48 signal (blue-dashed histograms)
and HV10 signal (green-dotted histogram).

5

Expected number of bb̄ events: 75± 13× 103

Observed in data: 59× 103 events
Shapes compatible with bb̄ background

[LHCb-CONF-2012-014]
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Reconstruct the h0 candidate

Candidates coming from a low-pT h0 are back-to-back
Select pairs of long-lived particles with ∆φ > 2.8 to reconstruct the h0 candidate
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Figure 3: Distributions for pairs of LLP candidates selected in data (full circles with
statistical error bars), compared with MC distributions for bb background (red-solid his-
tograms with statistical error bars), BV48 signal (blue-dashed histograms) and HV10
signal (green-dotted histogram), each normalized to one. From top to bottom and left to
right: azimuthal angle difference, transverse momentum, and invariant mass of the pair.

4 Systematic uncertainties

The contributions to the total systematic uncertainty are summarized in Table 4 and
described below. With the exception of the integrated luminosity, they are computed by
comparing the simulation with the data. The uncertainty on the trigger efficiency has
been estimated by comparing the number of bb events with large time of flight in data and
simulation, and found to agree within a statistical uncertainty of 15 %. Conservatively
we adopt this value as the systematic uncertainty on the trigger efficiency. In addition
the results have been cross checked by using LLP candidates generated in the detector
material, and by sampling with independent triggers. The uncertainty on the total track
reconstruction efficiency has been estimated from a comparison of the number of tracks
observed in the LLP candidates in data and bb MC events. The quoted contribution of 7 %
is inferred by artificially varying the track efficiency in simulated events. This result also
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[LHCb-CONF-2012-014]
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We are left with 13,893 candidate pairs, which are consistent with bb̄ background:
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Figure 4: Mass distribution of the Higgs candidates (black full circles), together with the
result of the fit (red band reflecting the statistical precision of the model, and blue-dotted
signal component multiplied by 100).

takes into account the presence of tracks with VELO hits only and therefore no precise
momentum measurement, for which the most probable pT value of 400 MeV/c is assigned.
Again the comparison of data and MC distributions gives a calibration uncertainty of
10 % on the measurement of pT and of the mass of the LLP, and of ±0.01 mm on the
vertex position errror σr and σz. By moving the cuts by these amounts we obtain the
quoted contributions of 6 % and 12 %. The effect of the fiducial volume requirement
has been estimated by an analysis in which LPP vertices restricted to a radial distance
< 4.5 mm from the beam-line, far from the RF foil, were taken in to account. A possible
bias coming from the cut on the radial distance with respect to the beam line position
uncertainty has been estimated to contribute for less than 1 %.

5 Results

From zero signal observed, the computed cross-section upper limits at 95 % CL (unified
approach of Feldman and Cousins [15]) are shown in Table 2.

We use a fast simulation programme in order to cover a larger region of the param-
eter phase space of the theoretical model. The fast simulation uses Pythia to generate
h0 → χ̃0

1χ̃
0
1 events. The charged particles selected within the LHCb acceptance are fed

to a vertex reconstruction algorithm similar to the one for real data. Inefficiencies are
parameterized as a function of the vertex position to simulate the fiducial volume require-
ment. The procedure is compared with the full simulation and tuned to obtain the correct
shape for the most relevant distributions. We assume the same systematic uncertainty as
for the full simulation. Two examples of results obtained by fast simulation are given in
Table 5.

7

Final selection to remove SM background

Two candidates

|∆φ| > 2.8 rad

N tracks > 6

Mass > 6 GeV

No events left in data
Total efficiency on signal: 0.384%± 0.017%
→ expect 2 events for mSuGRA model
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Efficiencies

Detection efficiency of reconstructible long-lived particle (LLP) candidates determined
on signal MC:

Model τLLP mLLP mh0 � (%) σUL

ps GeV/c2 GeV/c2 pb
BV48-5 5 48 114 0.184 ± 0.011 66
BV48 10 48 114 0.384 ± 0.017 32

BV48-15 15 48 114 0.418 ± 0.017 29
BV20-10 10 20 114 0.010 ± 0.003 1425
BV35-10 10 35 114 0.146 ± 0.010 84

BV48-mh100 10 48 100 0.190 ± 0.013 64
BV48-mh125 10 48 125 0.293 ± 0.019 42

Table 2: Higgs detection efficiencies and 95% CL upper limit on the production cross-
section for a Higgs signal of the BV model, for different LLP lifetimes, LLP masses and
Higgs masses. The quoted uncertainties are statistical only.

Requirement � (%)
One LLP in acceptance (generator cut) 29.4

LLP preselection 44.1
Trigger 35.5

Fiducial volume 95.8
LLP selection 66.4

Two LLP found 19.1
|∆φ| cut 68.4

Total 0.384
Total without trigger 0.589

Table 3: Fraction of the BV48 signal events surviving at different stages of the analysis.

Source %
Integrated luminosity 4

Trigger 15
Track reconstruction 7

pT and mass calibration 6
Vertex reconstruction 12

Fiducial volume 4
Beam line position 1

Total 22

Table 4: Systematic uncertainties on the Higgs detection efficiency.

8

Efficiencies

(Pre)selection is optimised to reduce backgrounds
Trigger has limited bandwidth
Main loss from the first (HLT1) level of the software trigger for very
displaced vertices. A dedicated algorithm has been implemented for
future analyses
Requiring two LLP and |∆φ| to reduce backgrounds

Veerle Heijne (Nikhef) Long-Lived Exotics DARK 2012 18 / 23



Systematics

Model τLLP mLLP mh0 � (%) σUL

ps GeV/c2 GeV/c2 pb
BV48-5 5 48 114 0.184 ± 0.011 66
BV48 10 48 114 0.384 ± 0.017 32

BV48-15 15 48 114 0.418 ± 0.017 29
BV20-10 10 20 114 0.010 ± 0.003 1425
BV35-10 10 35 114 0.146 ± 0.010 84

BV48-mh100 10 48 100 0.190 ± 0.013 64
BV48-mh125 10 48 125 0.293 ± 0.019 42

Table 2: Higgs detection efficiencies and 95% CL upper limit on the production cross-
section for a Higgs signal of the BV model, for different LLP lifetimes, LLP masses and
Higgs masses. The quoted uncertainties are statistical only.

Requirement � (%)
One LLP in acceptance (generator cut) 29.4

LLP preselection 44.1
Trigger 35.5

Fiducial volume 95.8
LLP selection 66.4

Two LLP found 19.1
|∆φ| cut 68.4

Total 0.384
Total without trigger 0.589

Table 3: Fraction of the BV48 signal events surviving at different stages of the analysis.

Source %
Integrated luminosity 4

Trigger 15
Track reconstruction 7

pT and mass calibration 6
Vertex reconstruction 12

Fiducial volume 4
Beam line position 1

Total 22

Table 4: Systematic uncertainties on the Higgs detection efficiency.

8

Trigger

15% sensitivity in the comparison of efficiencies in data and MC by
using bb̄ events with relaxed cuts

Vertex reconstruction

Account for differences in vertex resolution between data and MC
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Preliminary results

Monte Carlo generated for different parameters of the mSuGRA model:

Preliminary result

The mSuGRA model BV48 with:
mh0 = 114 GeV, mχ̃0 = 48 GeV, τχ̃0 = 10 ps
gives a 95% confidence level upper limit of 32 pb [LHCb-CONF-2012-014]
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Fast Simulation

To extrapolate the results to a larger variety of models, use a fast simulation of the
LHCb detector

Fast Simulation

Generate charged particles and feed them to the vertexing algorithm

Apply inefficiencies as function of vertex position

Enables us to extend the results for different mh0, mχ̃0
1

and τχ̃0
1

For a fixed lifetime τχ̃0
1

respectively fixed mh0:

mLLP 30 35 40 48 55
mh0

100 101 58 44 58
105 100 75 44 39
110 132 75 56 34
114 128 91 47 32 46
120 148 93 58 34 31
125 179 90 61 41 29

mLLP 30 35 40 48 55
τLLP

3 210 156 136 168 410
5 145 101 68 58 137
10 129 91 47 32 46
15 155 90 49 31 33
20 131 93 63 32 31
25 142 100 61 34 25

Table 5: 95 % CL upper limits on the cross-section for the production of a Higgs boson
in the BV model, as a function of the LLP and Higgs masses for a LLP lifetime of 10 ps
(left), and as a function of the LLP mass and lifetime for a Higgs mass of 114 GeV/c2

(right). Cross-sections, masses and lifetimes are given in pb, GeV/c2 and ps, respectively.

6 Summary

A search for a Higgs-like boson decaying to a pair of long-lived particles (LLP) is performed
on data collected in 2010 corresponding to an integrated luminosity of 35.8 pb−1.

The event selection is optimized to reduce the main components of the background,
which are the interactions with the detector material and bb events. No events pass the
final selection criteria. The results are consistent with SM and do not indicate the presence
of New Physics contributions.

For a particular point of the BV model (mLLP =48 GeV/c2, a lifetime of 10 ps, and
mh0=114 GeV/c2), the Pythia-Geant4 based full simulation indicates an Higgs detec-
tion efficiency of 0.38 %. This translates in a 95 % CL upper limit for the production
cross-section of 32 pb. A fast simulation procedure yields limits for a larger set of LLP and
Higgs masses, and LLP lifetimes. From the fast simulation of a Higgs with mass between
100–125 GeV/c2, decaying to two heavy particles with masses between 30–55 GeV/c2 and
a lifetime of 10 ps we can exclude production cross-sections between 29 and 179 pb. For
the same range of LLP masses and a fixed Higgs mass of 114 GeV/c2, the lifetime window
of 3–25 ps can be excluded with cross-section upper limits from 25 to 410 pb.

We are currently updating these results to include the data collected in 2011 which
amounts to an integrated luminosity of 1 fb−1.

9

→ Good agreement with full simulation in control points
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95% CL upper
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Summary

A search was performed for a Higgs-like boson decaying to a pair of long-lived
particles in 35.8 pb−1 of 2010 data [LHCb-CONF-2012-014]

No events passed our selection, which was optimised to reduce the main
background components (detector material and bb̄ events)

A preliminary 95 % CL upper limit for the production cross-section of 32 pb has
been set for one specific model:
mSUGRA with baryon number violation (mh0 = 114 GeV, mχ̃0 = 48 GeV,
τχ̃0 = 10 ps)

The result can be extended to other models using a fast simulation
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http://cdsweb.cern.ch/record/1434432?ln=en


Outlook

∼70 times more integrated luminosity from 2011: 1 fb−1 and 2012: ∼2.2 fb−1

More inclusive analysis:
Single-vertex signatures
Specific searches for semileptonic decays

Improve systematic uncertainties:
Add more control trigger lines to better estimate uncertainty

Improve efficiency:
More advanced selection
Improve vertex reconstruction efficiency
Use substructure and flavour to distinguish
between models and to reduce background
Improve mass reconstruction using jets
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