
Electroweak-scale exotica with LHCb

Pieter David
on behalf of the LHCb collaboration

ICHEP 2016
3–10 August, Chicago



LHCb: a general-purpose detector in the forward direction

tracking system ECAL HCAL
MUON

RICH

VELO

magnet

19.5 h long fill
LHCb

ATLAS
CMS

2 < η < 5

JINST3(2008)S08005;
IntJModPhysA30(2015)1530022

Pieter David (Nikhef) Electroweak-scale exotica with LHCb ICHEP 2016 2

http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1142/S0217751X15300227


LHCb: a general-purpose detector in the forward direction

tracking system ECAL HCAL
MUON

RICH

VELO

magnet

19.5 h long fill
LHCb

ATLAS
CMS

2 < η < 5

JINST3(2008)S08005;
IntJModPhysA30(2015)1530022

Pieter David (Nikhef) Electroweak-scale exotica with LHCb ICHEP 2016 3

http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1142/S0217751X15300227


Outline

1 Search for long-lived heavy charged particles using a ring imaging
Cherenkov technique at LHCb

2 Search for Higgs-like bosons decaying into long-lived exotic particles

3 Search for long-lived particles decaying to jet pairs

4 Prospects for run 2 and the LHCb upgrade

5 Short-lived physics at the electroweak scale

NEW

→ talk by Xabier Cid Vidal and poster by Donatella Lucchesi
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Search for pairs of detector-stable charged particles

• Long-lived τ̃ NLSP in mGMSB
(for large tan β) NuclPhysB488(1997)39;

PhysRept322(1999)419; arχiv:hep-ph/9709356

• Drell-Yan production assumed

• Discriminated from μ± using

• Energy loss in the Velo
• RICH below threshold
• ECAL and HCAL deposits

• ANN classifier with PID variables,
product of the two responses is
used for final selection

• Selection calibrated on Z→ μ+μ−
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Exotic particles decaying in the detector volume

• particles with mass 25–55GeV/c2,
lifetime 1–100 ps (γβcτ ≲ 20 cm)

• predicted by Hidden Valley models,
GMSB, SUSY models with baryon
number violation trilinear couplings
PhysLeB661(2008)263; PhysRevLe103(2009)241803;

PhysRevLe99(2007)211801

• benchmark signals:
H → πvπv , πv → bb (HV) and
H→ χ̃01χ̃

0
1, χ̃

0
1→ 3jets (BV)

Complementary analysis strategies:
vertex finding in soware trigger, and

• two candidates coming from a resonance

• a single candidate with particle flow jets
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that v-particles are produced via a Z ′ decay; some of the
v-hadrons produced in v-hadronization can then decay
back to standard model particles, via an intermediate
state Z ′ or Higgs boson. This is illustrated schemati-
cally in Fig. 1. V-hadron production in Higgs boson de-
cays was considered in [7]. Here, we will consider a dif-
ferent scenario, in which the v-hadrons are produced in
LSsP decays. In particular, as illustrated schematically
in Fig. 2, production of SM superpartners leads, through
cascade decays, to the appearance in the final state of
two LSsP’s. If the LSvP is lighter than the LSsP, then
the LSsP will typically decay to an LSvP plus one or
more v-hadrons, some of which in turn decay visibly. For
simplicity we assume in this paper both that R-parity is
conserved and that the LSvP itself is stable; if either is
violated, the phenomenology may be richer still.

SM

LEP
hidden
valley

LHC

FIG. 1: Schematic view of production and decay of v-hadrons.
While LEP was unable to penetrate the barrier separating the
sectors, LHC may easily produce v-particles. These form v-
hadrons, some of which decay to standard model particles.

Let us now consider how phenomenology of LSsP de-
cays in hidden-valley models may differ in some ways
from LSsP decays in other models. First, since the LSvP
is a v-hadron, its decay to the LSvP may be accompanied
by one or more long-lived R-parity-even v-hadrons, pos-
sibly with a substantial multiplicity. Some or all of these
v-hadrons may in turn decay to visible (but often rather
soft) particles. This decay pattern may make the decay
products of the LSsP challenging to identify. An example
of how this could occur in SM chargino-neutralino pro-
duction is shown in Fig. 3. The two LSsP’s (χ0

1
) decay

to a v-quark Q and a v-squark Q̃∗; after hadronization,
a number of R-parity-even v-hadrons and two R-parity-
odd LSvP’s (R̃) emerge. Some of the R-parity-even v-
hadrons then decay to visible particles, leading to a busy
and complex event. Second, many different v-hadronic
final states may appear in LSsP decays, just as a large
number of QCD hadronic states appear in τ and B de-
cays. Acquisition of a large sample of events may there-
fore require a combination of search strategies. Finally,

since the LSsP and/or some of the v-hadrons it produces
may be long-lived and decay with highly displaced ver-
tices, discovery and study of these events may require
specialized, non-standard experimental techniques.
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FIG. 2: Schematic view of production and decay of SM su-
perpartners. Each superpartner decays to hard jets/leptons
and an LSsP; the LSsP then decays to an LSvP plus other
v-hadrons, some of which decay to softer jet/lepton pairs.
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FIG. 3: The production and subsequent decay of a chargino
and neutralino, showing the two LSsPs decaying to various
v-hadrons, some of which decay visibly. Invisible R-parity-
even (-odd) v-hadrons, are shown as solid (dashed) lines; in

particular, an LSvP, labelled R̃, is produced in each of the
LSsP decays.

The reverse situation — where the LSvP is heavier
than the LSsP — is typically less dramatic, but still wor-
thy of note. It leaves the bulk of SM SUSY signals un-
changed, but can in some cases produce spectacular and
challenging signals of its own. It will be discussed briefly
below.

Meanwhile, analogous statements apply, with only a
few adjustments, in other models with a conserved Z2
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Inclusive displaced vertex reconstruction in Hlt2

• Starting from all
reconstructed
VELO tracks, like a
PV search

• Selections on track
multiplicity (≥ 4),
radial displacement
(Rxy ≥ 0.4mm),
track invariant
mass etc., in
different Rxy
categories

• Loose selection for
two-candidate
events
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Additional veto for other instrumental backgrounds
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Higgs-like bosons decaying to pairs of long-lived particles

• 0.62 fb−1 of pp collisions at 7TeV

• Baseline selection: Ntrk > 6,
mtrk > 6GeV/c2, small vertex position
uncertainty

• Good compatibility of remaining data
with shapes from bb simulation
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Figure 2: Same quantities as in Fig. 1, shown as a function of (a) the LLP distance of flight from
the PV, (b) the radial distance of the LLP vertex from the beam line.
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Figure 3: Same quantities as in Fig. 1, shown as a function of (a) the pT distribution of the Higgs
candidate, (b) its invariant mass.

5 Determination of the di-LLP signal144

The signal is determined by a fit of the di-LLP invariant mass, assuming that the two145

LLPs are the decay products of a narrow resonance. This technique is hampered by the146

difficulty in producing a statistically significant background model from simulation, despite147

the fact that it is strongly reasonable to believe that only bb events are the surviving148

SM component. The alternative is to infer the background model from the data itself149

by relaxing the selection requirements, as given by lines Bkg1 and Bkg2 of Table 2. The150

comparison of the results obtained with the different signal and background selections are151

subsequently used to estimate the systematic effects.152

The signal template is the histogram built from BV simulated events selected under153

the same conditions as data, i.e. Sel1 . The background template is the histogram obtained154
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Figure 1: Data (black dots) and simulated distributions after preselection. The distributions
are shown with unit normalisation. There are two LLP candidates per event. The simulated bb

is the filled red histogram with error bars, in blue, purple and green the distributions for three
signal models. (a) number of tracks used to reconstruct the LLP candidates; (b) LLP transverse
momentum; (c) LLP invariant mass; (d) radial distance of the LLP vertex; (e) longitudinal and
(f) radial error provided by the vertex algorithm.
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Figure 1: Data (black dots) and simulated distributions after preselection. The distributions
are shown with unit normalisation. There are two LLP candidates per event. The simulated bb

is the filled red histogram with error bars, in blue, purple and green the distributions for three
signal models. (a) number of tracks used to reconstruct the LLP candidates; (b) LLP transverse
momentum; (c) LLP invariant mass; (d) radial distance of the LLP vertex; (e) longitudinal and
(f) radial error provided by the vertex algorithm.
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Higgs-like bosons decaying to pairs of long-lived particles

• Template fit to di-LLP (long-lived
particle) invariant mass distribution

• Background shapes from data control
regions (different methods as
cross-check)

• No excess observed

Assuming that the background events are uncorrelated in the two variables and that a184

negligible amount of signal falls in the “sideband” regions A, B, and C, then the estimate185

of the background in D is given by B̄D = NBNC/NA; the estimate of the amount of signal186

in D is S̄D = ND − B̄D. It is found that the two chosen variables are suitably uncorrelated187

and can be used with this method. The boundaries are set at mLLP=8GeV/c2 and Ntrk=7,188

by an optimisation procedure. The effects of correlation and of the presence of an amount189

of signal in the sidebands are determined by simulation. The estimate for the number of190

signal in the D region from this method is 1.8± 6.8 events, again consistent with a null191

signal. The uncertainty is mainly statistical with a contribution from the above mentioned192

effect of the variable correlation.193
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Figure 4: Results of the fit based on the model BV48 10ps mH114, for different combinations of
selections. Top: signal Sel1 , background Bkg1 , (a) log and (b) linear scale with pull distribution.
(c) signal Sel1 , background Bkg2 , (d) signal Sel2 , background Bkg1 . The χ

2/NDof values are
0.6, 0.6, 1.0 for the three selections, respectively. Dots with error bars are the data, in red and
dashed green the fitted background and signal (on all the plots the fitted amount of signal is
negative and invisible). The purple histogram is the total fitted distribution.
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Figure 6: Expected (open dots and 1σ and 2σ bands) and observed (blue dots) upper limits
at the 95% confidence level, as a function of the Higgs mass in plots a) b) and c), of the LLP
lifetime in plots d) and f), and of the LLP mass in plot e). The values of the fixed parameters
are indicated in the plots.

8 Conclusion275

A search for Higgs-like decays into two long-lived particles decaying hadronically has been276

carried out using data from pp collisions at 7TeV collected with the LHCb detector in the277

forward pseudorapidity region 2 < η < 5. corresponding to a total integrated luminosity278

of 0.62 fb−1.279
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Higgs-like bosons decaying to pairs of long-lived particles

• Template fit to di-LLP (long-lived
particle) invariant mass distribution

• Background shapes from data control
regions (different methods as
cross-check)

• No excess observed
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in D is S̄D = ND − B̄D. It is found that the two chosen variables are suitably uncorrelated187

and can be used with this method. The boundaries are set at mLLP=8GeV/c2 and Ntrk=7,188

by an optimisation procedure. The effects of correlation and of the presence of an amount189

of signal in the sidebands are determined by simulation. The estimate for the number of190

signal in the D region from this method is 1.8± 6.8 events, again consistent with a null191

signal. The uncertainty is mainly statistical with a contribution from the above mentioned192

effect of the variable correlation.193
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Search for long-lived particles decaying to jet pairs

Alternative analysis on the same dataset, based on the presence of a single
candidate vertex (larger acceptance), with two jets aached (HV model).
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Search for long-lived particles decaying to jet pairs
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Search for long-lived particles decaying to jet pairs
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Prospects for run 2 and the LHCb upgrade

• 13TeV
• higher cross-sections
• beer geometrical acceptance

• Run 2
• more integrated luminosity
• beer reconstruction in the trigger
• opportunities with “turbo” processing

• Upgrade
• pixel vertex detector: lower ghost rate
• improved tracker
• full soware trigger

For more information, see the
talk by Stefano De Capua and
the posters by Marina Artuso
and Renato agliani

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
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Conclusions

• LHCb offers unique opportunities to search for exotic long-lived particles
• Precise vertex detector and flexible soware trigger allow to cover the
low-mass low-lifetime region

• fully instrumented in the forward region, can use RICH detectors to identify
heavy stable charged particles

• Presented bounds on the production of heavy stable charged particle
pairs, pairs of long-lived particle pairs decaying to high-multiplicity final
states, and long-lived particles decaying to jet pairs

• More results in preparation — and more exotic ideas are always welcome
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Additional material



Search for long-lived particles decaying to jet pairs
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