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The LHCb detector
๏ At LHC pp collisions (7-13 TeV)
๏ Only LHC detector fully 

instrumented in forward region

๏ Excellent vertex resolution
• Able to measure Bs oscillations 

(helped by large forward boost)

๏ Excellent mass resolution
• Separating Bd→µµ from Bs→µµ

๏ Good jet reconstruction 
• 10-20% energy resolution for jets 

with pT > 10 GeV
• b(c) tagging eff 65%(25%) for 

0.3% contamination
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Complimentary kinematical coverage to CMS & ATLAS.
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CMS

LHCb has a large and diverse non-flavor-physics program, including HI running, HF jets, vector 
boson production, etc. I cannot hope to cover even a decent fraction of it in this talk! 

see http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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Table 2: Mass resolution for the six di↵erent dimuon resonances.

Resonance Mass resolution (MeV/c2)
J/ 14.3± 0.1
 (2S) 16.5± 0.4
⌥ (1S) 42.8± 0.1
⌥ (2S) 44.8± 0.1
⌥ (3S) 48.8± 0.2
Z

0 1727± 64

]2c [MeV/m
410 510

]2 c
 [M

eV
/

m
σ

10

210

310
LHCb

]2c [MeV/m
410 510

 [%
]

 / 
m

m
σ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
LHCb

Figure 19: Mass resolution (�
m

) (left) and relative mass resolution (right) as a function of the
mass (m) of the dimuon resonance. The mass of the muons can be neglected in the invariant
mass calculation of these resonances. The mass resolution is obtained from a fit to the mass
distributions. The superimposed curve is obtained from an empirical power-law fit through the
data points.

LHCb is a forward spectrometer, the requirements in terms of absolute units of distance
are di↵erent for the di↵erent coordinate axes: tracks are less sensitive to displacements of
elements in the z direction compared to equally sized displacements in x and y. Similarly,
rotations around the z axis are more important than those around the x and y axis.

Although the final alignment precision is obtained with reconstructed tracks, a precise
survey is indispensable both as a starting point for the track-based alignment and to
constrain degrees of freedom to which fitted track trajectories are insensitive. For example,
the knowledge of the z scale of the vertex detector originates solely from the pre-installation
survey. Ultimately this is what limits, for example, certain measurements such as the B

0
s

oscillation frequency.
Several methods have been deployed for track-based alignment in LHCb. One technique

used for the VELO divides the alignment in three stages, corresponding to di↵erent detector
granularity [55,56]. The relative alignment of each � sensor with respect to the R sensor in
the same module is performed by fitting an analytical form to the residuals as a function

28
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vertex reconstruction mass resolution

�t = 45ps
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LHCb  
2<η<5

• unique acceptance: 2 < η < 5 
• low pile-up (~1-2 visible interaction) 
• excellent vertex resolution (στ~45 fs for Bs0) 
• excellent mass resolution (0.5% in µµ)

Int.J.Mod.Phys. A 30,1530022 (2015) 
JINST 10 (2015) P06013 

• good jet reconstruction 
‣ energy resolution ~10% for jets with  

pT > 10 GeV 
‣ b(c) tagging efficiency ~65%(25%) 

for 0.3% light-parton contamination

https://arxiv.org/abs/1412.6352
http://iopscience.iop.org/article/10.1088/1748-0221/10/06/P06013/meta
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• calibration + reconstruction in real time  
• very soft triggers:

at hardware level (L0): 
• muons with pT > 1.5 GeV 
• calo deposits with ET > 3 GeV

at software level (HLT): 
• topological triggers on detached vertices 
• PID and jets in trigger 
• excellent for light dimuons  

(prompt and detached)

new µµ turbo trigger with online muon id requirement (no pre-scale)

Many searches for LLPs performed and ongoing!
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talk
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LHCb Upgrade I(b): Incremental 
improvements/prototype detectors

2031 2032 2033 2034 2035 20402030
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LS4 

LHCb Upgrade II
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LS5 

CERN-LHCC-2017-003

LHCb Upgrade II  
Run 4 and Run 5 
2030 ++ 
Accumulate 300 fb-1 

Pixel timing mandatory 

L = 2 x 1033 Lint ~ 50 fb-1Lint ~ 8 fb-1

L = 1-2 x 1034 Lint ~ 300 fb-1

LHCb Upgrade Schedules

7

LHCb Upgrade I 
installation starts 

LHCb Upgrade I(b): incremental 
improvements/prototype detectors 

LHCb LHCb Upgrade I

~1 visible 
interactions

~5 visible 
interactions

Upgrade I 
• no hardware trigger, full software trigger with readout of the full event at 40 MHz  
• improved vertex resolution 
• momentum resolution of the tracking system ~10-20% better 
• reduced ghost rate

will extend LHCb reach for LLPs!
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LHCb Upgrade II
Upgrade II (wrt Upgrade I) 

• 10x higher vertex multiplicity 
• 10x higher particle multiplicity 
• 10x higher radiation damage  

~50 visible 
interactions



Detector improvements 
for LLPs?

6Elena Dall’OccoHL/HE LHC - 04/04/2018
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LHCb Upgrade II
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Figure 4.1: Schematic side view of the Phase-II detector.

within the LHCb acceptance from the initial interactions alone. These high multiplicities lead to
challenging conditions for track and vertex reconstruction. Using the Phase-I Upgrade VELO
detector design as a baseline, the performance of a number of potential modifications to the
detector geometry and materials has been evaluated at the proposed Phase-II luminosity, and their
e↵ects on the final physics performance studied using full Monte Carlo simulations. Figure 4.2
summarises the tracking performance of the baseline (Phase-I) design under luminosities expected
in the Phase-I and Phase-II Upgrade eras. The mean rate of reconstructing ghost tracks in the
VELO alone from spurious hit combinations increases dramatically from 1.6% to 40% for the
increased luminosity, even after tight track-quality requirements are imposed to limit the rate of
these ghosts. There is a corresponding reduction in tracking e�ciency, with the integrated value
within the LHCb acceptance falling from ⇠99% to ⇠96%. There is also a modest degradation in
the impact parameter (IP) resolution, driven by the e↵ect of the lowered tracking e�ciency on
the primary vertex (PV) resolution.

These losses in performance can be almost entirely recovered with a small number of design
improvements. Most notably, by decreasing the pixel pitch from 55µm to 27.5µm and reducing
the sensor silicon thickness from 200µm to 100µm, the ghost rate can be reduced back down to
2% while retaining a tracking e�ciency of 96%, to choose one working point. Another potential
design improvement would be the reduction of material. In the current and Phase-I Upgrade
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How LHCb might look like… 
• silicon and scintillating fibres 

based tracking detectors 
• new sub-detectors (magnet 

stations, TORCH) 
• high granularity ECAL with 

extended dynamic range  
• HCAL removed 

Tracking system and trigger crucial for LLP searches!

UT micro 
strips

VELO 
pixels

inner/middle/
outer tracker

magnet 
side stations timing plane 

(TORCH)

CERN-LHCC-2017-003

see Matt’s talk tomorrow
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VELO

Elena Dall’Occo

VELO plays a fundamental role in LLP searches: 
• reconstruction of primary and secondary 

vertices 
• part of the tracking system  
• decay length accessible by LHCb ~20 cm 

(decay in the VELO)

HL/HE LHC - 04/04/2018

in upgrade II pixel timing 
becomes essential to reduce 
vertex mis-association in the 
high pile up environment!

VELO @ Villars 201801/03/18

Role of  timing

unambiguous 
flight distance

ambiguous 
flight distance

add timing: t0, t0 + Δt

clear  
assignment

single 
primary 
vertex:

two 
primary 
vertices:

two 
primary 
vertices + 
time  
decoding 
t0,t0 + Δt

Example 1: Primary vertex association

20

unambiguous 
flight distance

VELO @ Villars 201801/03/18

Role of  timing

unambiguous 
flight distance

ambiguous 
flight distance

add timing: t0, t0 + Δt

clear  
assignment

single 
primary 
vertex:

two 
primary 
vertices:

two 
primary 
vertices + 
time  
decoding 
t0,t0 + Δt

Example 1: Primary vertex association

20

ambiguous 
flight distance

VELO @ Villars 201801/03/18

Role of  timing
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flight distance
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flight distance

add timing: t0, t0 + Δt
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vertex:
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primary 
vertices:
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primary 
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clear 
assignment

single PV two PVs two PVs + timing
t0 t0 + Δt



1

10

210

310

[mm]z

500− 0 500 1000

[m
m

]
r

(s
ig

ne
d)

 

20−

10−

0

10

20

LHCb

9

VELO Material

Elena Dall’Occo

…a material map of the VELO is essential to reduce the background in LLP searches!

• beam-gas (helium) collisions  
• material interaction along the full 

length of the VELO 
• secondary interactions of hadrons 

used to map the material

• analysis performed for Run1 and Run2 
• method already applied successfully on a LLP analysis 

(Phys. Rev. Lett. 120, 061801 (2018))
…repeat for next runs?

HL/HE LHC - 04/04/2018

RF box at ~5 mm from the beam:   
• < 5 mm: background dominated 

by heavy flavour  
• > 5 mm: background mainly from 

material interaction

• the removal of the RF foil is under 
study for upgrade II 

• it would reduce the background 
and improve the IP resolution 

• if not feasible it is crucial to veto 
the material interactions…

CERN-LHCb-DP-2018-002

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://cds.cern.ch/record/2309964
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VELO 

Elena Dall’Occo

VELO Upgrade I performance at 
HL-LHC luminosity: 
• ghost rate explodes  
• tracking efficiency decreases 
• spatial resolution degrades 

HL/HE LHC - 04/04/2018

potential design improvements to 
recover performance losses: 
• smaller pixels and thinner silicon 

sensor    
scenario1 

• removal of RF box (biggest 
contributor to material budget)    
scenario2
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Figure 4.2: Simulated performance of the Phase-I Upgrade VELO design, with no further improvements,
at the design luminosity (black points) and at the proposed Phase-II upgrade luminosity (red points): (a)
ghost rate vs. pseudorapidity; (b) tracking e�ciency vs. pseudorapidity; (c) IP resolution vs. 1/pT.

designs the VELO sensors are located in a secondary vacuum, surrounded by a thin metal
shield which suppresses wakefields from the beam. This RF foil gives the largest contribution to
the material budget, however alternative designs can be considered, such as a system of wires,
which would reduce this contribution to a negligible value. Such a change would result in a
significant improvement in the IP resolution, particular at lower momentum, and also have the
benefit of reducing the ghost rate even further. Figure 4.3 repeats the tracking performance
plots for these two scenarios: (1) smaller pixels and thinner silicon; (2) these improvements plus
the removal of the RF foil. In both cases the pattern recognition algorithms developed for the
Phase-I Upgrade have been coarsely optimised for the new conditions by scanning the parameter
space for the most important tuneable thresholds. Additional gains are almost certainly possible
from a more comprehensive redesign of the track-finding software. Furthermore, the addition
of fast-timing information, discussed below in the context of vertex association, will also bring
potential improvements in track finding (see e.g. Ref. [109]).

Pile-up and 4D readout

The large number of multiple interactions per beam crossing at Phase-II presents particular
problems for the operation of a heavy flavour experiment. The selection of beauty and charm
hadron samples is based on their flight distance, as determined by the VELO. This measurement
requires the correct association of the production (PV) and decay vertices of the heavy flavour
hadron. Using a Phase-I Upgrade design detector 13% of b-hadron decays would be mismatched to
the wrong PV at an average pile-up of µ = 50, which would limit the possibilities to perform time-
dependent CP -asymmetry measurements, as well as increase the combinatoric background levels.
If the time information of the track hit is known within a resolution of 200 ps, a performance
already achieved by NA62 [110], the mismatch is reduced to the current levels (1%). Figure 4.4
shows a preliminary study on how this mismatch fraction depends on the time resolution of the
hits. Consequently R&D on achieving high-granularity 4D spatial and timing information in the
VELO in this high-radiation environment is clearly well motivated.
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designs the VELO sensors are located in a secondary vacuum, surrounded by a thin metal
shield which suppresses wakefields from the beam. This RF foil gives the largest contribution to
the material budget, however alternative designs can be considered, such as a system of wires,
which would reduce this contribution to a negligible value. Such a change would result in a
significant improvement in the IP resolution, particular at lower momentum, and also have the
benefit of reducing the ghost rate even further. Figure 4.3 repeats the tracking performance
plots for these two scenarios: (1) smaller pixels and thinner silicon; (2) these improvements plus
the removal of the RF foil. In both cases the pattern recognition algorithms developed for the
Phase-I Upgrade have been coarsely optimised for the new conditions by scanning the parameter
space for the most important tuneable thresholds. Additional gains are almost certainly possible
from a more comprehensive redesign of the track-finding software. Furthermore, the addition
of fast-timing information, discussed below in the context of vertex association, will also bring
potential improvements in track finding (see e.g. Ref. [109]).

Pile-up and 4D readout

The large number of multiple interactions per beam crossing at Phase-II presents particular
problems for the operation of a heavy flavour experiment. The selection of beauty and charm
hadron samples is based on their flight distance, as determined by the VELO. This measurement
requires the correct association of the production (PV) and decay vertices of the heavy flavour
hadron. Using a Phase-I Upgrade design detector 13% of b-hadron decays would be mismatched to
the wrong PV at an average pile-up of µ = 50, which would limit the possibilities to perform time-
dependent CP -asymmetry measurements, as well as increase the combinatoric background levels.
If the time information of the track hit is known within a resolution of 200 ps, a performance
already achieved by NA62 [110], the mismatch is reduced to the current levels (1%). Figure 4.4
shows a preliminary study on how this mismatch fraction depends on the time resolution of the
hits. Consequently R&D on achieving high-granularity 4D spatial and timing information in the
VELO in this high-radiation environment is clearly well motivated.
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Figure 4.3: Simulated performance of two prospective Phase-II Upgrade VELO designs at 2⇥1034 cm�2s�1

based on the Phase-I upgrade model: (a) ghost rate vs. pseudorapidity; (b) tracking e�ciency vs.
pseudorapidity; (c) IP resolution. Scenario 1 (black points) includes pixels with one quarter of the area
of the Phase-I pixels, and a reduced sensor thickness. Scenario 2 also includes removal of the RF foil
separating the VELO and beam vacua.

Improving PV misassociation with timing

PV matching vs. time resolution

‹ Mismatching increases with degrading time resolution as expected
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Jon Harrison (Manchester) VELO++ performance 07.04.16 26 / 29Figure 4.4: Fraction of b-hadron decays mismatched to the wrong PV as a function of the time resolution
per hit at a luminosity of 2⇥1034 cm�2s�1. The horizontal dashed line shows the approximate performance
of the Phase-I Upgrade VELO at 2⇥ 1033 cm�2s�1. The hit information used as input to the study is
obtained from a sample of simulated events assuming the layout of the Phase-I Upgrade VELO.

Radiation environment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve su�cient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only
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based on the Phase-I upgrade model: (a) ghost rate vs. pseudorapidity; (b) tracking e�ciency vs.
pseudorapidity; (c) IP resolution. Scenario 1 (black points) includes pixels with one quarter of the area
of the Phase-I pixels, and a reduced sensor thickness. Scenario 2 also includes removal of the RF foil
separating the VELO and beam vacua.

Improving PV misassociation with timing

PV matching vs. time resolution

‹ Mismatching increases with degrading time resolution as expected
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Radiation environment

The anticipated radiation fluence at the silicon sensors could be maintained at levels where
current technologies achieve su�cient signal to noise ratios by increasing the inner radius from 5
to 11 mm, at the cost of a degradation in the impact parameter resolution, from 50% to 100%
depending on the track pseudorapidity. A better solution, from the point of view of physics
performance, would be to design ‘hot-swap’ mechanics to allow the replacement of modules in the
end-of-year technical stops. The total number of modules in the Phase-I Upgrade VELO is only

23

most likely to get additional gain (timing for reconstruction? timing for extrapolation?)

CERN-LHCC-2017-003
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Tracks in LHCb Now

Elena Dall’Occo

Long tracks 
• excellent spatial resolution close 

to PV 
• excellent momentum resolution in 

magnitude and direction

Downstream tracks 
• reconstruction of daughters of LLPs 

that decay beyond VELO 
acceptance (20 cm<SV<200 cm) 

• good momentum resolution

Upstream tracks 
• reconstruction of charged particles 

bent out of the acceptance 
• excellent directional resolution 
• approximate estimation of the 

momentum possible  

VELO track Downstream track

Long track

Upstream track

T track

VELO
UT

T1 T2 T3

most relevant tracks for LLP searches 

HL/HE LHC - 04/04/2018
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Tracks in LHCb Upgrade II

Elena Dall’Occo

Downstream tracks 
• downstream timing with TORCH (Time 

Of Internally Reflected CHerenkov light) 
• target: precision per track ~15 ps  
• track matching will improve with 

consequent suppression of ghosts

Upstream tracks 
• tracking acceptance can be 

significantly increased for soft tracks 
by tracking stations on the magnet 

• the momentum resolution will 
improve 

• a large fraction of track now lost will 
be recovered

HL/HE LHC - 04/04/2018

(a) (b)

Figure 4.6: (a) the LHCb dipole magnet, with the white outline indicating the area to be covered by this
device. A symmetrical module will cover the opposite face of the magnet. (b) the momenta spectra in
LHCb simulation of slow pions from the decay D⇤! D0⇡+ that leave hits in the UT, Magnet Stations
(MS) and SciFi.

The SiPMs can be located outside the acceptance at the side of the yoke in a region of lower
neutron fluence, routing the photon signals with clear fibres. This design utilises the extensive
knowledge and experience in the collaboration of this technology and re-use of fabrication facilities
and readout electronics designs. A spatial resolution of the order of a mm is su�cient to obtain
the required momentum resolution. The use of a stereo arrangement of layers will be implemented
to achieve the required Y segmentation. Preliminary studies show that the pattern recognition
will be able to cope with the occupancy in Phase-II Upgrade conditions. The tracks from signal
channels are distributed across the vertical acceptance of the modules, while background tracks
from secondary interactions are predominantly close to the mid-plane of the device. Consequently
a small gap between the chambers, as indicated in Fig. 4.6, reduces the occupancy significantly.
The expected lifetime of the fibres in Phase-II Upgrade conditions is under study.

4.3 Particle identification and downstream fast-timing detectors

4.3.1 RICH system

The RICH system plays a central role in the current LHCb physics programme, and will continue
to do so for both the Phase-I and Phase-II Upgrades. The challenge of operating in the fierce
environment of 2 ⇥ 1034 cm�2s�1 can be overcome through a natural evolution of the optics,
photodetectors and readout of the existing two-RICH system. The necessary modifications will
take full advantage of ongoing developments in photodetector and mirror technology. Here the
main aspects of the Phase-II system are outlined, with emphasis on RICH 1, where detailed
studies have already been performed. More information may be found in Ref. [113].

Occupancy is highest in the central region of the RICH-1 photodetectors, rising to around

28

D* → D0π+

• it will allow to timestamp LLP 
decaying after the VELO and 
match it to the correct vertex 

• it will provide particle id to lower 
momenta through the ToF

CERN-LHCC-2017-003
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Trigger

Elena Dall’OccoHL/HE LHC - 04/04/2018

9

LHCb trigger upgrade plan: 

 Triggerless readout and full software trigger: 
-no L0 bottleneck  

 No further offline processing: 
 - Run II is a test-bed for the upgrade  
 - Offline resource could be used for  
   simulation and analysis 

The LHCb trigger in the Upgrade
same strategy as Upgrade I: 
• no hardware trigger 
• triggerless readout at the LHC bunch 

crossing rate 
• fully software-based trigger with no 

further offline processing 
• signal classification at the trigger level

what can be further improved? 
• studies ongoing on adding  downstream 

reconstruction at HLT1(‘retina’ scheme 
with dedicated processors in the DAQ) 
EPJ Web Conf. 127 (2016) 00005 

• more flexibility  
• higher efficiency for low mass searches 

and electron modes 
• possibility to access lower jet masses 

(emerging jets, jet substructures…)

CERN-LHCC-2017-003

https://www.epj-conferences.org/articles/epjconf/abs/2016/22/epjconf_dots2016_00005/epjconf_dots2016_00005.html


What sensitivity can we 
reach with HL-LHC?

14Elena Dall’OccoHL/HE LHC - 04/04/2018
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LLPs Decaying to Jet Pairs

Elena Dall’OccoHL/HE LHC - 04/04/2018

• search for hidden sector LLP decays via 
SM Higgs portal   

• mass range: 25-50 GeV 
• lifetime range: 2-500 ps 
• dataset: run I (2 fb-1) 
• signature: single displaced vertex with 2  
                      associated jets 

strategy  
• trigger on displaced vertex 
• requirements on jet pointing and material 

interaction veto to reduce main backgrounds: 
‣ vertex from heavy flavour decay or material 

interaction 
‣ SM dijet events 

• fit of the di-jet mass in bins of lateral 
displacement RxyMartino Borsato - USC
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Figure 2: Dijet invariant mass distribution in the di�erent Rxy bins, for the 2012 data sample.
For illustration, the best fit with a signal fi

v

model with mass 35 GeV/c2 and lifetime 10 ps is
overlaid. The solid blue line indicates the total background model, the short-dashed green line
indicates the signal model for signal strength µ = 1, and the long-dashed red line indicates the
best-fit signal strength.
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LLP → jet jet
๏ Signature: single displaced 

vertex with two (b-) jets 
(previously searched double)

๏ Model: hidden-valley dark pions 
from SM Higgs decay 

๏ Using 2 /fb of 7 and 8 TeV pp data

๏ Triggering on displaced vertex

๏ Quality requirement on jets, di-jet 
pointing, material veto

๏ Signal from di-jet mass fit in bins 
of beam-axis displacement Rxy

13
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Hidden	Valley	v-pions	decaying	to	jet	pairs	at	LHCb	

•  model:	Higgs	decay	to	two	LLPs	each	decaying	to	two	fermions	

•  LHCb	signature:	single	displaced	
vertex	with	two	associated	jets	
(LHCb	acceptance	for	all	4	jets	is	
small,	only	few	%)	

LHCb-PAPER-2016-065	

•  analysis	strategy	
•  trigger	on	displaced	vertex	
•  find	two	associated	jets	
•  extract	signal	from	fit	to		

di-jet	mass	in	bins	of	
distance	to	beam	axis	(Rxy)	
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14	

LHCb,	2.0/t,	7,8	TeV	
preliminary	

LHCb acceptance for  
all 4 jets is only few %

LHCb-PAPER-2016-065 arXiv:1705.07332  

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

QCD

%V (35 GeV, 10 ps) 
best fit, BR=1

EUR. PHYS. J. C (2016) 76: 664

in most cases only 1 πv 
within LHCb acceptance

Eur. Phys. J. C77 (2017) 812
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upper limits set on SM-Higgs BR to dark pions
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competitive and complementary 
limits to ATLAS and CMS!

what about HL-LHC?

pushing to low 
mass and lifetime
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extrapolation to 300 fb-1

• signal and background scaled to 14 TeV 
• conservative assumptions on detector performance (trigger, material interaction, 

jet reco) 
• optimistic assumptions on the effect of pile-up
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LLP Decaying Semileptonically
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• 2 approaches: 
‣ RPV mSUGRA neutralino as 

benchmark  
mass range: 23-198 GeV 

‣ simplified topologies, less model 
dependent 
mass range: 25-50 GeV

4 production mechanisms consideredEur. Phys. J. C (2017) 77 :224 Page 3 of 16 224
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Fig. 1 Four topologies considered as representative LLP production mechanisms: PA non-resonant direct double LLP production, PB single LLP
production, PC double LLP production from the decay of a Higgs-like boson, PD double LLP indirect production via squarks

particle tracks [26] with a minimum reconstructed pT of
100 MeV/c. Genuine PVs are identified by a small radial
distance from the beam axis, Rxy < 0.3 mm. The offline anal-
ysis requires that the triggering muon has an impact param-
eter to all PVs of dIP > 0.25 mm and pT > 12 GeV/c.
To suppress the background due to kaons or pions punching
through the calorimeters and being misidentified as muons,
the corresponding energy deposit in the calorimeters must
be less than 4% of the muon energy. To preserve enough
background events in the signal-free region for the signal
determination algorithm described in Sect. 5, no isolation
requirement is applied at this stage. Secondary vertices are
selected by requiring Rxy > 0.55 mm, at least four tracks
in the forward direction (i.e. in the direction of the spec-
trometer) including the muon and no tracks in the back-
ward direction. The total invariant mass of the tracks coming
from a selected vertex must be larger than 4.5 GeV/c2. Par-
ticles interacting with the detector material are an impor-
tant source of background. A geometric veto is used to
reject events with vertices in regions occupied by detector
material [27].

The number of data events selected is 18 925 (53 331) in
the 7 TeV (8 TeV) datasets. Less than 1% of the events have
more than one candidate vertex, in which case the candidate
with the highest-pT muon is chosen. According to the sim-
ulation, the background is largely dominated by bb events,
while the contribution from the decays of W and Z bosons
is of the order of 10 events. All simulated cc and tt events
are rejected. The bb cross-section value measured by LHCb,
288 ± 4 ± 48 µb [28–31], predicts (15 ± 3) × 103 events
for the 7 TeV dataset, after selection. The value for the 8 TeV
dataset is (52 ± 10) × 103. The extrapolation of the cross-
section from 7 to 8 TeV is obtained from POWHEG [32–34],
while Pythia is used to obtain the detection efficiency. The
candidate yields for the two datasets are consistent with a
dominant bb composition of the background. This is con-
firmed by the study of the shapes of the distributions of the
relevant observables. Figure 2 compares the distributions for
the 7 TeV dataset and for the 135 simulated bb events sur-
viving the selection. For illustration, the shapes of simulated
LV38 10 ps signal events are superimposed on all the distri-
butions, as well as the expected shape for LV38 50 ps on the

Rxy distribution. The muon isolation variable is defined as the
sum of the energy of tracks surrounding the muon direction,
including the muon itself, in a cone of radius Rηφ = 0.3 in
the pseudorapidity-azimuthal angle (η,φ) space, divided by
the energy of the muon track. The corresponding distribution
is shown in Fig. 2b. A muon isolation value of unity denotes
a fully isolated muon. As expected, the muon from the signal
is found to be more isolated than the hadronic background.
Figure 2e presents the radial distribution of the displaced ver-
tices; the drop in the number of candidates with a vertex above
Rxy ∼ 5 mm is due to the material veto. From simulation,
the veto introduces a loss of efficiency of 13% (42%) for the
detection of LLPs with a 30 GeV/c2 mass and a 10 ps (100 ps)
lifetime. The radial (σR) and longitudinal (σz, parallel to the
beam) uncertainties provided by the LLP vertex fit are shown
in Fig. 2f, g. Larger uncertainties are expected from the vertex
fits of candidates from bb events compared to signal LLPs.
The former are more boosted and produce more narrowly
collimated tracks, while the relatively heavier signal LLPs
decay into more divergent tracks. This effect decreases when
mLLP approaches the mass of b-quark hadrons.

A multivariate analysis based on a multi-layer perceptron
(MLP) [35,36] is used to further purify the data sample. The
MLP input variables are the muon pT and impact parameter,
the number of charged particle tracks used to reconstruct the
LLP, the vertex radial distance Rxy from the beam line, and
the uncertainties σR and σz provided by the LLP vertex fit.
The muon isolation value and the reconstructed mass of the
long-lived particles are not used in the MLP classifier; the
discrimination power of these two variables is subsequently
exploited for the signal determination. The signal training
and test samples are obtained from simulated signal events
selected under the same conditions as data. A data-driven
approach is used to provide the background training sam-
ples, based on the hypothesis that the amount of signal in the
data is small. For this, a number of candidates equal to the
number of candidates of the signal training set, which is of
the order of 1000, is randomly chosen in the data. The same
procedure provides the background test samples. The MLP
training is performed independently for each fully simulated
model and dataset. The optimal MLP requirement is subse-
quently determined by maximizing a figure of merit defined

123

• lifetime range: 5-100 ps 
• dataset: run I (1+2 fb-1) 
• signature: single displaced vertex 

with several tracks and a high pT µ 
• background dominated by bb

• search for massive LLP decaying semileptonically into SM particles
EPJC (2017) 77:224
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Figure 2: Distributions for the 7 TeV dataset (black histogram) compared to simulated bb events
(blue squares with error bars), showing a) transverse momentum and b) isolation of the muon, c)
number of tracks and d) reconstructed mass of the displaced vertex. The fully simulated signal
distributions for LV38 10 ps are also shown (red dotted histograms). The distributions from
simulation are normalised to the number of data entries.

2



]2cLLP mass          [GeV/
20 40 60 80

)2 c
En

tri
es

/(1
.5

 G
eV

/

2−10

1−10

1

10 Data 8 TeV
(non-isolated region)
Background fit

a)

LHCb

]2cLLP mass          [GeV/
20 40 60 80 100

)2 c
En

tri
es

/(2
 G

eV
/

1−10

1

10 Data 8 TeV
(non-isolated region)
Background fit

b)

LHCb

]2cLLP mass          [GeV/
20 40 60 80

)2 c
En

tri
es

/(1
.5

 G
eV

/

1−10

1

10
Data 8 TeV
Fit: total
       background
       signal c)

LHCb

]2cLLP mass          [GeV/
20 40 60 80 100

)2 c
En

tri
es

/(2
 G

eV
/

1−10

1

10

Data 8 TeV
Fit: total
       background
       signal d)

LHCb
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38 GeV, 5 ps

strategy  
• trigger on µ + displaced vertex 
• exploit µ isolation to define a signal and a 

control region enhanced in background 
• simultaneous fit of the LLP candidate mass 

in the 2 regions to extract number of 
candidates

no significant excess observed

EPJC (2017) 77:224

double LLP from 125 GeV Higgs
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Figure 6: Expected (open dots with 1� and 2� bands) and observed (full dots) cross-section
times branching fraction upper limits (95% CL) for the processes PC as a function of the LLP
mass; the LLP lifetime ⌧

LLP

is indicated in each plot, m
h

0 = 125 GeV/c2. The results correspond
to the 8 TeV dataset.
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strategy  
• trigger on µ + displaced vertex 
• exploit µ isolation to define a signal and a 

control region enhanced in background 
• simultaneous fit of the LLP candidate mass 

in the 2 regions to extract number of 
candidates

EPJC (2017) 77:224

double LLP from 125 GeV Higgs
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Figure 6: Expected (open dots with 1� and 2� bands) and observed (full dots) cross-section
times branching fraction upper limits (95% CL) for the processes PC as a function of the LLP
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0 = 125 GeV/c2. The results correspond
to the 8 TeV dataset.
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Figure 3: Reconstructed mass of the LLP candidate from the 8 TeV dataset. The two top
plots correspond to events with candidates selected from the background region of the muon
isolation variable. They are fitted with the sum of two exponential functions. In the bottom
row the candidates from the signal region are fitted including a specific signal shape, added to
the background component. Subfigures a) and c) correspond to the analysis which assumes the
LV38 5 ps signal model, b) and d) are for LV98 10 ps.
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extrapolation to 300 fb-1

• signal and background scaled to 14 TeV 
• conservative assumptions on detector performance (trigger, material interaction, 

jet reco) 
• optimistic assumptions on the effect of pile-up

LLP Decaying Semileptonically



23

Summary

Elena Dall’Occo

• 10x luminosity  

• significant changes in the detector to cope with the challenging conditions: 
many proposals/ideas! (3rd Workshop on LHCb Upgrade II)  

• LHCb reach for LLPs significantly improves beyond luminosity scaling: pushing 
towards low masses and low lifetimes  

• proposal for a new dedicated detector (CODEX-b) to further extend physics 
reach and capabilities for LLPs (see Mike’s talk) 

• unique coverage complementary to ATLAS and CMS 

• many inputs coming from the theory community: 
‣ confining Hidden Valley   arXiv:1708.05389  
‣ soft bombs   JHEP 08 (2017) 076 
‣ rare Z decays to a hidden sector   arXiv:1710.07635

With the upgrade II we have…

…growing interest for LLPs at LHCb!

HL/HE LHC - 04/04/2018

https://indico.in2p3.fr/event/16795/overview
https://arxiv.org/abs/1708.05389
https://arxiv.org/abs/1612.00850
https://arxiv.org/abs/1710.07635
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FIG. 3. Reach for B ! Xs' in the s2✓–m' plane. Solid
(dashed) blue line assume 100% (Tab. I) tracking e�ciency.
The light shaded region (with dash-dotted boundary) assumes
the spectator model for the ' decays in order to compare with
the SHiP projection [79].

sume a bb̄ production cross-section of 500 µb. For the pro-
jected LHCb reach we rescaled the existing B ! K(' !
µµ) limit [37] under the (optimistic) assumption of zero
background, implying that the limit on the fiducial rate
scales linearly with the integrated luminosity. (A similar
limit from B ! K

⇤(' ! µµ) is slightly weaker [38].) The
lower extent of the reach in s

2
✓ is determined by the to-

tal number of beauty hadrons and the CODEX-b fiducial
e�ciency, while the upper extent of the s

2
✓ reach is con-

trolled by the ' lifetime: A larger s

2
✓ implies a larger rate

of ' production along with a shorter ' lifetime, such that
most '’s decay before they reach the detector. One finds
that CODEX-b would significantly extend the reach of
LHCb, and complement part of the projected parameter
reach for SHiP [79], as well as for MATHUSLA [90].

One may also consider more general portals that do
not feature the fixed branching ratio-lifetime relations
predicted by the simplest Higgs portal models. In Fig. 4
we show the branching ratio reach for such theories, for
various ' mass benchmarks. Compared to LHCb, which
searches for B ! K(' ! µµ), a key advantage is that
the reach is not sensitive to the model-dependent muonic
branching ratio, only requiring instead that the final
states are trackable. While the muon branching ratio
is typically O(1) for m' < 2mK from kinematic con-
siderations, at higher masses this branching ratio may
drop precipitously to the sub-percent level. As an ex-
ample, we show the projected LHCb reach in Fig. 4 for
m' = 0.5 GeV compared to m' = 1GeV.

FIG. 4. Inclusive B ! Xs' reach (solid lines). The shaded
regions (dashed lines) indicate current limits (300 fb�1 pro-
jection) from B ! K(' ! µµ), rescaled to the inclusive
process using the ratio of Eq. (4) and the theory predic-
tions for the exclusive branching ratio [91, 92], and assum-
ing Br[' ! µµ] ' 30% and 10% for m' = 0.5 GeV and
1GeV, respectively. Approximate current [65] and Belle II
projected [93] limits from B ! K(⇤)⌫⌫̄ precision measure-
ments are also shown (gray shading and dashed line).

B. Exotic Higgs decays

Exotic Higgs decays to two dark photons may be gener-
ated by a kinetic mixing portal (e.g. [51–54]). In the short
lifetime limit, dark photons can be searched for with the
main LHCb detector, in D

⇤ decays [94] or with an inclu-
sive search [95]. To estimate the CODEX-b fiducial e�-
ciency, we simulate gluon fusion Higgs production at IP8
with Pythia 8, with subsequent h ! �d�d decay. The
dark photon branching ratios to various SM final states
are approximated from existing e

+
e

� data [96], which is
relevant if one exploits the muon shadow. In Fig. 5 we
show the expected reach in Br[h ! �d�d] for m�d = 0.5
and 10 GeV benchmarks as a function of dark photon life-
time, for both the CODEX-b fiducial volume and for the
case that the muon shadow can be used. For the 0.5 GeV
benchmark, the kinematically enhanced branching ratio
to muons enhances the reach of the muon shadow, com-
pared to the 10 GeV case.

A displaced vertex search at ATLAS/CMS has geo-
metric acceptance ⇠ 1 (normalized to 4⇡), and approxi-
mately 10 times higher luminosity. Other than the trig-
ger challenges associated with LLPs, a second crucial dis-
tinction is that the calorimeters comprise only ⇠ 10� of
shielding compared to the 32� shield in the CODEX-b
setup. Searches for light displaced objects in the AT-
LAS/CMS muon system are therefore expected to su↵er
from significant backgrounds from punch-through jets.
To heavily reduce these backgrounds, it is often neces-
sary to require two displaced objects, which is a signif-
icant penalty in reach for the long lifetime regime. We
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LHCb Cavern
Pre-Run 3 (2020): Data AcQuistion will be moved to surface.

x

'

SM

SM

CODEX-b box

UXA shield

shield veto

IP8Pb shield

DELPHI

General strategy: Look for decays-in-flight of LLPs from IP8
Dean Robinson dean.robinson@uc.edu CODEX-b 2 | 15

strategy:  
look for decays-in-flight of LLPs 
from IP8 

Five benchmark LLP scenarios:  

• Massive dark photon γd (kinetic mixing)  
• Light O(GeV) scalar φ (Higgs mixing)  
• Heavy neutral lepton (mixing with the  

active neutrinos)  
• h → dark glueballs (twin Higgs mixing  

portal)  
• QCD coupled ALP ma < 3π (diphoton  

channel!) 

arXiv:1708.09395

https://arxiv.org/pdf/1708.09395.pdf
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Extrapolation to HL-LHC
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assumptions: 

the pile-up won't affect much neither the jet reconstruction neither the backgrounds  

For jet reconstruction, we think we can have it under control by either: 
• applying the same ML techniques to mitigate the pile up already used by       

ATLAS/CMS 
• removing neutrals from jets (resolution would degrade but this is done already for 

Turbo jets) 

For the backgrounds, for LLPs there are two main sources, heavy flavour and material 
interactions: 
• heavy flavour should be about the same 
• material interactions: the understanding of the VELO material significantly 

increased in the last year, and hopefully this will be also the case in the HL-LHC.       
If RF foil thinner or even completely removed, background drastically reduced 
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Turbo
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Turbo stream in Run II

Turbo:  
- only exclusive decays (and nothing else) saved 

Turbo++ : 
- Full event reconstruction can be persisted  
- Variables such as isolation, objects for jets   
   reconstruction, can be saved  

 Turbo SP: 
-  New intermediate solution between Turbo and Turbo++  
-  Trigger candidate + subset of reconstruction  saved  
  6
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only exclusive decays 
(nothing else saved )

• new intermediate 
solution  

• trigger candidate + 
subset of 
reconstruction saved 

• full event reconstruction can 
be persisted  

• variables such as isolation, 
objects for jet reconstruction 
can be saved 
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FIG. 2: Projected bounds from various ATLAS/CMS dis-
placed muons search strategies, see text for details. The
brown curve represents an extrapolation of a current analysis,
while the green curve represents only a minor modification.
The orange and purple projections have aggressive assump-
tions about backgrounds and will likely weaken following de-
tailed detector simulations. The band widths correspond to
10  hNvi  30. The blue band is derived from the LHCb
search proposed in this work.

tribute to missing energy,8 motivating a search for /ET

in combination with soft (displaced) muons. An AT-
LAS /ET+DV search [13] triggered on events with /ET ,
then further (at the analysis level) required a hard muon
(pT > 55 GeV). To optimize for our signal, we relax the
/ET down to the trigger requirement [35]. We then relax
the muon pT cut, demanding instead two dimuon DVs: 9

• /ET � 110 GeV.

• Reconstruct � 2 DVs, each with `T 2 [1, 30] cm.

• Each muon has pT > 10 GeV.

The DV `T requirement ensures they are inside the silicon
detector (before the transition radiation tracker) in order
to reconstruct the muon track in the tracker. With a
displaced vertex reconstruction e�ciency of 0.4 and an
optimistic assumption that the search is background-free,
the corresponding reach is shown in Fig. 2 (orange band),
which is weaker than our LHCb projection.

(iii) Hard displaced muon. Following the analysis in
[13], we require:

• � 1 reconstructed DV, each with `T 2 [1, 30] cm.

8 Here we define /ET as the opposite of the vector sum of all well-
constructed objects. We do not include the (displaced) muons in
this category. With this choice, our /ET definition should align
with that in [33, 34].

9 The idea of using multiple displaced vertices in similar scenarios
was also discussed in Ref. [36].

• � 1 muon with pT � 55 GeV and transverse impact
factor > 1.5 mm, and pT > 10 GeV for the other
displaced muon from this vertex.

For light hidden hadrons, the DV invariant mass cut im-
posed in [13] must be removed. There are already O(1)
background events in the low invariant mass region in this
8 TeV, 20.3/fb search (see Fig. 9 in Ref. [13]); the precise
number is di�cult to estimate since the dominant back-
ground is likely combinatoric in nature. Regardless, this
search has a slightly weaker projected reach than LHCb
even when assumed to be background-free (Fig. 2, purple
band). We expect the sensitivity to significantly improve
if the stringent pT (µ) cut, detrimental for the generically
soft hidden hadrons from SH processes, could be relaxed
while maintaining low background.

HEAVY FLAVOR DECAY CHANNELS

We focus on the cc̄ channel and comment on the bb̄
channel later.

LHCb Strategies

For hidden hadron decays to cc̄, subsequent SM
hadronization often produces two D mesons, D0

(s), D̄
0
(s)

or D±. The non-negligible lifetimes of charmed hadrons
creates an additional separation between the DV from
the two D meson decays, resulting in two vertices with
large separation from the primary vertex and a small but
significant separation from each other. Resolving the sec-
ondary vertices should be straightforward as the position
resolution in the VELO is O(10)µm while a D meson
has proper decay length O(100)µm. We do not explicitly
impose a minimum separation requirement between the
two vertices, but note this could be implemented as an
additional powerful handle to reject background if nec-
essary. Several strategies to identify D mesons at LHCb
exist; some do not require the D meson to be fully recon-
structed [37]. Given the sizable probability for a single D
meson decay to create three or more charged tracks that
can be well-reconstructed in the VELO, we consider the
following increasingly inclusive search strategies:

• Two nearby reconstructed displaced D mesons.
(2D)

• One displaced reconstructed D meson and one DV
with � 3 charged tracks nearby. (1D1V)

• Two DV, each with � 3 charged tracks, near each
other. (2V)

When reconstructing a D meson, we focus on decay
channels containing only charged particles: BR(D+ !
K�2⇡+) ⇠ 9.5%, BR(D0 ! K�2⇡+⇡�) ⇠ 8%, and
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BR(D+
s ! K+K�⇡+) ⇠ 5%. Meanwhile, requiring � 3

charged tracks in a DV rather than a reconstructed D
meson selects the decays BR(D+ ! 3�prong) ⇠ 18.6%,
BR(D0 ! 4 � prong) ⇠ 14.5% and BR(D+

s ! 3 �
prong) ⇠ 12%.

A well-defined track is required to have pT > 0.1 GeV
and hit at least three disks in the VELO; with these, we
expect good track reconstruction resolution despite the
displacement from the primary vertex. To retain ⇠ 90%
of the signal while rejecting cosmic rays and combina-
toric background, we impose varying maximum displace-
ment requirements. For 2D events, the boost factor for
each D meson is known, and we require dD ⇠< 5c⌧D�max,
where dD is the distance between the two D mesons in
the lab frame, and �max is the larger of the two D meson
boost factors. For 1D1V events, we require dD < 5c⌧D�D
and dT,D < 8c⌧D, where dT,D is the transverse distance
between the D meson vertex and the DV. Finally, for
2V events, we require dT,D < 5c⌧D and dZ,D < 30c⌧D,
where dZ,D is the distance between the two vertices along
the beam direction. We require that the D meson decay
> 10c⌧D away from the primary vertex to eliminate SM
heavy quark backgrounds. Following the B0 ! D+D�

search in [9], when reconstructing a D meson, we require
the scalar sum of the pT of the charged tracks exceed
1.8 GeV. When identifying a D meson pair, we require
the scalar sum of the pT of the two mesons and the total
momentum exceed 5 and 10 GeV respectively.

The background is expected to come dominantly from
combinatorics [9], necessitating a detailed detector sim-
ulation. Since this is beyond the scope of this paper, we
instead present our results in Fig. 3 assuming 0, 100 back-
ground events with 15 fb�1 data. The limits degrade with
increasing lifetime because the decay particles are more
likely to escape the VELO without leaving a su�cient
number of hits. The limits also degrade at shorter decay
lengths (analogous to Figures 1, 2), but we do not plot
this region as SM backgrounds are expected to become
important for displacement ⇠< O (cm).

ATLAS/CMS searches

An ATLAS search for long-lived hadronic decays [10],
targeting HV Zp and stealth supersymmetry models, ap-
plies two di↵erent triggers: jet+/ET , and a Muon Region
of Interest (RoI) cluster trigger. Post trigger, both re-
quire � 2DV at the analysis level. Two types of DV
are considered: an inner detector (ID) vertex, covering
5 cm<r< 30 cm, or an MS vertex, covering the region
between the outer edge of the hadronic calorimeter and
the middle station of the muon chambers, 4m< r< 6.5m.
The jet+/ET trigger requires a leading jet with pT > 120
GeV, /ET> 200 GeV, and � 7 charged tracks in each DV.
Given the small probability of getting � 7 tracks in our
scenarios (see BR into 3–prong and 4–prong topologies

FIG. 3: Projected bounds from various displaced cc̄ search
strategies, see text. Purple curves: ATLAS/CMS reach esti-
mate for DV decays into � 5 charged tracks, with either two
DV in the muon spectrometer (solid) or one DV in the inner
detector and one in the muon spectrometer (dotted). Brown:
analogous ATLAS/CMS reach for !v ! bb̄,m!v = 11 GeV.

listed earlier), this trigger is not optimal for our signal.
In the Muon RoI cluster triggered events, � 5 charged

tracks are required at each DV. Triggering the signal re-
quires � 3 tracks with pT > 10 GeV from the MS ver-
tices. We estimate bounds for both two MS displaced
decays or one MS vertex and one ID vertex in Fig. 3,
rescaling the background in [10] to 300 fb�1. While this
extension naively appears weaker than the LHCb reach,
further optimization might yield improvement. For in-
stance, the number of charged tracks required in Ref. [10]
was optimized for specific benchmark models and may
not be ideal for all scenarios. Requiring more displaced
vertices, however, does not appear promising: while this
may eliminate background, we find that the signal e�-
ciency is such that the reach worsens.
The above analyses can be repeated without major

modifications for the bb̄ channel as the decay of a B
meson is very likely to produce a D meson. At LHCb,
more detailed B meson reconstruction will likely allow
further background rejection, leading to comparable or
potentially better reach than the cc̄ channel. At AT-
LAS/CMS, a greater number of tracks in bb̄ decay favors
the � 7 charged tracks requirement but reduces the pT of
each track, resulting in worse reach than the cc̄ channel
(Fig. 3, brown curves). The relative sensitivity to the cc̄
and bb̄ channels depends on mZp as well as hN!v i.

CONCLUSIONS

We have demonstrated that LHCb provides an ideal
environment to search for decays of soft long-lived par-
ticles in dimuon and heavy flavor channels as realized in
confining Hidden Valley scenarios, with good reach for

heavy flavour decay channeldi-muon channel

arXiv:1708.05389

Displace decay into D-mesons

Consider D± ! K⌥⇡±⇡± D0 ! K�2⇡+⇡�

( 9.5% Br ) ( 8% Br )

2 reconstructed D-mesons

1 D-meson + 1 DV (>= 3 tracks)

2 DV (>= 3 tracks)

q

q̄

qv

q̄v

Z 0

c
c̄

D+

D�⇡v
⇡v

⇡v
⇡v

track pT > 0.1 GeV,  sum D-meson pT > 5 GeV
DV momentum > 10 GeV,  `z > 6 cm

Displaced muon search at LHCb
We adopt cuts from the displaced A’ analysis

µ�
µ+

qv

q̄v

Z 0
q

q̄

µ�
µ+

⌘v

!v

!v

!v

⌘(µ±) 2 [2, 5], p(µ±) > 10GeV, pT (µ
±) > 0.5GeV

`T 2 [6mm, 22mm]⌘(!v) 2 [2, 5], pT (!v) > 1GeV

Muon id efficiency ✏2µ ⇡ 0.50

P. Ilten, Y. Soreq, J. Thaler, M. Williams, W. Xue, 1603.08926 

potential better sensitivity than ATLAS/CMS

signature: 2 vertices with large 
separation from PV and significant 
separation between each other

signature: a displaced vertex well 
separated from beamline
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JHEP 08 (2017) 076“Soft bomb” or “Fireworks”

Image by Matt Strassler 

M. Strassler: 0801.0629 
Y. Hatta, T. Matsuo: 0804.4733  
D. Hofman, J. Maldacena: 0803.1467 

Hidden valley with g2N ≫ 1

Non-perturbative parton shower 
1. Large multiplicity of soft particles 

2. Spherical event shape 

3. Multiplicity scales linear with energy

Existing trigger strategies fail

3

• large multiplicity of soft particles 
• spherical event shape  
• multiplicity scales linearly with energy 
• might be signature of strongly-

coupled hidden valleys

“given that LHCb will eventually operate fully in the trigger-less mode, 
it will have unique sensitivity to soft signatures of new physics” 
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FIG. 4: Sensitivity projections for the Z ! hDA
0 ! 4` + X search for integrated luminosity of 300 fb�1 (upper dark

lines) and 3000 fb�1 (lower faint lines) at
p
s = 13 TeV and ↵D = 0.1. The dotted green line shows the projected

LHCb sensitivity with 15 fb�1 from Ref. [29], while the dashed lines show the projections for the proposed Drell-Yan
search from Ref. [32]. Notation and existing bounds are the same as in Fig. 3.

 in the UV and its renormalization-group evolution.
Because of this model dependence, we take a bottom-

up approach and focus on the plausible signatures of hD

decay for mhD < mA0 , all of which feature decays of hD

at a displaced vertex for the parameter space that is ac-
cessible to the LHC. The dominant displaced signatures
that can arise are:

• Displaced decay of hD into SM fermions according
to Eq. (17). The branching fractions into heavy-
flavor objects (b, c, and ⌧) are comparable: the
color factors and/or heavier masses of the b/c are
compensated by the smaller electric charges. This
case will arise when the branching ratio given by
Eq. (17) dominates. The hD will then give (at
least) two displaced tracks, which can be leptons
or hadrons. The combined final state from the rare
Z decay is two prompt leptons in association with
the two or more displaced tracks.

• Displaced decay of hD through Higgs mixing in
Eq. (18). This decay occurs predominantly into
bottom quarks. We require displaced tracks from
the b-quark hadronization but apply no b-tagging
requirements. The displaced vertex comes in asso-
ciation with prompt leptons from the A0 decay in
Z ! A0hD ! `+`�hD.

• The sub-dominant decay of hD into four SM
fermions can give a rather striking final state; we
do not consider it further, although it could give
rise to an interesting signature for future study.

We estimate the sensitivity for a prompt, two-lepton
final state in association with displaced tracks (leptons or

hadrons) originating from a displaced vertex as follows.
The signal events are selected using standard dilepton
triggers [50]

• two OSSF muons with pT > 17, 8 GeV, or

• two OSSF electrons with pT > 23, 12 GeV.

We further require the track transverse impact parame-
ters, |d0|, to lie within 1 mm < |d0| < 200 mm (motivated
collectively by the ATLAS [58] and CMS [59] |d0| recon-
struction capability). We further require the point of hD

decay to occur within 200 mm of the primary vertex in
both the transverse and longitudinal directions. Finally,
we apply an e�ciency for selection of a displaced vertex.
This e�ciency depends on the details of the experimen-
tal search, and in particular the need to reject certain
backgrounds. In existing searches, the e�ciencies for dis-
placed vertices in the inner detector vary widely from
⇠ 10 � 30% [58] through to ⇠ 50% [59]. The signal also
features a resonant A0 mass that can be reconstructed
in the prompt leptons: therefore, backgrounds are lower
than for inclusive displaced vertex searches, and data-
driven background estimation is more straightforward in
the variable m`+`� from the prompt leptons. There-
fore, we prioritize signal e�ciency and choose to apply
a flat 50% vertex tagging e�ciency. The sensitivity of
this search is estimated by requiring an observation of 10
signal events, assuming no background.

In Fig. 5 we show the projected sensitivity in two ways.
In the top panel we compute the sensitivity to " in the
(mA0 , ") plane, where for each choice of masses we have
selected the hD lifetime that gives the optimal reach in ".
In the bottom panel we select a specific value of mhD and
show the expected sensitivity in the (mA0 , c⌧hD) plane.

• rare decays of the Standard Model Z boson are powerful probes of hidden sectors  
• Z decays into hidden-sector particles typically give rise to large multiplicities of soft 

particles 

https://arxiv.org/abs/1710.07635

