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Landscape today / 1

• The Intensity frontier is a broad and diverse, yet connected, set of science opportunities: heavy 
quarks, charged leptons, hidden sectors, neutrinos, nucleons and atoms, proton decay, etc... 

• In this talk, I will concentrate on the future of LHCb 
• Landscape: LHC results in brief: 

• Direct searches for NP by ATLAS and CMS have not been successful so far  
• Parameter space for popular BSM models is decreasing rapidly, but only < 5% of the 

complete HL-LHC data set has been delivered so far 
• NP discovery still may happen! 

• LHCb reported intriguing hints for the violation of lepton flavour universality 
• In b→cμν / b→cτν, and in b→se+e- / b→sμ+μ− decays  

• Possible evidence of BSM physics if substantiated with further studies (e.g. BELLE II)
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LHCb detector / 1
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• LHCb is a dedicated  
flavour experiment in  
the forward region at  
the LHC ( 1.9 < η < 4.9 ) (~1°-15°) 

• Precise vertex reconstruction < 10 μm vertex  
resolution in transverse plane. 

• Lifetime resolution of ~ 0.2 ps for τ = 100 ps. 

• Muons clearly identified and triggered: ~ 90% μ± efficiency.  

• Great mass resolution: e.g. 15 MeV for J/psi. 

• Low pT trigger means low masses accessible. Ex: pTμ > 1.5 GeV.

VELO 

Tracking 

RICH 

Calorimeter 

Muon system 

JINST3(2008)S08005  
Int J Mod Phys  

A30(2015)1530022  
JHEP 1511 (2015) 103
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LHCb Timeline / 1

• The amount of data and the physics yield from data recorded by the current LHCb experiment is 
limited by its detector: 

• But LHC will increase its performance: 
• Energy / beam (3.5 to 4 to 6.5 to 7 TeV) 
• Luminosity (peak 8x1033 to 2x1034 cm-2s-1 to HL-LHC) 

• Timeline of the Upgrades is in line with LHC timeline but asynchronous w.r.t. CMS and ATLAS 
• Where Phase II will happen in LS2

4

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

LS2 RUN 3 LS3 RUN 4 LS4 RUN 5

LHCb 40 MHz 
Upgrade Ia L = 2x1033 LHCb Upgrade Ib L = 2x1033; 50 fb-1 LHCb Upgrade II 

(proposed)

L = 2x1034;  
300 fb-1 

(proposed)
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LHCb Phase-Ia upgrade / 2

• First-level (L0) hardware trigger is limited at higher 
luminosities for hadronic channels: 
• Almost a factor 2 between di-muon events and fully 

hadronic decays  
• Due to trigger criteria based on pT and ET to reduce 

trigger rate to the bandwidth limited to 1.1 MHz 
• Any higher luminosity = harsher cuts on pT and ET 

• Waste luminosity while not retaining amount of data 
• Increases complexity of track reconstruction = 

higher computational times in processing farm 
• Ageing and fast degradation of sub-detectors 

designed to operate 5 yr at 2x1032 cm-2s-1 currently 
reaching 7 yr at >3x1032 cm-2s-1
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Overall performance degradation with
high occupancy
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trackers

Hardware trigger: hadronic decays do
not benefit from higher luminosity
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LHCb Phase-Ia upgrade / 3

• New Vertex Locator 

• New silicon strip detector 
• New scintillating fibre detector 

• Particle ID: new optics, new photon detectors 

• Calorimeters: reduce PMT gain and new 
electronics 

• Muon: new electronics  
and increased granularity 

• No hardware trigger
7

The LHCb Detector and its Upgrade

)

2010 2018 2021 . . .

I Aim: Select more events containing suppressed decays

! Increase the number of interactions to 5

! Upgrade to triggerless read-out at 40MHz

I Requires to replace 90% of experiment

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 4 / 23
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Trigger / 1
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• Lower luminosity (and low pile-up) 
• ~1/8 of ATLAS/CMS in Run 1 
• ~1/20 of ATLAS/CMS in Run 2  

• Hardware L0 trigger to be removed 
• Full real-time reconstruction for all particles 

available to select events (since 2015) 
• Real-time reconstruction for all  

charged particles with pT > 0.5 GeV 
• We go from 1 TB/s (post zero suppression)  

to 0.7 GB/s (mix of full + partial events)  
• LHCb will move to a hardware-less  

readout system for LHC Run 3 (2021-2023), 
and process 5 TB/s in real time on the CPU 
farm.  
(More details in yesterday's talk by Miguel)

Martino Borsato - USC

The LHCb detector

๏ Lower luminosity (and low pile-up)
• ~1/8 of ATLAS/CMS in Run 1
• ~1/20 of ATLAS/CMS in Run 2

๏ Capable of 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

Present trigger Upgraded trigger

[LHCB-TDR-016]

3

๏ “Trigger-less” upgrade (2021)
• Read-out detector in real time
• Can trigger on detached vertices 

and particle ID at first level!

CERN-LHCC-2014-016 
LHCB-TDR-016
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LHCb track types / 1
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Figure 14: A schematic illustration of the various track types [15] : long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a
function of the z coordinate.

have p > 1 GeV/c. They are therefore used to understand backgrounds in the542

particle-identification algorithm of the RICH.543

• Downstream tracks: traverse only through the TT and T stations. They are544

important for the reconstruction of K
0

S and ⇤ particles that decay outside the VELO545

acceptance.546

• VELO tracks: traverse only through the VELO and are typically large-angle or547

backward tracks, which are useful for the primary vertex reconstruction.548

• T tracks: traverse only through the T stations. They are typically produced in549

secondary interactions, but are still useful for the global pattern recognition in550

RICH2.551

22

Figure 16: Schematic diagram of track types in the LHCb detector with reference to the VELO,
TT and tracking stations one, two, and three. This analysis focuses on particles decaying into a
pair of long tracks.

5 Selection374

Figure 16 shows how di↵erent tracks are categorized in LHCb. In the case of the decay375

�! µ
+
µ
�, the candidate dark boson could be reconstructed using long (L) or downstream376

(D) tracks. This analysis uses only the LL case, due to the fact that the trigger e�ciency377

is low (by a factor of at least 5, relative to that of LL) for cases using D tracks (see Sec. B378

and Table 20).379

5.1 Reconstruction and Stripping380

The o✏ine selection begins using the B2KpiX2MuMuDarkBosonLine stripping line for LL381

candidates from Stripping20r0p3 (Stripping20r1p3 for 2011 data). The selection cri-382

teria applied in these lines are outlined in Table 8. The variable DOCA is defined as the383

distance of closest approach between any two pairs of tracks in the candidate. Also used is384

the variable �
2

FD
, which is the change in vertex �

2 when the signal candidate tracks are asso-385

ciated with the PV in the vertex fit. Candidates are reconstructed using DecayTreeFitter,386

where daughter particles are constrained such that the reconstructed K
+
⇡
�
µ

+
µ
� invariant387

mass, m(K+
⇡
�
µ

+
µ
�), is equal to the nominal B

0 mass. All references to m(�), m(K⇤)388

or ⌧(�) are to the values after this vertex fit has been performed.389

5.2 Triggering390

The triggers used are given in Table 9. All trigger lines with non-negligible e�ciency are391

used. Only TOS candidates are used in this analysis for two reasons: (1) the ratio of trigger392

e�ciency for the SM B
0
! K

⇤0
µ

+
µ
� to that of (possibly displaced) � mode enters into393

the limits and, thus, must be precisely determined and (2) the use of TIS events would394
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VELO / 1
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The New Vertex Locator

m "!
# 

⇢⇡
�⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠⇠:

PPPPPPq

?

I Increased data rate
I Improve performance

! Reduce material budget
! Reduce inner radius of active silicon to 5.1mm

) Requires increased radiation hardness
I Completely new silicon pixel detector

I Based on MediPix/TimePix technology

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 5 / 23

CERN-LHCC-2013-021 and LHCB-TDR-013
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VELO / 2
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Overview of the new VELO

Proton Beam

6

Primary Vacuum
RF Foil

�
� 

Secondary Vacuum

6

Module Read-Out

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 6 / 23

CERN-LHCC-2013-021 and LHCB-TDR-013
The heart of the detector: the VeloPix Module

Proton Beam

?

Sensor
Tile - HV

�
� VeloPix

�� 

GBTx
@@I

Read-out
PCB

-

Data
Links

-
Control &
Data
Links

�

SubstrateA
A
A
AK

CO2

A
AAU LV-

The Module:

I 4 n-on-p silicon sensor tiles (2 front + 2 back)
I 3 VeloPix read-out ASICs per tile (12/module)

I 256⇥256 pixels with 55µm⇥ 55µm pitch

I Silicon microchannel substrate
I Low material budget, match thermal expansion
I Evaporative CO2 cooling
I See talk (C. Bertella, Thursday 08h30)

Microchannel cooling for the LHCb VELO pixel upgrade

I 2 GBTx ASICs for signal fan-out to VeloPix
I 2 bidirection slow control links (4.8 Gbit/s)

I Configuration, Monitoring, Timing, Control

I 20 unidirectional high speed data links (5.12 Gbit/s)

The Complete Velo:

I 52 Modules, 26 per detector half

I 624 VeloPix, or 40.9M pixels
Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 10 / 23
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VELO / 3
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The RF Foil

Raison d’être

1 Separate primary and secondary vacua
(contamination from outgasing)

2 Guide beam-induced currents

3 RF shielding of electronic components

Characteristics

I As little material as possible

I Withstand 10mbar pressure di↵erence

I Dimensions: 1m⇥ 0.2m⇥ 0.4m

Engineering Marvel

(1) Start from a single, forged AlMg3 alloy block.

(2) 98% of material is milled away

! takes 6 months to complete (video)

(3) Final thickness at tips of modules:
on average 250µm

I Extensive metrology campaign

(1) (2)

(3)

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 7 / 23

• Example: the RF foil separates primary 
to secondary vacuum 

• Guide beam-induced current 
• RF shielding for electronics 
• It uses as little material as possible 
• Withstand 10 mbar pressure difference 
• Dimensions: 1m × 0.2m × 0.4m  
• Start from a single, forged AlMg3 alloy 

block 
• 98% of material is milled away (6 months) 
• Final thickness at tips of modules: on 

average 250 μm 

VIDEO

CERN-LHCC-2013-021 and LHCB-TDR-013

https://lphe-web.epfl.ch
https://www.youtube.com/watch?v=EqG5J7rro6s
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Upstream Tracker / 1
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CERN-LHCC 2014-001 and LHCb-TDR-15 

• 4 stations with silicon microstrip 
detectors: XV-UX 

• Finer segmentation: 
• Better coverage, no gaps 

• Innermost cut-out at 34 mm 
• Increased radiation hardness 
• Mounted onto light-weight staves 
• New read-out based on Silicon 

readout ASIC (extracts and digitises 
analogue signals from the sensor, 
performs digital processing and 
transmits a serial output data) 

• Small material budget ( < 5% X0)

ALPS2017, 17-21 April 2017, Austria 

New Upstream Tracking Stations

Federico Alessio 14

R&D upstream:
� Replace current TT with UT (Upstream Tracker) , also based on Si-strips

o reduced thickness

o finer granularity

o improved coverage (innermost cut-out at 34 mm)

o much less material budget (<5% X0)

ALPS2017, 17-21 April 2017, Austria 

New Upstream Tracking Stations

Federico Alessio 14

R&D upstream:
� Replace current TT with UT (Upstream Tracker) , also based on Si-strips

o reduced thickness

o finer granularity

o improved coverage (innermost cut-out at 34 mm)

o much less material budget (<5% X0)
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LHCb track types / 1

14

Upstream track

TT

VELO

T1 T2 T3

T track

VELO track

Long track

Downstream track

0

0

-0.2

-0.4

-0.6

-0.8

-1.0

-1.2
2 4 6 8 z    (m)

B
y
 (

T
)

Figure 14: A schematic illustration of the various track types [15] : long, upstream, downstream,
VELO and T tracks. For reference the main B-field component (By) is plotted above as a
function of the z coordinate.

have p > 1 GeV/c. They are therefore used to understand backgrounds in the542

particle-identification algorithm of the RICH.543

• Downstream tracks: traverse only through the TT and T stations. They are544

important for the reconstruction of K
0

S and ⇤ particles that decay outside the VELO545

acceptance.546

• VELO tracks: traverse only through the VELO and are typically large-angle or547

backward tracks, which are useful for the primary vertex reconstruction.548

• T tracks: traverse only through the T stations. They are typically produced in549

secondary interactions, but are still useful for the global pattern recognition in550
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Figure 16: Schematic diagram of track types in the LHCb detector with reference to the VELO,
TT and tracking stations one, two, and three. This analysis focuses on particles decaying into a
pair of long tracks.

5 Selection374

Figure 16 shows how di↵erent tracks are categorized in LHCb. In the case of the decay375

�! µ
+
µ
�, the candidate dark boson could be reconstructed using long (L) or downstream376

(D) tracks. This analysis uses only the LL case, due to the fact that the trigger e�ciency377

is low (by a factor of at least 5, relative to that of LL) for cases using D tracks (see Sec. B378

and Table 20).379

5.1 Reconstruction and Stripping380

The o✏ine selection begins using the B2KpiX2MuMuDarkBosonLine stripping line for LL381

candidates from Stripping20r0p3 (Stripping20r1p3 for 2011 data). The selection cri-382

teria applied in these lines are outlined in Table 8. The variable DOCA is defined as the383

distance of closest approach between any two pairs of tracks in the candidate. Also used is384

the variable �
2

FD
, which is the change in vertex �

2 when the signal candidate tracks are asso-385

ciated with the PV in the vertex fit. Candidates are reconstructed using DecayTreeFitter,386

where daughter particles are constrained such that the reconstructed K
+
⇡
�
µ

+
µ
� invariant387

mass, m(K+
⇡
�
µ

+
µ
�), is equal to the nominal B

0 mass. All references to m(�), m(K⇤)388

or ⌧(�) are to the values after this vertex fit has been performed.389

5.2 Triggering390

The triggers used are given in Table 9. All trigger lines with non-negligible e�ciency are391

used. Only TOS candidates are used in this analysis for two reasons: (1) the ratio of trigger392

e�ciency for the SM B
0
! K

⇤0
µ

+
µ
� to that of (possibly displaced) � mode enters into393

the limits and, thus, must be precisely determined and (2) the use of TIS events would394
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TT / 1
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• SciFi tracker covers an area of 340 m2 

• Using more than 10 000 km of 
scintillating fibre 

• 250 μm diameter, enabling a spatial 
resolution of better than 100 μm for 
charged particles 

• 12 layers of modules in different layout 
(XU-VX)  

• Silicon Photomultipliers cooled to −40° C 
are placed at the fibre ends 

• Custom-designed front-end electronics 
(trigger-less)

PoS(TIPP2014)113

The LHCb SciFi Tracker Blake D. Leverington

designed to provide standalone pattern recognition with a high efficiency together with high res-
olution in the bending plane of the magnetic field. The tracking stations of the current detector
consist of two separate sub-detectors: the Outer Tracker (OT) and the Inner Tracker (IT). The OT
was constructed using 5-mm diameter straw detectors and covers around 99% of the 30m

2 detec-
tor surface. The IT is a silicon micro-strip detector covering an area of 0.35m

2 in the high track
density region around the beam-pipe. Each station consists of four detection planes which provide
measurements of the co-ordinates X, U, V and X with strips or straws orientated at 0 +5, -5 and 0
degrees, respectively, to the vertical axis.

Figure 2: A sketch of 1 station of the SciFi tracker. Each station will have 4 layers (X, U, V, X) oriented
at 0, +5, -5 and 0 degrees with respect to the vertical. Each layer will have 10-12 modules depending on
the acceptance required and can open away from the beam-pipe at the centre. Each module will have 2.5 m
long fibre mats, mirrored at the end nearest the centre, and read out with SiPMs at the far end outside of the
acceptance.

The Scintillating Fibre (SciFi) Tracker replaces the OT and IT in the upgrade, with the same
layer configuration and orientation as the OT, but with performance similar to the IT. The Technical
Design Report (TDR) is now available publicly [4]. The SciFi Tracker has a channel width of
0.25 mm and a position resolution of approximately 60–70 micron in the bending plane of the
magnet. It is constructed from 2.5 m long, 0.250 mm diameter, double clad scintillating fibres.
The fibres consist of a polystyrene core, doped with two additional organic scintillators to improve
the scintillation yield of the fibre, as well as shift the light to longer wavelengths improving the
transmission of the light along the fibre. The baseline fibre for the experiment is the Kuraray
SCSF-78MJ [5]. This fibre will typically produce a few thousand photons per MeV deposited,
capture more than 5.35% through total internal reflection at the cladding interfaces and has an
average attenuation length greater than 3 m (the attenuation length is wavelength dependent). The
wavelength spectra peaks at 435 nm near the source and extends into the green. This fibre type has
a fast scintillation decay time of 2.8 ns. Slower fibres would not work in this experiment as the
bunch spacing in LHC will be 25 ns, and the propagation time for a signal to travel 2.5 m is already
approximately 15 ns.

4

PoS(TIPP2014)113

The LHCb SciFi Tracker Blake D. Leverington

Arrays of silicon photomultipliers (SiPMs; multi-pixel avalanche photodiodes operated in
Geiger mode) are used as photodetectors, placed outside of the acceptance at one end of the scintil-
lating fibres. The other end of the fibres will be mirrored to increase the light yield at the opposite
end. Each SiPM array consists of 128 channels, 0.250 mm wide and approximately 1.3 mm tall
with each channel consisting of 80–100 G-APD pixels. The small channel size, high photon de-
tection efficiency (⇠ 40%), low voltage operation (⇠ 30� 70 V ), relative ease of operation and
immunity to magnetic fields makes this detector the only option for reading out a scintillating fibre
detector of this size at the LHC. A sketch of the scintillation light produced in the fibres and de-
tected in the SiPMs is shown in Figure 3. Typically, one detects 15–20 photoelectrons per particle
track in the detectors before irradiation.

Figure 3: A sketch of the basic principle of the SciFi tracker. A charge particle passing through the fibre
produces scintillation light (indicated in green). The light travels to the ends of the fibre where it is detected
in the Silicon Photomultiplier arrays. The black dots indicate photons arriving at the detector. The yellow
squares indicate the pixels that fire. The position of the track in the detector is determined by the (hit or
charge) weighted mean of the channels where light is detected. [4]

4. Detector Challenges

Smaller detectors of this style have been constructed and operated before [6, 7], but never one
of this size, covering approximately 375 m2, in the radiation environment of the the upgraded LHCb
detector at LHC. The challenges faced constructing this detector and the impact of the radiation
environment will be described below.

4.1 Fibre mats

As an individual scintillating fibre will only transmit on average a few photons, with Poisson-
like fluctuations, the fibres must be packed into a dense matrix having 5–6 layers in order to produce
a signal in the SiPM arrays at the ends of the fibre with a hit detection efficiency better than 98%.
Producing these fibre mats requires winding them on a threaded wheel approximately 0.8 m in

5

CERN-LHCC 2014-001 LHCb-TDR-013

https://lphe-web.epfl.ch


Federico Leo Redi | École polytechnique fédérale de Lausanne |

LHCb track types / 1
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LHCb Phase-II upgrade / 1

• LHCb Phase-II upgrade can run at an instantaneous luminosity of 1.5 x 1034 cm-2 s-1 and 28-55 
interactions per bunch crossing which is x50-x100 more than today and x10 more than Phase-I 
upgrade  

• Withstanding up to 350/fb during Run 5 and 6 
• Be ready for LHC Run 5 and to fully exploit HL-LHC improving even more the Phase-Ia LHCb 

precision 
• LHCC meeting minutes: “The LHCC commends the LHCb collaboration for successfully preparing 

the physics case report for running beyond LS4 and supports the activities of the LHCb 
collaboration in planning for HL-LHC running through the preparation of TDRs”  

•

17

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

LS2 RUN 3 LS3 RUN 4 LS4 RUN 5

LHCb 40 MHz 
Upgrade Ia L = 2x1033 LHCb Upgrade Ib L = 2x1033; 50 fb-1 LHCb Upgrade II 

(proposed)

L = 2x1034;  
300 fb-1 

(proposed)
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The LHCb Detector and its Upgrade

)

2010 2018 2021 . . .

I Aim: Select more events containing suppressed decays

! Increase the number of interactions to 5

! Upgrade to triggerless read-out at 40MHz

I Requires to replace 90% of experiment

Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 4 / 23

LHCb Phase-II upgrade / 2

• VELO 
Thinner & smaller σt<200 
ps/hit 

• UT 
Microstrip and RETINA 
tracking (no CPU) 

• Magnet 
New SciFi stations inside 
the dipole for low pT 
tracking 

• Mighty tracker 
New silicon around beam 
line

18

• HCAL 
Remove 

• ECAL 
Improve granularity and σt 
~50ps/hit 

• TORCH 
PID for  p<10 GeV and 
σt~15 ps 

• Muon stations 
Improve shielding and 
replace Multi Wire 
Proportional Chambers 

CERN-LHCC-2018-027

https://lphe-web.epfl.ch
https://doi.org/10.22323/1.313.0136
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LHCb detector for Run1 / 1
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Prompt A’
Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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Figure 8: Example min[�2
IP(µ

±)]1/2 distributions with fit results overlaid for prompt-like candi-
dates near (left) m(A0) = 0.5, (middle) 5, and (right) 50GeV. The square root of min[�2

IP(µ
±)]

is used in the fits to increase the bin occupancies at large min[�2
IP(µ

±)] values.
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 

• Precise knowledge of the location of the 
material in the LHCb VELO is essential to 
reduce the background in searches for 
long-lived exotic particles 

• LHCb data calibration process can align 
active sensor elements, an alternative 
approach is required to fully map  
the VELO material 

• Real-time calibration in 
Run 2 

• Hardware trigger is still there,  
and only ~10% efficient at  
low pT Phys. Rev. Lett. 120, 061801 (2018)
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

in this study. The data sets were collected using minimum bias triggers.
Since the particles produced in secondary interactions in beam-gas events do not necessarily

originate from near the interaction point or the beam line, the tracks used in this analysis are
reconstructed using a modified tracking configuration that makes no assumptions about the origins
along z of the particles. All reconstructed tracks are required to be of good quality and to have hits
in at least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required
to be of good quality. Futhermore, the SVs are required to be inconsistent with originating from
a primary beam-gas collision, and only events with exactly one SV are used. In total, the Run 1
and Run 2 data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 present some
displays of the reconstructed SV locations.

3. Material Maps

The VELO closes around the beams at the beginning of each fill with a precision of O(0.01 mm) [1].
As stated above, the location of the pp-collision region (beam spot) changes by O(0.1 mm) from
year to year, and changed by ⇡ 0.5 mm between Run 1 and Run 2. Separate VELO material maps
are constructed for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative
to each other or relative to the RF-foil; however, it is found that the VELO material is consistent
with having only moved globally by the amount expected due to the change in the beam spot lo-
cation, and only a single map is presented below. This map must be adjusted for the beam-spot
location of each data-taking period when used in an LHCb analysis.

The z positions of the sensors are determined by fitting the observed SV z distributions near
each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm
(x < 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions
from material interactions in the RF-foil and from beam-induced backgrounds. The fits estimate

– 4 –

JINST 13 (2018) no.06, P06008
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LHCb detector for Run1 / 2
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• Efficiency above 90% for jets with pT above 20 GeV/c  
• Jets reconstructed both online and offline! 
• b and c jet tagging 
• Require jets with a secondary vertex reconstructed 
• Light jet mistag rate < 1%, εb ∼ 65%, εc ∼ 25% 
• SV properties (displacement, kinematics, 

multiplicity, etc) and jet properties combined in two 
BDTs 
• BDTbc|udsg optimised for heavy flavour versus light 

discrimination 
• BDTb|c optimised for b versus c discrimination

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!9

b and c jet tagging
✦ Require jets with a secondary vertex reconstructed close 

enough 
➡ light jet mistag rate < 1%, εb ∼ 65%, εc ∼ 25% 

➡ SV properties (displacement, kinematics, multiplicity,...) and jet 
properties combined in two BDTs. 

➡ BDTbc|udsg optimised for heavy flavour versus light discrimination.  

➡ BDTb|c optimised for b versus c discrimination.

JINST 10 (2015) P06013
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Higgs→LLP→μ+jets / 1

21

• Massive LLP decaying → μ+jets 
• Single displaced vertex with several tracks 

and a high pT muon; based on Run-1 dataset  
• Production of LLP could come e.g. from Higgs 

like particle decaying into pair of LLPs 
• mLLP=[20; 80] GeV and τLLP=[5; 100] ps 
• Background dominated by QCD  
• No excess found: result interpreted in various 

models 

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!21

H→LLP→µ+jets (I)
✦ Signature: single displaced 

vertex with several tracks and a 
high pT muon. Use Run-1 
dataset 

✦ Model: mSUGRA neutralino 
decaying to a lepton and two 
quarks 

✦ LLP m=[20-80] GeV/c2, 
τ=[5-100] ps 

✦ Background dominated by bb 
➡ tight selection + MVA classifier 
➡ Number of candidates from fit 

to LLP mass

Eur. Phys. J. C 77 224

* Rxy = distance 
to beam axis

VELO RF 
foil

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!22

H→LLP→µ+jets (II)
✦ Result: no excess found: result interpreted in various 

models 
➡ In particular, SM Higgs decay

Rejecting BR(H→χχ)>10% down to mχ = 40 GeV/c2, cτχ = 1.5 mm

Eur. Phys. J. C 77 224

Eur. Phys. J. C 77 224 
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Higgs→LLP→μ+jets / 2
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Higgs→LLP→μ+jets / 3
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Massive LLPs decaying to jet pairs [EPJC (2017) 77 812]

Possible scenarios to accommodate this signature:
LSP in gravity mediated SUSY,
LSP in SUSY models with BNV or LNV,
HV ⇡v decaying to bb̄ – especially SM-like H

0 ! ⇡v⇡v production.

In most of the cases only one of the two ⇡v decays into the LHCb acceptance.

Experimental signature is a single displaced vertex with two associated jets.

Reconstruct the displaced vertex and find two associated jets.

Use ⇡v detachment to discriminate between signal and background.

Background dominated by bb̄ events and material interactions.

Carlos Vázquez Sierra New developments of LLPs at (HL-)LHC March 05, 2019 11 / 19

Higgs→LLP→jet pairs / 1

24

Eur. Phys. J. C77 812

• Massive LLP decaying → jets 
• Single displaced vertex with two associated 

tracks; based on Run-1 dataset  
• Production of LLP could come e.g. from Higgs 

like particle decaying into pair of LLPs (e.g. πV) 
• mπV=[25; 50] GeV and τπV=[2; 500] ps 
• Background dominated by QCD  
• No excess found: result interpreted in various 

models 

https://lphe-web.epfl.ch
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Higgs→LLP→jet pairs / 2
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Higgs→LLP→jet pairs / 3
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Conclusions

• LHCb has an extensive program of searches even beyond flavour physics 
• Searches for on-shell and off-shell new physics from heavy flavour decays 
• Searches for long-lived particles with low mass and short lifetime 
• Searches for dimuon resonances in very broad parameter space  

• Bright future ahead: 
• 3 fb-1 in Run 1, 7 fb-1 in Run 2 (with larger cross-sections); LHCb Upgrade II: 300 fb-1 
• A lot of potential in the upgraded trigger (also 5⨉ luminosity)

27

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+

LS2 RUN 3 LS3 RUN 4 LS4 RUN 5

LHCb 40 MHz 
Upgrade Ia L = 2x1033 LHCb Upgrade Ib L = 2x1033; 50 fb-1 LHCb Upgrade II 

(proposed)

L = 2x1034;  
300 fb-1 

(proposed)

https://lphe-web.epfl.ch
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The heart of the detector: the VeloPix Module

Proton Beam
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The Module:

I 4 n-on-p silicon sensor tiles (2 front + 2 back)
I 3 VeloPix read-out ASICs per tile (12/module)

I 256⇥256 pixels with 55µm⇥ 55µm pitch

I Silicon microchannel substrate
I Low material budget, match thermal expansion
I Evaporative CO2 cooling
I See talk (C. Bertella, Thursday 08h30)

Microchannel cooling for the LHCb VELO pixel upgrade

I 2 GBTx ASICs for signal fan-out to VeloPix
I 2 bidirection slow control links (4.8 Gbit/s)

I Configuration, Monitoring, Timing, Control

I 20 unidirectional high speed data links (5.12 Gbit/s)

The Complete Velo:

I 52 Modules, 26 per detector half

I 624 VeloPix, or 40.9M pixels
Kristof De Bruyn (CERN) The LHCb Vertex Locator Upgrade Vertex 2019 – 14/10/2019 10 / 23

VELO / 4

29

• 4 n-on-p silicon sensor tiles (2 front + 2 back) 
• 3 VeloPix read-out ASICs per tile (12/module) ︎ 

256×256 pixels with 55μm × 55μm pitch 
• Silicon micro-channel substrate  
• 2 GBTx ASICs for signal fan-out to VeloPix ︎ 

• 2 bi-direction slow control links (4.8 Gbit/s) 
• Configuration, Monitoring, Timing, Control 

• 20 unidirectional high speed data links (5.12 
Gbit/s) 

• Complete VELO: 
• 52 Modules, 26 per detector half  
• ︎ 624 VeloPix, or 40.9M pixels

CERN-LHCC-2013-021 and LHCB-TDR-013

https://lphe-web.epfl.ch
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VELO / 5
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Prototype Read-Out Chain
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Introduction / 1
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Intensity frontier: 
Flavour physics, lepton flavour violation, 

electric dipole moment, dark sector
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• Naturalness does not seem 
to be a guiding principle of 
Nature 

• There are some anomalies 
in flavour physics which (if 
true) seem again to point out 
that our theory prejudice was 
wrong 

• We should therefore not 
forget that we have a 2D 
problem (Mass VS Coupling) 

• Low coupling → Long Lived 
• Thanks to X. Cid, C. Vazquez, 

and L. Sestini

https://lphe-web.epfl.ch
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Landscape today / 2

32

• In the dark sector: L = LSM + Lmediator +LHS 
• Hidden Sector decay rates into SM  

final states is suppressed 
• Branching ratios of O(10-10) 
• Long-lived objects 
• Interact very weakly with matter 

• Experimental challenge is background suppression 
• Full reconstruction, low pT triggering, and PID are essential to minimise model dependence 

• Two strategies of searching for mediators at accelerators: 
• Not decaying in the detector 

• Missing energy technique 
• Scattering technique: electron or nuclei scattered by DM...  

• Decaying in the detector 
• Reconstruction of decay vertex

September 15th 2018 /10Xabier Cid Vidal - LHCb HiggsSeptember 12th 2018 /36!20

Dark sectors through mediators

✦ Weakly coupled Dark Sectors help to address SM 
problems 

✦ Dark sector portals: 
➡ Higgs portal (H) 
➡ Vector portal (A’) 
➡ Neutrino portal (N) 
➡ Axion portal (a) 

✦ Very different properties (mass & lifetime) of the dark 
sector particles allowed 
➡ Main challenge is triggering 
➡ This is where the role of LHCb can be more important

M. Williams
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Table 3: Relative systematic uncertainties (in %) on the normalisation factors in the cross-section
calculation. When the uncertainty depends on mH a range is indicated.

µ⌧e µ⌧h1 µ⌧h3 µ⌧µ

Luminosity 1.16 1.16 1.16 1.16
Tau branching fraction 0.22 0.18 0.48 0.23
PDF 2.6–7.1 3.5–7.2 2.6–7.3 3.0–7.9
Scales 0.9–1.9 0.8–1.7 0.9–1.7 0.9–1.9
Reconstruction e�ciency 1.8–3.6 1.9–5.4 3.3–7.1 1.5–3.3
Selection e�ciency 2.5–6.0 1.9–4.1 4.0–9.3 3.8–8.5
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Figure 2: Cross-section times branching fraction 95% CL limits for the H! µ
±
⌧
⌥ decay as a

function of mH , from the simultaneous fit. The observed limits from individual channels are
also shown.

invariant-mass distributions of the µ⌧ candidates. The distributions for signal are obtained
from simulation, while distributions of the di↵erent background sources are obtained using
the method described in Sect. 4. The amount of each background component as well as
other terms in Eq. (1) containing uncertainties are treated as nuisance parameters and are
constrained to a Gaussian distribution with mean and standard deviation corresponding
to the expected value and its uncertainty, respectively.

The fit results for all mH values are compatible with a null signal, hence cross-section
upper limits are computed. The exclusion limits of �(gg! H! µ

±
⌧
⌥) defined at 95%

confidence level are obtained from the CLs method [54]. As mentioned before, for each
mass hypothesis the selection considered is that providing the smallest expected limit.
The �(gg ! H ! µ

±
⌧
⌥) exclusion limits are shown in Fig. 2, ranging from 22 pb for

mH = 45GeV/c2 to 4 pb formH = 195GeV/c2. In the particular case ofmH = 125GeV/c2,
using the production cross-section from Ref. [55] gives a best fit for the branching fraction
of B(H! µ

±
⌧
⌥) = �2+14

�12
% and an observed exclusion limit B(H! µ

±
⌧
⌥) < 26%. The

corresponding exclusion limit on the Yukawa coupling is
p
|Yµ⌧ |2 + |Y⌧µ|2 < 1.7⇥ 10�2,

assuming the decay width �SM = 4.1MeV/c2 [56].
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Figure 1: Invariant-mass distributions for the µ±
⌧
⌥ candidates for the four decay channels (from

top to bottom: µ⌧e, µ⌧h1, µ⌧h3, µ⌧µ) and the three selections (from left to right: L-selection,
C-selection, H-selection). The distribution of candidates observed (black points) is compared
with backgrounds (filled colour, stacked), and with signal hypothesis (cyan). The signal is
normalised to

p
N , with N the total number of candidates in the corresponding data histogram.

These e�ciencies are obtained from simulated samples and data for each decay channel
and selection set, following the methods developed for the Z! ⌧

+
⌧
� measurement [37].

The acceptance obtained from the Powheg-Box generator is identical for the µ⌧e, µ⌧h3,
and µ⌧µ channels, varying from 1.0% for mH = 195GeV/c2 to 3.2% for mH = 75GeV/c2.
The reconstruction e�ciency, which is the product of contributions from trigger, tracking,
and particle identification, is in the range 40–70%, but only about 15% in the case of the
µ⌧h3 channel because of the limited tracking e�ciency for the low-momentum hadrons.
With the exception of the µ⌧µ channel, the selection e�ciency is 18–30% in the L-selection,
and 24–49% in the C-selection and H-selection. In the case of the µ⌧µ channel, the tighter
selection on the muon pT and impact parameter reduces the selection e�ciency to 10–15%.

6

H→μτ decays / 1

Eur.Phys.J. C78 (2018) no.12, 1008

• Higgs-like boson decaying → μτ  
charged-lepton flavour-violating (CLFV) 

• Analysis is separated into four channels 
• mH=[45; 195] GeV and minimal flight 

distance (impact parameter) of the 
reconstructed candidate is imposed 

• Three different selections based on mH w.r.t. mZ  
• Background dominated by QCD, Z→ττ, Vj 
• No excess found

2.4. The Tau Lepton

2.4 The Tau Lepton

The · lepton is the third generation of the charged lepton family. It was discovered at
the SPEAR experiment at SLAC during 1974-1977, earning Martin Perl a Nobel Prize
in Physics in 1995 [61]. The properties of the · lepton have been studied extensively [3],
establishing a rest mass of 1776.9 MeV/c

2 (in contrast with 105.6 MeV/c
2 of the muon, and

0.511 MeV/c
2 of the electron), and a proper lifetime of 290.3 fs.

2.4.1 Decays of Tau Lepton

The most fascinating property of the · lepton is its decay channels. Its large mass is larger
than that of the lightest hadron (fi). The · lepton is thus the only lepton which decays via
weak charge current to both leptonic and hadronic modes, providing a unique link between
the electroweak and QCD theories. In recent years, the · lepton has been used to validate
di�erent areas of the SM [62]: testing lepton universality via Z æ ll decays, measuring
the QCD coupling at low-mass scales, determinating the strange quark mass, as well as
studying the hadronic contribution to the anomalous magnetic moment of the muon.

The decay channels of · leptons are summarized in Table 2.2, taken from [3]. More details
on the of · lepton decay can be found in [63, 64]. At a glance, a · lepton is more likely to
decay via hadronic channels than leptonic ones due to three possible quark colours. The
ratio between lepton channels, B·æµ/B·æe = 0.976, is also found to be consistent with the
SM prediction due to the phase-space.

Table 2.2 – Branching fraction of each · lepton decay channel, as grouped in this analysis. The
conjugated mode is implied. Charged hadronic product represented by h

± stands for fi
± or K

±.
“neutrals” stands for “’s and/or fi

0’s.

Process B [%]

·
≠

æ µ
≠

‹µ‹· 17.41 ± 0.04

·
≠

æ e
≠

‹e‹· 17.83 ± 0.04

·
≠

æ h
≠

‹· Ø 0 neutrals 50.11 ± 0.09

·
≠

æ h
≠

h
≠

h
+

‹· Ø 0 neutrals 14.57 ± 0.07

(others) < 0.08

⌧
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(d)

Figure 2.11 – List of major decay channels of · lepton, grouped into 4 channels in this analysis.
Only the charged final state particle(s) marked in red are used for the reconstruction, denoted as
(a) ·µ (b) ·e (c) ·h1 (d) ·h3. The conjugated mode is implied, as well as possible neutral hadrons
(omitted from figure) from the hadronic decay of the W .
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• Other light spin-0 particles in which LHCb can do 
well are light bosons from pp; only Run 1 

• Spin-0 boson, φ, using Run 1 prompt φ→μ+μ− 
decays, have been searched for 

• Use dimuon final states: 
• Access to different mass window w.r.t γγ or ττ 

searches in 4π experiments 
• Done in bins of kinematics ([pT,η]) to maximise 

sensitivity 
• Precise modelling of Y(nS) tails to extend search 

range as much as possible 
• Mass independent efficiency (uBDT)

JHEP 1809 (2018) 147
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• Search for dimuon resonance in mμμ from 5.5 to 15 GeV (also between Υ(nS) peaks)  

• No signal: limits on σ•BR set on (pseudo)scalars as proposed by Haisch & Kamenik [1601.05110] 

• First limits in 8.7-11.5 GeV region - elsewhere competitive with CMS 
• Interpreted as a search for a scalar produced through the SM Higgs decay  
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Figure 4: Upper limits on the direct production of a spin-0 boson decaying to µ
+
µ
� in 8 TeV

pp collisions.

tributing more than 90% to the production cross-section in the whole � boson mass range.
In order to set limits on new spin-0 particles in terms of couplings, interference e↵ects with
spin-0 bottomonium states should be considered [24], but this is beyond the scope of this
analysis. Therefore, upper limits are set on the product of the production cross-section
and the dimuon branching fraction, �(gg ! �) ⇥ B(� ! µ

+
µ
�). Since the cross-section

depends on the collision energy, the limits are set for
p

s = 8 TeV and the result from
7 TeV is combined by taking the expected fraction of cross-sections as a function of m(�),
based on the framework detailed in Ref. [24]. This ratio of cross-sections is roughly equal
to the ratio of collision energies and has a small dependence on m(�) of order 4% within
the mass range considered. The observed limits are given in Fig. 4 along with the range
of limits expected for the background-only hypothesis.

In Appendix A the upper limits are interpreted for � bosons coming from the decay
of the 125 GeV Higgs boson to two � bosons and for vector A

0 bosons with Drell-Yan
production. If the vector A

0 boson is interpreted as a dark photon, these are the first
limits in the region between 9.1 and 10.6 GeV. Furthermore, reinterpretation of the limits
in any other model involving the production of a dimuon resonance in the mass range
considered is possible by using the information given in the supplemental material.

7 Conclusions

In summary, a search is presented for a hypothetical light dimuon resonance, produced in
pp collisions recorded by the LHCb detector at centre-of-mass energies of 7 and 8 TeV. A
sample of dimuon candidates with invariant mass between 5.5 and 15 GeV corresponding

9
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Figure 1: E�ciency-corrected dimuon mass distributions for (left)
p
s = 7TeV and

(right)
p
s = 8TeV samples in the region 3 < pT < 4GeV/c, 3.0 < y < 3.5. The thick dark

yellow solid curves show the result of the fits, as described in the text. The three peaks, shown
with thin magenta solid lines, correspond to the ⌥(1S), ⌥(2S) and ⌥(3S) signals (left to right).
The background component is indicated with a blue dashed line. To show the signal peaks clearly,
the range of the dimuon mass shown is narrower than that used in the fit.

the mass distribution of the ⌥(1S) meson are free fit parameters. For the ⌥(2S) and
⌥(3S) mesons the mass di↵erences m(⌥(2S))�m(⌥(1S)) and m(⌥(3S))�m(⌥(1S)) are
fixed to the known values [42], while the resolutions are fixed to the value of the reso-
lution of the ⌥(1S) signal, scaled by the ratio of the masses of the ⌥(2S) and ⌥(3S) to
the ⌥(1S) meson. The tail parameters of the Crystal Ball function describing the radiative
tail are fixed from studies of simulated samples.

The fits are performed independently on the e�ciency-corrected dimuon mass dis-
tributions in each (pT,y) bin. As an example, Fig. 1 shows the results of the fits in
the region 3 < pT < 4GeV/c and 3.0 < y < 3.5. For each bin the position and the res-
olution of the ⌥(1S) signal is found to be consistent between

p
s = 7 and 8TeV data

sets. The resolution varies between 33MeV/c2 in the region of low pT and small rapidity
and 90MeV/c2 for the high pT and large y region, with the average value being close
to 42MeV/c2. The total signal yields are obtained by summing the signal yields over all
(pT, y) bins and are summarised in Table 1.

4 Systematic uncertainties

The systematic uncertainties are summarised in Table 2, separately for the measurement
of the cross-sections and of their ratios.

The uncertainty related to the mass model describing the shape of the dimuon
mass distribution is studied by varying the fit range and the signal and background
parametrisation used in the fit model. The fit range is varied by moving the upper edge

4
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Prompt A’

Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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is used in the fits to increase the bin occupancies at large min[�2
IP(µ

±)] values.
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).

16

310 410 510

210

310

410

510

610

710

 
 
 

m(µ+µ�) [MeV ]

C
an

d
id
at
es
/
�
[m

(µ
+
µ
�
)]
/
2

LHCb
p
s = 13TeV

prompt µ+µ�

µQµQ

hh+ hµQ

) isolation
applied

prompt-like sample

pT(µ) > 1GeV, p(µ) > 20GeV

Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 

Prompt A’
Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3
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• The 2016 dimuon results are consistent with (better than) predictions for prompt (long-lived) dark 
photons as discussed in [1603.08926]. We implemented huge improvements in the 2017 triggers 
for low masses, so plan quick turn around on 2017 dimuon search - then onto electrons.

Dark Photons LHCb-PAPER-2017-038

Ilten, Soreq, Thaler, MW, Xue [1603.08926] 
scaled to 2016 data sample LUMI & trigger

The 2016 dimuon results are consistent with (better than) our predictions for prompt 
(long-lived) dark photons. We implemented huge improvements in the 2017 triggers for 
low masses, so plan quick turn around on 2017 dimuon search — then onto electrons.

 12

Proves LHCb has unique potential to search for A’ using muons. Assuming we can make 
electrons work, we can cover all of the remaining low-mass parameter space (eventually).
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2.4. The Tau Lepton

2.4 The Tau Lepton

The · lepton is the third generation of the charged lepton family. It was discovered at
the SPEAR experiment at SLAC during 1974-1977, earning Martin Perl a Nobel Prize
in Physics in 1995 [61]. The properties of the · lepton have been studied extensively [3],
establishing a rest mass of 1776.9 MeV/c

2 (in contrast with 105.6 MeV/c
2 of the muon, and

0.511 MeV/c
2 of the electron), and a proper lifetime of 290.3 fs.

2.4.1 Decays of Tau Lepton

The most fascinating property of the · lepton is its decay channels. Its large mass is larger
than that of the lightest hadron (fi). The · lepton is thus the only lepton which decays via
weak charge current to both leptonic and hadronic modes, providing a unique link between
the electroweak and QCD theories. In recent years, the · lepton has been used to validate
di�erent areas of the SM [62]: testing lepton universality via Z æ ll decays, measuring
the QCD coupling at low-mass scales, determinating the strange quark mass, as well as
studying the hadronic contribution to the anomalous magnetic moment of the muon.

The decay channels of · leptons are summarized in Table 2.2, taken from [3]. More details
on the of · lepton decay can be found in [63, 64]. At a glance, a · lepton is more likely to
decay via hadronic channels than leptonic ones due to three possible quark colours. The
ratio between lepton channels, B·æµ/B·æe = 0.976, is also found to be consistent with the
SM prediction due to the phase-space.

Table 2.2 – Branching fraction of each · lepton decay channel, as grouped in this analysis. The
conjugated mode is implied. Charged hadronic product represented by h

± stands for fi
± or K

±.
“neutrals” stands for “’s and/or fi

0’s.

Process B [%]

·
≠

æ µ
≠

‹µ‹· 17.41 ± 0.04

·
≠

æ e
≠

‹e‹· 17.83 ± 0.04

·
≠

æ h
≠

‹· Ø 0 neutrals 50.11 ± 0.09

·
≠

æ h
≠

h
≠

h
+

‹· Ø 0 neutrals 14.57 ± 0.07

(others) < 0.08

⌧
�

W
�

µ
�

⌫̄µ

⌫⌧

(a)

⌧
�

W
�

e
�

⌫̄e

⌫⌧

(b)

⌧
�

W
�

h
�

⌫⌧

(c)

⌧
�

W
�

h
�

h
+

h
�

⌫⌧

(d)

Figure 2.11 – List of major decay channels of · lepton, grouped into 4 channels in this analysis.
Only the charged final state particle(s) marked in red are used for the reconstruction, denoted as
(a) ·µ (b) ·e (c) ·h1 (d) ·h3. The conjugated mode is implied, as well as possible neutral hadrons
(omitted from figure) from the hadronic decay of the W .
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Figure 1: Invariant-mass distributions for the µ±
⌧
⌥ candidates for the four decay channels (from

top to bottom: µ⌧e, µ⌧h1, µ⌧h3, µ⌧µ) and the three selections (from left to right: L-selection,
C-selection, H-selection). The distribution of candidates observed (black points) is compared
with backgrounds (filled colour, stacked), and with signal hypothesis (cyan). The signal is
normalised to

p
N , with N the total number of candidates in the corresponding data histogram.

These e�ciencies are obtained from simulated samples and data for each decay channel
and selection set, following the methods developed for the Z! ⌧

+
⌧
� measurement [37].

The acceptance obtained from the Powheg-Box generator is identical for the µ⌧e, µ⌧h3,
and µ⌧µ channels, varying from 1.0% for mH = 195GeV/c2 to 3.2% for mH = 75GeV/c2.
The reconstruction e�ciency, which is the product of contributions from trigger, tracking,
and particle identification, is in the range 40–70%, but only about 15% in the case of the
µ⌧h3 channel because of the limited tracking e�ciency for the low-momentum hadrons.
With the exception of the µ⌧µ channel, the selection e�ciency is 18–30% in the L-selection,
and 24–49% in the C-selection and H-selection. In the case of the µ⌧µ channel, the tighter
selection on the muon pT and impact parameter reduces the selection e�ciency to 10–15%.
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from top to bottom: μτe, μτh1, μτh3, μτμ  

from L to R: μτμ, μτe, μτh1, μτh3, 
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