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The future of LHCb
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Phase I upgrade

Under construction

Phase Ib upgrade Phase II upgrade

Focus of this talk

HL-LHC
HL-LHC(b)

8 fb−1 50 fb−1 300 fb−1
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HL-LHC(b)

LHCb will operate in Run 4 similar to Run 3
High luminosity era really begins after LS4

L (1032/s/cm2) Collisions

Run 2 4 1
Run 3-4 20 5
Run 5+ 100-200 50
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Challenges of luminosity

Ten times more collisions brings:
Occupancy
Combinatorics – track finding
and decay finding
Radiation
Data rate

Geometry means every
subdetector faces a wide range
of flux

1MeV neutron Eq. fluence/cm2 for 50fb-1  (100mb)
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Fluence map for SciFi
tracker in Upgrade I
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A new experiment
Even if its not obvious from this picture
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A new experiment

LHCb must be a new detector for Run 5
Challenge – maintain detector strengths in tracking and
particle ID with 10 times more pile-up than upgrade I
Essential for finding complex decay chains with
manageable combinatorial backgrounds
But also opportunities to improve the current performance!

Some of which may be added early as Upgrade Ib

M. Rudolph 6 / 23



The power of time
Become a 4D detector – many upgrades exploit precise
timing measurements
Solves challenges in:

Track finding
Vertex finding and association
Matching particles across sub-detectors

15	

Studies	so	far…	

VELO	U2	Overview:	Annecy	TTFU	Workshop									22	March	2018 	 	Mark	Williams		

PVs
b

Run	toy	simulations	of	two-body	B	decays	to	
assess	PV	mis-association	rate	from	dual-
technology	design	

No	timing:	pick	PV	with	
lowest	IP:	~15%		
mis-association	rate		

With	timing:	additional	power	to	
select	correct	PV	using	both	IP	
and	timing	information:		
2-4%	mis-association	rate	 +	

tim
in
g	

Biljana	Mitreska		
CERN	summer	student	2017	
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Vertex Locator

Current VELO would not work for
HL-LHC

Huge fraction of fake tracks
(ghosts)

Can reduce with better granularity
and timing

9	

Studies	so	far…	

Reducing	pixel	size	to	27.5μm,	and	re-optimising	PR	
parameters	(e.g.	cone	size),	most	of	the	losses	are	
recovered.	

VELO	U2	Overview:	Annecy	TTFU	Workshop									22	March	2018 	 	Mark	Williams		

λ=55	PV	

Manuel	Jahn,		
CERN	summer	student	2016	

So,	smaller	pixels	almost	
certainly	needed	–	although	
probably	only	in	inner	radial	
region...	

For	Upgrade-I	VELO	design	(55	μm	pixels),	
performance	at	L=2x1034	/cm2/s	is	heavily	degraded	
�	e.g.	Ghost	rate	increases	by	factor	20	

14	

Studies	so	far…	

VELO	U2	Overview:	Annecy	TTFU	Workshop									22	March	2018 	 	Mark	Williams		

Biljana	Mitreska		
CERN	summer	student	2017	

…	
Radial	dependence	motivates	a	dual-technology	design	

	Small-r:	small	pixels,	radiation	hard,	 		
	timing	information	optional	

	Large-r:	larger	pixels,	fast	timing,			
	reduced	rad	hardness	

M. Williams et al. M. Rudolph 8 / 23

https://indico.in2p3.fr/event/16795/contributions/60724/attachments/47428/59638/TTFU_Annecy_VELO-outline.pdf


VELO with time

Timing even more important than pixel size!
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18	

*New*	studies	

VELO	U2	Overview:	Annecy	TTFU	Workshop									22	March	2018 	 	Mark	Williams		

Aditya	Bhanderi		
Manchester	MPhys	student	

At	L	=	2.0	×	1034	/cm2/s,		
PV	mis-association	rate	(PV%):	

•  No	timing:	20%	
•  Timing	only	in	inner	detector:	5-13%	
•  +200ps	timing	in	outer	region:	4-9%	

Caveat:	work-in-progress!	

Goal is ≈ 30ps for outer
part
Mis-association scales
linearly with luminosity

Even a 200 µm pixel would
work!

M. Williams et al. M. Rudolph 9 / 23
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Downstream tracking

Current Scintillating Fibre tracker evolves
Occupancy requires staged upgrades

Upgrade 1b Tracker (LS3) 

6	

1.08 m 

IT 
0.6 m 

•  Replace 2 inner SciFi modules 
•  Add a Si Inner Tracker 

•  Expand IT relative to EOI to assist Sci-Fi –O(5)m2 

Upgrade 1b

Upgrade II Tracker (LS4) 
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•  Replace all SciFi modules 
•  Add a Si Middle Tracker 

•  Expand MT relative to EOI to assist Sci-Fi -O(20m2) 

•  SciFi for large area tracking Upgrade 2
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HV-CMOS

HV-CMOS devices
potential low-cost solution
for downstream tracker

Good segmentation,
performance after
irradiation
Monolithic design with
readout

Watching results from
other experiments like
Mu3e

Full System on Chip

16.03.2017Dirk Wiedner, on behalf of the Mu3e 
collaboration 16

• 180 nm HV-CMOS
• Pixel matrix:

o 128 x 200 pixels
o 80 x 81 μm2 each

• Analog part
o Active pixel diode
o Pre-amplifier in pixel cell

• Digital part
o Discriminator
o Time stamp
o State machine

• Continuous readout
o Zero suppression
o 1.25 Gbit/s data outputs (3+1)

MuPix8
sensor for Mu3e

M. Rudolph 11 / 23



Magnet stations
Opportunity for improvement

R&D underway to place
tracking in the magnet
Only need granularity of
1 mm for huge gains at low
momentumInstallation

3/20/2018 Magnet Station Overview 11

• Installation planning using a realistic 1:21 replica of the magnet in card board 
(vertical bars are only for the model)

• panels installed on rails, rails can fold during installation

• So far just just one conflict:  one cable from spiderweb (green arrow on right)

• Connectors may allow ~1mm freedom for magnet moves when changing 
polarities

3/20/2018 Magnet Station Overview 4

Proposed Implementation (2)

• Leverage R&D from D0 preshower
• Easier WS-clear fiber coupling
• Fewer number of channels

Possible design with
extruded scintillator bars
as in D0 preshower

C. da Silva et al M. Rudolph 12 / 23

https://indico.in2p3.fr/event/16795/contributions/60719/attachments/47348/59608/annecy-MS-technical-CLdaSilva.pdf


RICH detectors

Current detectors would have
100% occupancy
Three-fold plan:

Adjust optics
Finer segmentation
Shift sensitivity towards green

SiPM may be a solution
Can improve RICH1/2 resolution
from 1.6/0.7 mrad to 0.2/0.1!
Possible time resolution of
≈ 100ps

C. D’Ambrosio et al M. Rudolph 13 / 23

https://indico.in2p3.fr/event/16795/contributions/60742/attachments/47470/59772/Carmelo_2018-03-23_main_2-2.pptx


TORCH
New time-of-flight detector design

Uses internally reflected Cherenkov light
Provides particle ID to lower momenta

N. Harnew et al M. Rudolph 14 / 23

https://indico.in2p3.fr/event/16795/contributions/60744/attachments/47476/59707/Harnew-18-03-23-TORCH-Annecy.pptx


Testing TORCH
Promising recent testbeam results!

LHCb Upgrade	Workshop	– 23/03/18 Thomas.hancock@physics.ox.ac.uk

The	Testbeam Setup	– Mini-TORCH

21

Radiator	
Plate

Focusing	Optics 90∘

Readout pattern in position and time:

LHCb Upgrade	Workshop	– 23/03/18 Thomas.hancock@physics.ox.ac.uk 5

Hitmap of	clustered	testbeam data

Testing	TORCH	- Initial	look	at	data

Introduction Timing	Resolution Photon	Counting PID	Performance Conclusions
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• Electron	shower	from	
single	photon	falls	across	
multiple	pixels

Ø Hits	are	clustered	using	
both	positional	and	time	
information

• Time	measured	using	
NINO/HPTDC	electronics

LHCb Upgrade	Workshop	– 23/03/18 Thomas.hancock@physics.ox.ac.uk
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Overlaid	lines	show	
predictions	from	
reconstruction

Project	hitmap
y-axis	in	time
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https://indico.in2p3.fr/event/16795/contributions/60745/attachments/47474/59705/Hancock_TORCH_Detector_Studies.pdf


ECAL

Part of current ECAL must be replaced in LS3 – chance to
start upgrade early?
Opportunity to improve reconstruction of electrons and
photons – many physics applications

Inorganic scintillators like
GAGG (Ce doped
Gd3Al2Ga3O12) show good
radiation tolerance in
recent tests

Y. Guz, E.Auffrey et al. M. Rudolph 16 / 23

https://indico.in2p3.fr/event/16795/contributions/60732/attachments/47447/59667/Guz_CALO_technologies_20180322.pptx


ECAL segmentation
Increased segmentation a necessity

In space

and in time – Intrinsic or a
dedicated silicon timing
plane

 Number of incorrect vertices included in window 
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Muons
Occupancy in inner part of muon stations at rates up to
3 MHz/cm2

Solution is more shielding and more granularity
One promising solution – µ-RWELL micropattern detector
Tests show good gain performance at expected rates

24

DLC layer: 0.1 – 0.2 µm  

Kapton layer  50 µm 

Copper layer  5 µm 

The µ-RWELL_PCB for High Rate (LHCb) 

insulating layer  

DLC-coated base material 
after copper and kapton 
chemical etching ( WELL 
amplification stage) 

2nd resistive kapton layer with � 1/cm2 “through vias” density 

1 

2 

4 

DLC-coated kapton base material 

3 
2nd resistive kapton layer 

“through vias” for grounding 

pad/strips readout on standard PCB 
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High rate performances with X-rays

16G. Bencivenni, G. Morello, M. Poli-Lener

The gain drop is only due to Ohmic 
effect on the resistive layer (order 
10 MOhm), and depends on the 
details of the evacuation scheme

to be noted: equivalent  
MIP rate =  X-ray rate x7

Rate capability already well above 1MHz for all evacuation schemes 
To be confirmed  at PSI with high intensity hadron beam up to 20MHz/cm2

3MHzMIP

Large room for optimizing the resistive grid, very promising

double layer
resistive grid

silver grid 

Relative gain v. x-ray rates
(arrow for MIPs at 3 MHz)

M. Palutan et al M. Rudolph 18 / 23

https://indico.in2p3.fr/event/16795/contributions/60736/attachments/47450/59670/Palutan_muon_annecy_.pdf


Data
The biggest challenge?

Almost all crossings will
have signal!
Upgrade I full software
trigger is huge physics gain
Upgrade II could result in
throughput of 500 Tb/s with
storage rate of 50 GB/s!

Boundary between HLT1 & HLT2 essential for disk buffer cost.

Challenges & evolution of HLT1

23

Because of Upgrade II signal rates, cannot 
use the current partial HLT1 reconstruction 
to simply select entire events anymore. 

Try to present a 0th draft of alternative 
strategy, based on having limited timing 
information in part of the tracker. 

➡ HLT1 finds an interesting signal based on 
a high-pT subset of decay products, then 
uses timing to suppress pileup in full 
reconstruction. See backups for details.

The anatomy of an LHCb event in the upgrade era, and implications for the LHCb trigger Ref: LHCb-PUB-2014-027
Public Note Issue: 1
6 Reconstructed yields Date: May 21, 2014

b-hadrons c-hadrons light, long-lived hadrons

Reconstructed yield 0.0317 ± 0.0006 0.118 ± 0.001 0.406 ± 0.002
✏(pT > 2GeV/c) 85.6 ± 0.6% 51.8 ± 0.5% 2.34 ± 0.08%
✏(⌧ > 0.2 ps) 88.1 ± 0.6% 63.1 ± 0.5% 99.46 ± 0.03%
✏(pT)⇥ ✏(⌧) 75.9 ± 0.8% 32.6 ± 0.4% 2.30 ± 0.08%
✏(pT)⇥ ✏(⌧)⇥ ✏(LHCb) 27.9 ± 0.3% 22.6 ± 0.3% 2.17 ± 0.07%

Output rate 270 kHz 800 kHz 264 kHz

Table 6: Per-event yields determined from 100k of upgrade minimum-bias events after partial offline
reconstruction. The first row indicates the number of candidates which had at least two tracks from
which a vertex could be produced. The last row shows the output rate of a trigger selecting such
events with perfect efficiency, assuming an input rate of 30 MHz from the LHC, as expected during
upgrade running. A breakdown of each category is available in Table 14.

Figure 1: HLT partially reconstructed (but fully reconstructible) signal rates as a function of decay
time for candidates with pT > 2 GeV/c (left) and transverse momentum cuts for candidates with
⌧ > 0.2 ps(right). The rate is for two-track combinations that form a vertex only for candidates that
can be fully reconstructed offline, ie: All additional tracks are also within the LHCb acceptance.
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Upgrade II partially reco. signal rates

• BEAUTY 
• CHARM 
• STRANGE

Requiring decay time > 0.2ps

Will be data rate 10x ATLAS/CMS in HL-LHC!
Will take more creativity than waiting for hardware
improvements

V. Gligorov talk and LHCb-PUB-2014-27 M. Rudolph 19 / 23

https://indico.in2p3.fr/event/16795/contributions/60721/attachments/47414/59615/Gligorov_Annecy_U2TDAQ_0318.pdf
https://cds.cern.ch/record/1670985


Is timing the answer?

Can we use timing to
remove pile-up?
Can timing be used to
speed-up tracking?

March, 22 2018 3rd Workshop on LHCb Upgrade II 4

4D stub based tracking

● “Stub” approach:

– A couple of hits in adjacent planes forms a stub

– Stubs provide “track hints”

– Geometrical cuts are applied to filter stubs not compatible with tracks from the luminous region

– Tracks are formed by multiple stubs with similar parameters

● Stubs with time:

– In highly occupied detectors fake stubs can 
survive the geometrical cuts

– Use of timing allows a combinatoric suppression

– Particle velocity is required to be compatible with 
the speed of light

[N. Neri et al., JINST 11 (2016) no.11, C11040 ]

Investigating possibility of VELO fast reconstruction based
on track stubs with timing
First investigations for implementation in FPGA
Will need to closely follow development of computing
technologies over coming years

M. Petruzzo et al M. Rudolph 20 / 23

https://indico.in2p3.fr/event/16795/contributions/60725/attachments/47430/59640/Petruzzo_3rd_LHCb_UpgradeII_Workshop.pdf


Codex-b
A new detector for long-lived particles

x

ϕ

SM

SM

CODEX-b box

UXA shield

shield veto

IP8Pb shield

DELPHI

Was more discussion in Mike Williams’s talk yesterday
Phys. Rev. D 97, 015023 (2018) M. Rudolph 21 / 23

http://dx.doi.org/10.1103/PhysRevD.97.015023


HE-LHCb?

A lot of ongoing work for physics case and detector for
Upgrade II, further future is much more speculative
What might HE era mean for LHCb?
Would be at even higher pile-up – 10x upgrade II?
Further multiplication of challenges

Would need finer segmentation in space and time
Data challenges will grow even greater

M. Rudolph 22 / 23



Conclusions

High luminosity running presents many challenges for
LHCb

Occupancy, radiation, and data rate

Planning underway to identify upgrade solutions that would
make it possible
R&D just beginning
Use of timing is key strategy to overcome challenges
Sources and more information available from recent
workshop on Upgrade II at Annecy – link
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