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ARTICLE INFO ABSTRACT

Keywords: Upstream Tracker is a new tracking detector for LHCb Upgrade I to start operation in Run3 of LHC. In light
Tracking detector of the plan of LHCb Upgrade II, simulation studies show that the current detector cannot operate due to the
Pixel detector high occupancy and data rate. A first preliminary design is proposed to replace the Upstream Tracker with

CMOS based detector, and available technology for future R&D are considered.

1. Upstream tracker in LHCb upgrade I <~—————— ~1700mm ———| UTpX N

z

As a forward spectrometer designed for heavy flavour physics at VTPV xg
the Large Hadron Collider (LHC), LHCb [1] has successfully operated UTau
since 2010 and produced high quality data enabling a plethora of UTaX
important physics results. It is currently undergoing a major upgrade,
named Upgrade I, aiming for a five-fold increase in the instantaneous
luminosity to 2x 1033 cm=2 s~! [2]. This requires a complete removal of
the hardware trigger allowing readout of the whole detector at 40 MHz.
Most subsystems including all tracking detectors will be replaced. The 8 mm
new tracking system consists of a Vertex Locator (VELO) [3] enclosing

the interaction region, an Upstream Tracker (UT) and a Scintillating

~1350 mm

Fibre Tracker (SciFi) which are located upstream and downstream of

the bending magnet respectively [4]. 75
Fast track reconstruction is a key element in the full software trigger

scheme after Upgrade I, for which UT plays a crucial role by speeding

up the match between VELO and SciFi segments and by reducing

the ghost rate. It also helps to improve the momentum resolution of

tracks with low pr, and to ensure efficient reconstruction of long-lived B

particles which decays outside VELO such as K¢ and A. Sensor A B c D
The layout of the current UT system is shown in Fig. 1. It consists of - - - -

four planes of silicon strip detectors, with strips aligned along vertical Type p-in-n | n-in-p | n-in-p | n-in-p

direction (y), or tilted by stereo angles of +5°. Note that this allows Thickness(um) | 320 250 250 250

precise reF(?nstruct?on in the bending.plane (xz). UT uses four differfent Pitch (um) 18751 935 | 935 | 935

types of silicon strip sensors, shown in the bottom of Fig. 1, featuring

finer pitch and shorter strip length in the inner regions. The innermost Length (mm) [ ~100 | ~100 | ~50 | ~50

part expects a maximum radiation fluence up to 5% 10'* n, /cm?. Each Strips/sensor | 512 | 1024 | 1024 | 1024

sensor is read out by 4 or 8 dedicated ASIC chips called SALT [5]. A

sensor and its ASICs are mounted on hybrid flex to form a module.

Modules are mounted on both sides of a stave to allow overlap between Numbers 888 48 16 16

each other in y direction. Staves contain cooling tube for CO, embedded

in foam core and CFRP face sheets. Both ends of staves are connected Fig. 1. UT for LHCb Upgrade L

to periphery electronics providing various functionalities such as data

formatting, timing distribution, control and optical conversion. Most

components of UT have been shipped to CERN and preparation for the

installation is ongoing.
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2. Upgrade II challenges

By the end of Run 4 around 2030, LHCb will have accumulated
50 fb~! with many subsystems reaching end of lifetime. To fully exploit
the High-Luminosity LHC [6] potential in flavour physics, the LHCb
collaboration proposes another major detector upgrade, Upgrade IL
The goal is to enable the detector to operate at luminosity as high as
1.5% 103 cm™2 57, so that an integrated luminosity of 300 fb~' will be
achieved in the lifetime of LHC.

Upgrade II imposes more challenges for the whole detector in par-
ticular the tracking system. The pile-up, average number of interactions
per bunch crossing, will increase from 5 after Upgrade I to around
40 after Upgrade II. Track multiplicity will be much higher, which
makes track reconstruction more difficult and more time-consuming.
In addition radiation damage will be more severe for most detectors.
Efficient tracking is still crucial for the all-software trigger. Physics
benchmarks requires excellent resolutions on track momentum and
impact parameter, a tracking efficiency for long tracks over 95% with
minimal ghost rate, without reducing current geometrical acceptance
or adding more material budget.

Given the requirements mentioned above, the tracking system for
Upgrade 1II has to be redesigned (Fig. 2). VELO is exploring new sensor
technologies, and will add timing information to disentangle different
interactions in the same bunch crossing (BX). A new detector inside
the magnet, called Magnet Station, is proposed to extend acceptance of
low momentum tracks. The inner part of SciFi will be replaced with
silicon pixel detectors for better radiation hardness as well as finer
segmentation and spatial resolution, forming so called Mighty Tracker.

Simulation is performed at Upgrade II condition (\/E =14 TeV, L =
1.5x10%* cm=2 s~1) to examine the challenges for the current UT design.
In the simulation, pp collisions are generated using Pyruia [7,8] with a
specific LHCb configuration [9]. Minimum-bias events are generated
without requiring any specific physics signature. Decays of unstable
particles are described by EvrGen [10], in which final-state radiation is
generated using Proros [11]. The interaction of the generated particles
with the detector, and its response, are implemented using the Geant4
toolkit [12,13] as described in Ref. [14]. The full tracking system as
after Upgrade I is assumed. The hitmap at the first plane per beam-
beam colliding bunch in pp programme is shown in Fig. 3(a), and
the hit density as a function of radius in the same plane is shown in
Fig. 3(b). The average density per BX is 5.9 hits/cm?/BX in colliding
bunch crossings, as a result the occupancy in the innermost region will
be so high (up to ~ 10%) that UT performance will be compromised.
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Fig. 3. The hitmap (above) and mean UT hit density (below) per BX at the first plane
per beam-beam colliding bunch in the p — p programme.

Similar study is performed for PbPb programme. The hit density per
BX is roughly halved compared with the pp case, with a lower colliding
rate. However, the maximum hit density in a central PbPb event could
reach 52.5 hits/cm?, resulting in 2.4 hits/strip in the innermost strip
(93.5 pm x 5 cm) of the current UT design. In order to distinguish
different hits a higher granularity is necessary.
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Fig. 4. A possible system configuration of UT using HVCMOS in Upgrade II. The upper
part shows a single chip, a module and a stave, where a yellow box corresponds to a
chip. The bottom part shows a full plane, where a yellow box corresponds to a module.

Furthermore, UT is designed for a luminosity of 2 x 10** cm=2 s~!,
and can handle data rate 1.5 times higher. However, the peak luminos-
ity for Upgrade II will be increase by a factor of 7.5, too high for the
readout electronics to cope with. The expected radiation fluence for the
inner part will reach 3 x 10'% n,,/cm?, and the sensors of UT may not
function properly by then.

In summary, a new UT system is mandatory to meet the challenging
requirements in Run 5 and beyond.

3. MAPS for UT in upgrade II

The high hit density in UT calls for use of silicon pixel detectors for
high granularity and better resolution. Monolithic Active Pixel Sensors
(MAPS) is a promising technology for large area pixel detectors, cost-
effective benefiting from mature CMOS processes. Both Mighty Tracker
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[ «<—— 36 modules

< 12 staves >
Ring 1
e-links / chip 2-7
Gbps / e-link 1.28
IpGBT / module 14/10
Num of modules 32
Num of IpGPTs 384

Fig. 5. Allocation of 1pGBT.

and UT envisage use of CMOS with similar requirements, and the R&D
in sensor technology will be carried in common for the two detectors.

To achieve depletion in CMOS pixels, two approaches are consid-
ered either with small-electrode and low-voltage (LV-CMOS) [15] or
with large-electrode and high-voltage (HV-CMOS) [16]. The LV-CMOS
has a small sensor capacitance, resulting lower noise and less power
budget, however to achieve desired radiation hardness modification in
process has to be made. The HV-CMOS implements electronics inside
charge collection well, allowing a high (50-100 V) bias applied and
intrinsically radiation hard. The sensor capacitance in HV-CMOS is
higher, hence a larger noise and more power consumption.

R&D for LHCb has mostly focused in HV-CMOS, building on devel-
opments for Mu3e [17] and possible ATLAS Pixel upgrade [18]. The
180 nm CMOS process demonstrates good intrinsic radiation hardness,
and a pixel size of 50 x 150 um? is possible. The ATLASPix3 sensor
can achieve a time resolution of 5 ns, with a power consumption
around 140 mW /cm?. Ideally the time resolution should be reduced to
3-4 ns to distinguish between the 25 ns bunches. The required fluence
(3 x 10 ngy/cm?) in the innermost part of UT is at the high end of
what was achieved by ATLASPix3, so further sensor candidate must
demonstrate the ability to sustain it.

A possible system configuration of UT upgrade using HV-CMOS is
shown in Fig. 4. The layout using LV-CMOS would be similar. The
system contains four planes, each with 12 staves. A chip with reticle
size of 20.2 x 21.4 mm?, and pixel size of 50 x 150 um? is assumed.
Fourteen chips in a 7 x 2 array are interconnected to form a module.
For LV-CMOS the chip is larger, typically 35 x 35 mm?2, with a smaller
pixel size of 30 x 30 um?. A module can be formed with an array of
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4 x 2 chips for a similar stave width. A total of 36 modules are mounted
alternatively on both sides of a bare stave similar as the way of stave
construction in Upgrade L.

UT in Upgrade II is expecting a total data rate of approximately
6.8 Tbps, with the hottest chip at 9.0 Gbps. The radiation tolerant
ASIC of IpGBT, common to HL-LHC applications, will be used for data
concentration and transmission. The module configuration is optimised
for efficient use of IpGBT chips. The allocation of IpGBT with different
bandwidths of 1.28, 0.64 and 0.32 Gbps bandwidth is shown in Fig. 5.

In addition to the R&D programme foreseen on the technology, de-
tailed studies are planned in the future to define the system design. This
include momentum resolution combining with other tracking detectors,
optimisation of number and layout of the planes, assessment of material
budget, the timing performance, just to name a few.

4. Summary

The Upstream Tracker is being built for the imminent Run 3 as part
of LHCb Upgrade 1. However simulation studies show that the current
design will not work under Upgrade II condition. Upgrade of UT using
CMOS MAPS is foreseen, with HV-CMOS or LV-CMOS options. Common
development will be carried out on sensor technology for UT and MT.
A system design for UT with CMOS is proposed, while more studies are
required to define the details.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgement

This work is partially supported by the National Natural Science
Foundation of China (NSFC) under grant number 11961141015.

References

[1]1 A.A. Alves Jr., et al.,, The LHCb detector at the LHC, JINST 3 (LHCb-DP-2008-
001) (2008) S08005, http://dx.doi.org/10.1088/1748-0221/3/08/S08005.

[2] LHCb collaboration, Framework TDR for the LHCb Upgrade: Technical Design
Report, Tech. Rep. CERN-LHCC-2012-007, CERN, Geneva, 2012.

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Nuclear Inst. and Methods in Physics Research, A 1032 (2022) 166629

LHCb collaboration, LHCb VELO Upgrade Technical Design Report, Tech. Rep.
CERN-LHCC-2013-021, CERN, Geneva, 2013.

LHCb collaboration, LHCb Tracker Upgrade Technical Design Report, Tech. Rep.
CERN-LHCC-2014-001, CERN, Geneva, 2014.

S. Bugiel, R. Dasgupta, M. Firlej, T. Fiutowski, M. Idzik, M. Kuczynska, J. Moron,
K. Swientek, T. Szumlak, Salt, a dedicated readout chip for high precision
tracking silicon strip detectors at the LHCb upgrade, 2016, p. C02028, http:
//dx.doi.org/10.1088/1748-0221/11/02/c02028, 11 (02).

1. Zurbano Fernandez, et al., High-Luminosity Large Hadron Collider (HL-LHC),
Technical design report 10/2020, vol. 12, 2020, http://dx.doi.org/10.23731/
CYRM-2020-0010.

T. Sjostrand, S. Mrenna, P. Skands, A brief introduction to PYTHIA 8.1, Comput.
Phys. Comm. 178 (2008) 852-867, arXiv:0710.3820.

T. Sjostrand, S. Mrenna, P. Skands, PYTHIA 6.4 physics and manual, J. High
Energy Phys. 05 (2006) 026, http://dx.doi.org/10.1088/1126-6708/2006/05/
026, arXiv:hep-ph/0603175.

1. Belyaev, et al., Handling of the generation of primary events in Gauss, the
LHCb simulation framework, J. Phys. Conf. Ser. 331 (2011) 032047, http:
//dx.doi.org/10.1088/1742-6596/331/3/032047.

D.J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462 (2001) 152-155, http://dx.doi.org/10.1016/50168-9002(01)00089-4.

N. Davidson, T. Przedzinski, Z. Was, PHOTOS Interface in c++: Technical and
physics documentation, Comput. Phys. Comm. 199 (2016) 86, http://dx.doi.org/
10.1016/j.cpc.2015.09.013, arXiv:1011.0937.

J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Dubois, et al., Geant4
developments and applications, IEEE Trans. Nucl. Sci. 53 (2006) 270, http:
//dx.doi.org/10.1109/TNS.2006.869826.

S. Agostinelli, et al., Geant4: A simulation toolkit, Nucl. Instrum. Meth. A506
(2003) 250, http://dx.doi.org/10.1016/50168-9002(03)01368-8.

M. Clemencic, et al., The LHCb simulation application, Gauss: Design, evolution
and experience, J. Phys. Conf. Ser. 331 (2011) 032023, http://dx.doi.org/10.
1088/1742-6596,/331/3/032023.

G. Aglieri, C. Cavicchioli, P.L. Chalmet, N. Chanlek, A. Collu, P. Giubilato, H.
Hillemanns, A. Junique, M. Keil, D. Kim, J. Kim, T. Kugathasan, A. Lattuca,
M. Mager, C.AM. Tobon, D. Marras, P. Martinengo, S. Mattiazzo, G. Mazza,
H. Mugnier, L. Musa, D. Pantano, C. Puggioni, J. Rousset, F. Reidt, P. Riedler,
S. Siddhanta, W. Snoeys, G. Usai, J.W. van Hoorne, P. Yang, J. Yi, Monolithic
active pixel sensor development for the upgrade of the ALICE inner tracking
system, J. Instrum. 8 (12) (2013) C12041, http://dx.doi.org/10.1088/1748-
0221/8/12/¢12041.

1. Peri¢, A novel monolithic pixelated particle detector implemented in high-
voltage cmos technology, Nucl. Instrum. Methods Phys. Res. A 582 (3) (2007)
876-885, http://dx.doi.org/10.1016/j.nima.2007.07.115, vERTEX 2006.

K. Arndt, et al., Technical design of the phase I mu3e experiment, Nucl. Instrum.
Methods A 1014 (2021) 165679, http://dx.doi.org/10.1016/j.nima.2021.165679,
arXiv:2009.11690.

R. Schimassek, et al., Test results of ATLASPIX3 — a reticle size HVCMOS pixel
sensor designed for construction of multi chip modules, Nucl. Instrum. Methods
A 986 (2021) 164812, http://dx.doi.org/10.1016/j.nima.2020.164812.


http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb2
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb2
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb2
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb3
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb3
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb3
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb4
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb4
http://refhub.elsevier.com/S0168-9002(22)00201-7/sb4
http://dx.doi.org/10.1088/1748-0221/11/02/c02028
http://dx.doi.org/10.1088/1748-0221/11/02/c02028
http://dx.doi.org/10.1088/1748-0221/11/02/c02028
http://dx.doi.org/10.23731/CYRM-2020-0010
http://dx.doi.org/10.23731/CYRM-2020-0010
http://dx.doi.org/10.23731/CYRM-2020-0010
http://arxiv.org/abs/0710.3820
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1088/1742-6596/331/3/032047
http://dx.doi.org/10.1088/1742-6596/331/3/032047
http://dx.doi.org/10.1088/1742-6596/331/3/032047
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/j.cpc.2015.09.013
http://dx.doi.org/10.1016/j.cpc.2015.09.013
http://dx.doi.org/10.1016/j.cpc.2015.09.013
http://arxiv.org/abs/1011.0937
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1109/TNS.2006.869826
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1742-6596/331/3/032023
http://dx.doi.org/10.1088/1742-6596/331/3/032023
http://dx.doi.org/10.1088/1742-6596/331/3/032023
http://dx.doi.org/10.1088/1748-0221/8/12/c12041
http://dx.doi.org/10.1088/1748-0221/8/12/c12041
http://dx.doi.org/10.1088/1748-0221/8/12/c12041
http://dx.doi.org/10.1016/j.nima.2007.07.115
http://dx.doi.org/10.1016/j.nima.2021.165679
http://arxiv.org/abs/2009.11690
http://dx.doi.org/10.1016/j.nima.2020.164812

	MAPS for the Upstream Tracker in LHCb Upgrade II
	Upstream tracker in LHCb upgrade I
	Upgrade II challenges
	MAPS for UT in upgrade II
	Summary
	Declaration of competing interest
	Acknowledgement
	References


