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Why heavy flavor?

• Tool for NP searches at energy 
scales far beyond what directly 
accessible


• Rich, diverse and model-
independent: NP has often 
revealed itself in very 
unexpected ways


• The only promising hints of NP 
from the LHC seem to be 
emerging from flavor

2

HEP2021 conference, June 16-19, 2021, online 21

b → sℓℓ : the RHs (RK , RK* , Rf , RpK … ) ratios

3.1s from SM prediction

Hs = K, K*, f …. in a 5&&
# (=q2) bin 

Hs = K* Hs = pK Hs = K
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Ratios of muons/electrons are  
extremely well predicted in the SM

‣ Hadronic uncertainties of O(10-4) 

‣ QED uncertainties can be O(10-2) 

Any statistically significant deviation from 1 is a sign of New Physics
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Heavy-flavor experiments in the next two decades
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‣ LHCb Upgrade 2: all 
new detector

‣ L = 2×1034


‣ Target int. L = 300 fb–1 
by Run 6

‣ Framework TDR 

submitted to LHCC in 
Sep 2021

‣ Sub-detectors TDRs 

expected in 2-3 years

‣ Atlas/CMS phase-2 upgrades

‣ LHCb minor incremental/

consolidation upgrade (phase-1b)

LHCb schedule
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LHCb
phase-2
Upgrade
(Proposed)

LHCb Upgrades

01/12/2020 36

�‡ �7�6 �?�6 �?�5

�‡ 9 �?�5integrated luminosity

Run 5 and 
beyond

�‡ �7�7 �?�6 �?�5

�‡ 50 �?�5integrated luminosity

�‡ Introducing software-only 
trigger

�‡ Replacing tracking detectors 
and detector electronics

�‡ �7�8 �?�6 �?�5

�‡ 300 �?�5integrated luminosity

�‡ Adding fast timing

�‡ Replacing VELO, calorimeter

�‡ Still in development, 
many possible upgrades

Run 4Run 3Run 2 LS2 LS3 LS2

20312028202520222019

LHCb phase-1 Upgrade
HL-LHC

LS4

2032

‣ LHCb Upgrade 1: new tracking/vertexing, 
new electronics, software-only trigger

‣ L = 2×1033 (5x Run 2)

‣ Target int. L = 50 fb–1 by Run 4
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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Figure 6.1: The momentum spectra in LHCb simulation of slow pions from the decayD ! + ! D 0! +

that leave hits in the UT. The slow pions observed in the SciFi inUpgrade I and those that will
be added by the Magnet Stations (MS) for Upgrade II are indicated.

x = ( M 1 " M 2)/ ! and y = ( ! 1 " ! 2)/ (2! ), where ! = ( ! 1 + ! 2)/ 2 is the average width.
The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
" = arg(qAf / (pAf )) between q/p and the ratio of D 0 and D 0 decay amplitudes to a common
Þnal state f , Af /A f , is sensitive to CP violation in the interference between mixing and decay.
Within the SM " is approximately independent of the decay-mode.

6.1.1 Measurements with D 0 ! K ! ! ±

The mixing and CP-violation parameters in D 0ÐD 0 oscillations can be accessed through the
comparison of the decay-time-dependent ratio ofD 0 ! K + ! " to D 0 ! K " ! + rates with the
corresponding ratio for the charge-conjugate processes.

The neutral D -meson ßavour at production can be determined from the charge of the
low-momentum pion (slow pion) produced in the ßavour-conserving strong-interaction decay
D ! + ! D 0! + . This ßavour-tagging technique is used throughout many measurements in this
chapter. These low-momentum pions are strongly deßected by the magnetic Þeld in the
experiment. The addition of the Magnet Stations (see Sect. 2.3.1) will allow the momentum and
charge of previously lost pions to be determined. As illustrated in Fig. 6.1 the ßavour-tagged
charm sample can be increased by 40% in size by the inclusion of Magnet Station information.

The D ! + ! D 0(! K " ! + )! + process, which is dominated by a Cabibbo-favoured amplitude,
is denoted as right-sign (RS). Wrong-sign (WS) decays,D ! + ! D 0(! K + ! " )! + , arise from
the doubly Cabibbo-suppressedD 0 ! K + ! " decay and the Cabibbo-favouredD 0 ! K + ! "

decay that follows D 0ÐD 0 oscillation. Since the mixing parameters are small,|x|, |y| # 1, the
CP-averaged decay-time-dependent ratio of WS-to-RS rates is approximated as [225Ð227]

RK ! (t) $ RK !
D +

!
RK !

D y#
K ! (! t) +

x#2
K ! + y#2

K !

4
(! t)2 , (6.1)

where t is the D proper decay time. The parameterRK !
D is the ratio of suppressed-to-favoured

decay rates att = 0. The parameters x#
K ! and y#

K ! depend linearly on the mixing parameters,
x#

K ! % x cos#K ! + y sin#K ! and y#
K ! % y cos#K ! " x sin#K ! , through the strong-phase di" erence

#K ! between the suppressed and favoured amplitudes. IfCP violation occurs, the decay-rate ratios
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Figure 2.5: (left) The proposed layout of a station of the Upgrade II tracker with scintillating Þbres
(blue), silicon middle tracker (black), and silicon inner tracker (yellow). (right) The LHCb dipole magnet,
with the white outline indicating the area to be covered by the Magnet Station. A symmetrical module
will cover the opposite face of the magnet.

for Upgrade II, and in some cases enhanced. A common theme of these developments will be
improved granularity and, for certain subdetectors, fast timing of the order of a few tens of
picoseconds, in order to associate signals with one, or a small number, ofpp interactions in the
bunch crossing. Here a brief overview of initial plans and early R&D directions is presented. A
more extensive discussion can be found in the EoI [1].

2.3.2.1 Hadron identiÞcation: the RICH system and the TORCH

The RICH system of Upgrade II will be a natural evolution of the current detectors and those
being constructed forUpgrade I. There will be two counters, an upstream RICH 1 optimised
for lower momentum tracks, and a downstream RICH 2, both occupying essentially the same
footprint as now.

In order to cope with the increased track multiplicity it will be necessary to replace the
MaPMTs of Upgrade I with a new photodetector of higher granularity. Several candidate
technologies are under consideration, with SiPMs being a leading contender. Other possibilities
include vacuum devices such as MCPs, HPDs and MaPMTs. Fast timing is an additional
desirable attribute in order to reduce the computing time required for the pattern recognition.
Active R&D is being pursued into all of these options.

As well as reducing the occupancy it will be necessary to improve the Cherenkov angle
resolution by around a factor of three in both counters with respect to the speciÞcations of
Upgrade I. This goal can be achieved by redesigning the optics, for which a preliminary design
already exists, ensuring that the response of the photodetectors is weighted towards longer
wavelengths, and taking advantage of the smaller pixel size.

There is an exciting possibility, under consideration, to enhance the low-momentum hadron-
identiÞcation capabilities of the experiment by installing a TORCH detector. Such a detector
measures time-of-ßight through detecting internally reßected Cherenkov light produced in a thin
(! 1 cm) quartz plane with MCP photodetectors. A time resolution of 70 ps per photon and an
expected yield of! 30 photons per track will allow for kaons to be positively identiÞed in the
region below 10GeV/c , where currently they can only be selected by using the RICH in Ôveto
modeÕ. Low-momentum proton identiÞcation would also become available. These improvements
would beneÞt ßavour tagging, reconstruction of multi-body Þnal states, physics with baryons
and spectroscopy studies. An R&D programme has been ongoing for several years which has

13
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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be added by the Magnet Stations (MS) for Upgrade II are indicated.
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The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
" = arg(qAf / (pAf )) between q/p and the ratio of D 0 and D 0 decay amplitudes to a common
Þnal state f , Af /A f , is sensitive to CP violation in the interference between mixing and decay.
Within the SM " is approximately independent of the decay-mode.
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Figure 2.5: (left) The proposed layout of a station of the Upgrade II tracker with scintillating Þbres
(blue), silicon middle tracker (black), and silicon inner tracker (yellow). (right) The LHCb dipole magnet,
with the white outline indicating the area to be covered by the Magnet Station. A symmetrical module
will cover the opposite face of the magnet.
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a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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Figure 6.1: The momentum spectra in LHCb simulation of slow pions from the decayD ! + ! D 0! +

that leave hits in the UT. The slow pions observed in the SciFi inUpgrade I and those that will
be added by the Magnet Stations (MS) for Upgrade II are indicated.

x = ( M 1 " M 2)/ ! and y = ( ! 1 " ! 2)/ (2! ), where ! = ( ! 1 + ! 2)/ 2 is the average width.
The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
" = arg(qAf / (pAf )) between q/p and the ratio of D 0 and D 0 decay amplitudes to a common
Þnal state f , Af /A f , is sensitive to CP violation in the interference between mixing and decay.
Within the SM " is approximately independent of the decay-mode.

6.1.1 Measurements with D 0 ! K ! ! ±

The mixing and CP-violation parameters in D 0ÐD 0 oscillations can be accessed through the
comparison of the decay-time-dependent ratio ofD 0 ! K + ! " to D 0 ! K " ! + rates with the
corresponding ratio for the charge-conjugate processes.

The neutral D -meson ßavour at production can be determined from the charge of the
low-momentum pion (slow pion) produced in the ßavour-conserving strong-interaction decay
D ! + ! D 0! + . This ßavour-tagging technique is used throughout many measurements in this
chapter. These low-momentum pions are strongly deßected by the magnetic Þeld in the
experiment. The addition of the Magnet Stations (see Sect. 2.3.1) will allow the momentum and
charge of previously lost pions to be determined. As illustrated in Fig. 6.1 the ßavour-tagged
charm sample can be increased by 40% in size by the inclusion of Magnet Station information.

The D ! + ! D 0(! K " ! + )! + process, which is dominated by a Cabibbo-favoured amplitude,
is denoted as right-sign (RS). Wrong-sign (WS) decays,D ! + ! D 0(! K + ! " )! + , arise from
the doubly Cabibbo-suppressedD 0 ! K + ! " decay and the Cabibbo-favouredD 0 ! K + ! "

decay that follows D 0ÐD 0 oscillation. Since the mixing parameters are small,|x|, |y| # 1, the
CP-averaged decay-time-dependent ratio of WS-to-RS rates is approximated as [225Ð227]

RK ! (t) $ RK !
D +

!
RK !

D y#
K ! (! t) +

x#2
K ! + y#2

K !

4
(! t)2 , (6.1)

where t is the D proper decay time. The parameterRK !
D is the ratio of suppressed-to-favoured

decay rates att = 0. The parameters x#
K ! and y#

K ! depend linearly on the mixing parameters,
x#

K ! % x cos#K ! + y sin#K ! and y#
K ! % y cos#K ! " x sin#K ! , through the strong-phase di" erence

#K ! between the suppressed and favoured amplitudes. IfCP violation occurs, the decay-rate ratios
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Figure 2.5: (left) The proposed layout of a station of the Upgrade II tracker with scintillating Þbres
(blue), silicon middle tracker (black), and silicon inner tracker (yellow). (right) The LHCb dipole magnet,
with the white outline indicating the area to be covered by the Magnet Station. A symmetrical module
will cover the opposite face of the magnet.

for Upgrade II, and in some cases enhanced. A common theme of these developments will be
improved granularity and, for certain subdetectors, fast timing of the order of a few tens of
picoseconds, in order to associate signals with one, or a small number, ofpp interactions in the
bunch crossing. Here a brief overview of initial plans and early R&D directions is presented. A
more extensive discussion can be found in the EoI [1].

2.3.2.1 Hadron identiÞcation: the RICH system and the TORCH

The RICH system of Upgrade II will be a natural evolution of the current detectors and those
being constructed forUpgrade I. There will be two counters, an upstream RICH 1 optimised
for lower momentum tracks, and a downstream RICH 2, both occupying essentially the same
footprint as now.

In order to cope with the increased track multiplicity it will be necessary to replace the
MaPMTs of Upgrade I with a new photodetector of higher granularity. Several candidate
technologies are under consideration, with SiPMs being a leading contender. Other possibilities
include vacuum devices such as MCPs, HPDs and MaPMTs. Fast timing is an additional
desirable attribute in order to reduce the computing time required for the pattern recognition.
Active R&D is being pursued into all of these options.

As well as reducing the occupancy it will be necessary to improve the Cherenkov angle
resolution by around a factor of three in both counters with respect to the speciÞcations of
Upgrade I. This goal can be achieved by redesigning the optics, for which a preliminary design
already exists, ensuring that the response of the photodetectors is weighted towards longer
wavelengths, and taking advantage of the smaller pixel size.

There is an exciting possibility, under consideration, to enhance the low-momentum hadron-
identiÞcation capabilities of the experiment by installing a TORCH detector. Such a detector
measures time-of-ßight through detecting internally reßected Cherenkov light produced in a thin
(! 1 cm) quartz plane with MCP photodetectors. A time resolution of 70 ps per photon and an
expected yield of! 30 photons per track will allow for kaons to be positively identiÞed in the
region below 10GeV/c , where currently they can only be selected by using the RICH in Ôveto
modeÕ. Low-momentum proton identiÞcation would also become available. These improvements
would beneÞt ßavour tagging, reconstruction of multi-body Þnal states, physics with baryons
and spectroscopy studies. An R&D programme has been ongoing for several years which has
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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Figure 6.1: The momentum spectra in LHCb simulation of slow pions from the decayD ! + ! D 0! +

that leave hits in the UT. The slow pions observed in the SciFi inUpgrade I and those that will
be added by the Magnet Stations (MS) for Upgrade II are indicated.

x = ( M 1 " M 2)/ ! and y = ( ! 1 " ! 2)/ (2! ), where ! = ( ! 1 + ! 2)/ 2 is the average width.
The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
" = arg(qAf / (pAf )) between q/p and the ratio of D 0 and D 0 decay amplitudes to a common
Þnal state f , Af /A f , is sensitive to CP violation in the interference between mixing and decay.
Within the SM " is approximately independent of the decay-mode.

6.1.1 Measurements with D 0 ! K ! ! ±

The mixing and CP-violation parameters in D 0ÐD 0 oscillations can be accessed through the
comparison of the decay-time-dependent ratio ofD 0 ! K + ! " to D 0 ! K " ! + rates with the
corresponding ratio for the charge-conjugate processes.

The neutral D -meson ßavour at production can be determined from the charge of the
low-momentum pion (slow pion) produced in the ßavour-conserving strong-interaction decay
D ! + ! D 0! + . This ßavour-tagging technique is used throughout many measurements in this
chapter. These low-momentum pions are strongly deßected by the magnetic Þeld in the
experiment. The addition of the Magnet Stations (see Sect. 2.3.1) will allow the momentum and
charge of previously lost pions to be determined. As illustrated in Fig. 6.1 the ßavour-tagged
charm sample can be increased by 40% in size by the inclusion of Magnet Station information.

The D ! + ! D 0(! K " ! + )! + process, which is dominated by a Cabibbo-favoured amplitude,
is denoted as right-sign (RS). Wrong-sign (WS) decays,D ! + ! D 0(! K + ! " )! + , arise from
the doubly Cabibbo-suppressedD 0 ! K + ! " decay and the Cabibbo-favouredD 0 ! K + ! "

decay that follows D 0ÐD 0 oscillation. Since the mixing parameters are small,|x|, |y| # 1, the
CP-averaged decay-time-dependent ratio of WS-to-RS rates is approximated as [225Ð227]

RK ! (t) $ RK !
D +

!
RK !

D y#
K ! (! t) +

x#2
K ! + y#2

K !

4
(! t)2 , (6.1)

where t is the D proper decay time. The parameterRK !
D is the ratio of suppressed-to-favoured

decay rates att = 0. The parameters x#
K ! and y#

K ! depend linearly on the mixing parameters,
x#

K ! % x cos#K ! + y sin#K ! and y#
K ! % y cos#K ! " x sin#K ! , through the strong-phase di" erence

#K ! between the suppressed and favoured amplitudes. IfCP violation occurs, the decay-rate ratios
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Figure 2.5: (left) The proposed layout of a station of the Upgrade II tracker with scintillating Þbres
(blue), silicon middle tracker (black), and silicon inner tracker (yellow). (right) The LHCb dipole magnet,
with the white outline indicating the area to be covered by the Magnet Station. A symmetrical module
will cover the opposite face of the magnet.

for Upgrade II, and in some cases enhanced. A common theme of these developments will be
improved granularity and, for certain subdetectors, fast timing of the order of a few tens of
picoseconds, in order to associate signals with one, or a small number, ofpp interactions in the
bunch crossing. Here a brief overview of initial plans and early R&D directions is presented. A
more extensive discussion can be found in the EoI [1].

2.3.2.1 Hadron identiÞcation: the RICH system and the TORCH

The RICH system of Upgrade II will be a natural evolution of the current detectors and those
being constructed forUpgrade I. There will be two counters, an upstream RICH 1 optimised
for lower momentum tracks, and a downstream RICH 2, both occupying essentially the same
footprint as now.

In order to cope with the increased track multiplicity it will be necessary to replace the
MaPMTs of Upgrade I with a new photodetector of higher granularity. Several candidate
technologies are under consideration, with SiPMs being a leading contender. Other possibilities
include vacuum devices such as MCPs, HPDs and MaPMTs. Fast timing is an additional
desirable attribute in order to reduce the computing time required for the pattern recognition.
Active R&D is being pursued into all of these options.

As well as reducing the occupancy it will be necessary to improve the Cherenkov angle
resolution by around a factor of three in both counters with respect to the speciÞcations of
Upgrade I. This goal can be achieved by redesigning the optics, for which a preliminary design
already exists, ensuring that the response of the photodetectors is weighted towards longer
wavelengths, and taking advantage of the smaller pixel size.

There is an exciting possibility, under consideration, to enhance the low-momentum hadron-
identiÞcation capabilities of the experiment by installing a TORCH detector. Such a detector
measures time-of-ßight through detecting internally reßected Cherenkov light produced in a thin
(! 1 cm) quartz plane with MCP photodetectors. A time resolution of 70 ps per photon and an
expected yield of! 30 photons per track will allow for kaons to be positively identiÞed in the
region below 10GeV/c , where currently they can only be selected by using the RICH in Ôveto
modeÕ. Low-momentum proton identiÞcation would also become available. These improvements
would beneÞt ßavour tagging, reconstruction of multi-body Þnal states, physics with baryons
and spectroscopy studies. An R&D programme has been ongoing for several years which has
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the

6

Pixel detector 
with timing

BEAUTY !  September 24 2020 !

Detector concept overview

19

Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the

6

Pixel detector 
with timing

Cherenkov (RICH) 
using timing, improved 

resolution

Detector concept

5
BEAUTY !  September 24 2020 !

Detector concept overview

20

Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the

6

Pixel detector 
with timing

�b�ç�U�}�$�� �Å�U�F�}�ç�p

�� �&�Õ�O�~ �|�O�� �¶�š �Ã�O�Þ�� �À�_�)�� �~�Õ�š
���O�Ã���š�~ �o�~�O�~�Þ�)���o��

�� �á�š�[�•�Þ�_�š �•�T�o�~�_�š�O�� �Õ�Þ�~

�� �v�� �O�‡�‡�Þ�~�Þ�)���� �_�š�[�•�Þ�_�š �š�Þ�~�Õ�š�_ �Õ�Þ�~ �Þ��
�~�Õ�š ���O�Ã���š�~ �o�~�O�~�Þ�)���o �)�_ �~�Õ�š �Ù�s�_�š
�~�_�O�|�ú�š�_�o

�� �÷�Õ�Þ�o �Þ�o �›�+ �~�_�•�~�Õ �Þ���À�)�_���O�~�Þ�)�� �ñ
�|�O�²�š�O�~�o �O�T�T���¿

�� �á�O�~�Þ�) �)�À �›�ë �|�)���~�_�Þ�s�•�~�Þ�)�� �~�) �_�÷
�|�)���~�_�Þ�s�•�~�Þ�)���
�¢�¦��

�� �+�)���|���•�o�Þ�)���
 �›�O�Ã���š�~ �o�~�O�~�Þ�)���o
�|�)�•���‡ �O�‡�‡ �O �o�Þ�Ì�O�s���š
�|�)���~�_�Þ�s�•�~�Þ�)��

� �¡��� �¢

Figure 6.1: The momentum spectra in LHCb simulation of slow pions from the decayD ! + ! D 0! +

that leave hits in the UT. The slow pions observed in the SciFi inUpgrade I and those that will
be added by the Magnet Stations (MS) for Upgrade II are indicated.

x = ( M 1 " M 2)/ ! and y = ( ! 1 " ! 2)/ (2! ), where ! = ( ! 1 + ! 2)/ 2 is the average width.
The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
" = arg(qAf / (pAf )) between q/p and the ratio of D 0 and D 0 decay amplitudes to a common
Þnal state f , Af /A f , is sensitive to CP violation in the interference between mixing and decay.
Within the SM " is approximately independent of the decay-mode.

6.1.1 Measurements with D 0 ! K ! ! ±

The mixing and CP-violation parameters in D 0ÐD 0 oscillations can be accessed through the
comparison of the decay-time-dependent ratio ofD 0 ! K + ! " to D 0 ! K " ! + rates with the
corresponding ratio for the charge-conjugate processes.

The neutral D -meson ßavour at production can be determined from the charge of the
low-momentum pion (slow pion) produced in the ßavour-conserving strong-interaction decay
D ! + ! D 0! + . This ßavour-tagging technique is used throughout many measurements in this
chapter. These low-momentum pions are strongly deßected by the magnetic Þeld in the
experiment. The addition of the Magnet Stations (see Sect. 2.3.1) will allow the momentum and
charge of previously lost pions to be determined. As illustrated in Fig. 6.1 the ßavour-tagged
charm sample can be increased by 40% in size by the inclusion of Magnet Station information.

The D ! + ! D 0(! K " ! + )! + process, which is dominated by a Cabibbo-favoured amplitude,
is denoted as right-sign (RS). Wrong-sign (WS) decays,D ! + ! D 0(! K + ! " )! + , arise from
the doubly Cabibbo-suppressedD 0 ! K + ! " decay and the Cabibbo-favouredD 0 ! K + ! "

decay that follows D 0ÐD 0 oscillation. Since the mixing parameters are small,|x|, |y| # 1, the
CP-averaged decay-time-dependent ratio of WS-to-RS rates is approximated as [225Ð227]

RK ! (t) $ RK !
D +

!
RK !

D y#
K ! (! t) +

x#2
K ! + y#2

K !

4
(! t)2 , (6.1)

where t is the D proper decay time. The parameterRK !
D is the ratio of suppressed-to-favoured

decay rates att = 0. The parameters x#
K ! and y#

K ! depend linearly on the mixing parameters,
x#

K ! % x cos#K ! + y sin#K ! and y#
K ! % y cos#K ! " x sin#K ! , through the strong-phase di" erence

#K ! between the suppressed and favoured amplitudes. IfCP violation occurs, the decay-rate ratios
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Figure 2.5: (left) The proposed layout of a station of the Upgrade II tracker with scintillating Þbres
(blue), silicon middle tracker (black), and silicon inner tracker (yellow). (right) The LHCb dipole magnet,
with the white outline indicating the area to be covered by the Magnet Station. A symmetrical module
will cover the opposite face of the magnet.

for Upgrade II, and in some cases enhanced. A common theme of these developments will be
improved granularity and, for certain subdetectors, fast timing of the order of a few tens of
picoseconds, in order to associate signals with one, or a small number, ofpp interactions in the
bunch crossing. Here a brief overview of initial plans and early R&D directions is presented. A
more extensive discussion can be found in the EoI [1].

2.3.2.1 Hadron identiÞcation: the RICH system and the TORCH

The RICH system of Upgrade II will be a natural evolution of the current detectors and those
being constructed forUpgrade I. There will be two counters, an upstream RICH 1 optimised
for lower momentum tracks, and a downstream RICH 2, both occupying essentially the same
footprint as now.

In order to cope with the increased track multiplicity it will be necessary to replace the
MaPMTs of Upgrade I with a new photodetector of higher granularity. Several candidate
technologies are under consideration, with SiPMs being a leading contender. Other possibilities
include vacuum devices such as MCPs, HPDs and MaPMTs. Fast timing is an additional
desirable attribute in order to reduce the computing time required for the pattern recognition.
Active R&D is being pursued into all of these options.

As well as reducing the occupancy it will be necessary to improve the Cherenkov angle
resolution by around a factor of three in both counters with respect to the speciÞcations of
Upgrade I. This goal can be achieved by redesigning the optics, for which a preliminary design
already exists, ensuring that the response of the photodetectors is weighted towards longer
wavelengths, and taking advantage of the smaller pixel size.

There is an exciting possibility, under consideration, to enhance the low-momentum hadron-
identiÞcation capabilities of the experiment by installing a TORCH detector. Such a detector
measures time-of-ßight through detecting internally reßected Cherenkov light produced in a thin
(! 1 cm) quartz plane with MCP photodetectors. A time resolution of 70 ps per photon and an
expected yield of! 30 photons per track will allow for kaons to be positively identiÞed in the
region below 10GeV/c , where currently they can only be selected by using the RICH in Ôveto
modeÕ. Low-momentum proton identiÞcation would also become available. These improvements
would beneÞt ßavour tagging, reconstruction of multi-body Þnal states, physics with baryons
and spectroscopy studies. An R&D programme has been ongoing for several years which has

13
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.
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Why timing?

• During Upgrade 1 spacial resolution in z is 
sufficient to separate all primary vertices


• In Upgrade 2 pile-up is 10x larger: need 
10-20 ps time resolution to separate primary 
vertices in (t, z)


• Could leverage on BNL expertise with LGADs
6

BEAUTY !  September 24 2020 !

Why timing?

25

Primary vertex Þnding in Run 3

-200 -100 0 100 200
zBL [ mm]

0

2

4

6

8

10

12

14

16

n
tr

ac
ks

z [mm]

# 
tra

ck
s

BEAUTY !  September 24 2020 !

Why timing?

26

Upgrade 2: ~ 40 peaks
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Trigger and data processing

7
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Real Time Analysis
[LHCb-TDR-016; LHCb-TDR-017; LHCb-TDR-021]

! Hlt1 GPU implementation
! Hlt2 CPU implementation

! throughput to be improved
! Improvement in calorimeter sequence
! Vectorisation of particle combination
! Improvement of the track Þt on-going

Victor Coco (CERN) LHCb Status November 18th, 2020 9 / 20

Upgrade 1 model  (a.k.a. Real Time Analysis)

Possible synergies at BNL: online reconstruction/trigger at Atlas and EIC, ML/AI in CSI



Physics potential

• Just a few examples:


• Approach SM uncertainty on 
clean NP probes: e.g., 
Bs0→µ+µ–, CKM angle 𝛾 , …


• Sub-1% precision on LFU tests 
in b→s𝓁 +𝓁 –, with unique access 
to b→d𝓁 +𝓁 – and c→d𝓁 +𝓁 –


• Discovery potential for CP 
violation in charm mixing


• Physics program not limited to 
flavor: forward high-pT physics, 
dark sector, exotic hadrons, heavy-
ions and fixed-target physics 8
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Conclusion
The Phase-II upgrade of LHCb is a unique opportunity for a general purpose  
experiment in the forward region. It will be able to reach SM precision for both 
CP violation in B0 mixing and the charm mixing parameters, underlining its role at 
the frontier  for heavy ßavour physics !

Aim for a detector design  which provide sufÞcient head room . Timing 
information  across many subdetectors likely to play a big role, and motivates 
further R&D. Framework TDR  expected for September 2021. 

35!!

Constraining the Unitary Triangle
! Unitary Triangle will impose ever stronger NP constraints

! Two independent measurements of triangle apex
" (! md/! ms , sin 2") and (Vub , #)

" Both pairs require upgrade II for statistics (sin 2" and #) and time for theory 
improvements (! md/! ms and Vub)

"#$%& '()*%$+,--
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Support

9
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Consolidation phase

Impact of several options on physics performance are now studied. 

Some very attractive for the physics programme, but do require 

extensive R&D  for e.g. radiation hardness  and mechanics .

33

September 2019, CERN research board

A recommendation was made to prepare a framework Technical 

Design Report , with the remark that LHCb is expected to run throughout 

the HL-LHC. Document expected to consolidate on design options based 

on physics studies.



Opportunities

• Applications from new groups actively encouraged


• Technical Associate membership: continue to do physics 
on other experiments while pursuing R&D on LHCb 


• Major project after construction timescale of ATLAS/CMS, 
on a similar timescale as EIC detectors


• Many synergetic R&D prospects w/ already existing BNL 
activities: precise timing, software trigger, computing, …


• Joining “now” means having the chance to influence the 
R&D decisions and impact the physics reach of the 
experiment

10



Summary

• LHCb Upgrade 2 is the only proposed heavy-flavor 
experiment past 2030


• Potential to increase the explored NP mass scale by 
close to a factor two wrt LHCb Upgrade 1 + Belle II, 
reaching standard model precision for many key 
observables


• BNL should join to continue its research effort in heavy-
flavor physics past Belle II


• Continue to do physics on Belle II while pursuing R&D on 
LHCb

11



Want to know more?

• Supporting documents:


• Expression of interest [LHCC-2017-003], Physics case 
[arXiv:1808.08865],  Accelerator Study [CERN-ACC-2018-038], 
Luminosity Scenarios [LHCb-PUB-2019-001], Framework TDR to 
become public soon


• Attend next week’s Particle Physics Seminar

12

https://cds.cern.ch/record/2244311
https://arxiv.org/abs/1808.08865
https://cds.cern.ch/record/2319258
https://cds.cern.ch/record/2653011/files/LHCb-PUB-2019-001.pdf
https://indico.bnl.gov/event/14418/


Backup
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Luminosity leveling
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SlideManuel Franco Sevilla New silicon trackers for a triggerless LHCb: VELO and UT

Limitations of LHCb

!4

42 The LHCb detector at the LHC

(a) (b)

Figure 2.7: (a) Instantaneous luminosity during a long (15h) LHC Þll comparison between ATLAS,CMS
and LHCb. (b) Pile-up µvis and peak luminosity recorded at LHCb during Run I data taking period.
The violet dashed line corresponds to the designed value (µvis = 0 .6); it has been demonstrated that
performances are not degraded if the value is kept at 1.6 (at

!
s = 8TeV) [63], which is the value used

for data taking corresponding to a peak luminosity of 4 " 1032cm! 2 s! 1. Figures taken from [ 63].

of the vertex signature as mentioned before and of the Þnal state high transverse momentum
(pT ). Therefore, an excellent tracking system, particle identiÞcation and trigger strategy are
the key ingredients for LHCb. The LHCb tracking system is composed by a VErtex LOcator
(VELO, details given in Sec. 2.3.1) positioned at few mm from the ppinteraction point, a dipole
magnet (see Sec.2.3.2) and tracking stations placed upstream and downstream of the dipole
(see Sec.2.3.3,Sec.2.3.4and Sec.2.3.5). The tracking system is designed to reconstruct different
types of tracks among which the so called long tracks are the most relevant for physics
analysis. Long tracks leave signatures in the whole spectrometer and they are associated
to charged particles produced close to the interaction point ßying throughout the whole
detector. Other important tracks in LHCb are the downstream tracks and they are associated
to the large fraction of tracks originating from long-lived particles decay (such as K S and
! 0). Downstream tracks are produced outside the VELO, therefore they can be reconstructed
using only the upstream and the downstream trackers.

Details on the tracking system are provided in Sec. 2.3while tracking strategies will be pro-
vided in the dedicated upgrade section (see Sec.4.1) when describing the track reconstruction
for the upgrade phase. Particle identiÞcation (see Sec.2.4) is ensured for electrons and photons
by a silicon pad detector (SPD), a preshower (PS) and an electromagnetic calorimeter (ECAL),
while for charged hadrons the hadronic calorimeter is used (HCAL) (see Sec. 2.4.2). Different
types of hadrons are distinguished through the two Ring Imaging CHerenkov detectors (see
Sec.2.4.1) placed upstream and downstream of the dipole magnet covering different hadron
momentum ranges. Muons are identiÞed by muons stations composed of alternating layers of
iron and multiwire proportional chambers (see Sec. 2.4.3) placed downstream the calorimeter
system.

Leveling luminosity at 
4! 1032 cm-2s-1 since 2011

Have been 
luminosity leveling 
since 2011 

! Data sample limited to     
1-2 fb -1/year  

74 The LHCb upgrade

leading to a huge boost of the physics capabilities of the experiment.

3.2 Detector Upgrade: motivations and plans

In order to fully exploit the LHC capabilities, LHCb detector optimal running conditions
should try to fully beneÞt from the large cross-sections for b! and c! quark productions, be
able to perform analysis in a clean environment ( e.g.high signal purity and signiÞcance) and
maximise as much as possible the trigger efÞciencies and capabilities. These three aspects
have a strong interplay among each others. For example, one could run LHCb at higher lumi-
nosities and take advantages of larger pile-up ( µ, measured as the average number of visible
interactions per crossing) to increase the physics yield. Nevertheless, the previous statement
implies an increased background contamination as well as higher detector occupancies which
lead to drop in track reconstruction efÞciencies.

The studies performed in 2010 for the proposal of the LHCb upgrade were not yet account-
ing for the excellent performance shown by the LHCb experiment in Run I. At that time, the
nominal luminosity decided for the LHCb upgrade was 1033 cm! 2 s! 1 with a pile-up of 2.5 and
extrapolations were made to account for the spill-over effects of 25 ns bunch spacing, which
has been reached only in Run II. At that time also the technological solutions to adopt for the
detector upgrade were not yet decided as well as a trigger strategy. Nonetheless, it was already
clear that to fully beneÞt from higher luminosities the LHCb hardware trigger would represent
a serious bottleneck to perform optimal triggering of events, especially for hadronic modes.
Another important aspect taken into account was the increase of the sub-detector occupancy

Figure 3.1: Evaluation of the trigger yields as a function of the instantaneous luminosity at LHCb for
some selected decay modes. The green triangles represents the trigger yields scaling as a function of the
luminosity for the Bs " J/ !" mode for which the muon L0 trigger is used. For all the other modes, the
hadronic L0 trigger selection is used. It is clear that the hardware (HW) based L0 trigger for hadronic
decays efÞciency ßattens out at higher luminosity implying an important loss in physics yield. Figure
taken from [ 95].

Leptonic

Hadronic

Limitations  for higher luminosity of 2011-2018 detector 
! Overall  performance degrades  quickly for high occupancy 
! Low efÞciency  for hadronic  decays at higher lumi due to hardware trigger  
! Radiation hardness  of trackers 

Upgrade I  being installed will  remove these constraints



Physics prospects
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Table 10.1: Summary of prospects for future measurements of selected ßavour observables for LHCb, Belle II and Phase-II ATLAS and CMS. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. The Belle-II sensitivities are taken from Ref. [608].

Observable Current LHCb LHCb 2025 Belle II Upgrade II ATLAS & CMS
EW Penguins
RK (1 < q2 < 6 GeV2c4) 0.1 [274] 0.025 0.036 0.007 Ð
RK ! (1 < q2 < 6 GeV2c4) 0.1 [275] 0.031 0.032 0.008 Ð
R! , RpK , R" Ð 0.08, 0.06, 0.18 Ð 0.02, 0.02, 0.05 Ð

CKM tests
! , with B 0

s ! D +
s K ! (+17

! 22)" [136] 4" Ð 1" Ð
! , all modes (+5 .0

! 5.8)" [167] 1.5" 1.5" 0.35" Ð
sin 2" , with B 0 ! J/ #K 0

S 0.04 [609] 0.011 0.005 0.003 Ð
$s, with B 0

s ! J/ #$ 49 mrad [44] 14 mrad Ð 4 mrad 22 mrad [610]
$s, with B 0

s ! D +
s D !

s 170 mrad [49] 35 mrad Ð 9 mrad Ð
$søss

s , with B 0
s ! $$ 154 mrad [94] 39 mrad Ð 11 mrad Under study [611]

as
sl 33" 10! 4 [211] 10" 10! 4 Ð 3" 10! 4 Ð

|Vub|/ |Vcb| 6% [201] 3% 1% 1% Ð

B 0
s , B 0! µ + µ !

B(B 0 ! µ+ µ! )/ B(B 0
s ! µ+ µ! ) 90% [264] 34% Ð 10% 21% [612]

%B 0
s # µ+ µ" 22% [264] 8% Ð 2% Ð

Sµµ Ð Ð Ð 0.2 Ð

b ! c! ! ø" l LUV studies
R(D $) 0.026 [215,217] 0.0072 0.005 0.002 Ð
R(J/ # ) 0.24 [220] 0.071 Ð 0.02 Ð

Charm
! ACP (KK # &&) 8.5 " 10! 4 [613] 1.7 " 10! 4 5.4 " 10! 4 3.0 " 10! 5 Ð
A! ($ x sin$) 2.8 " 10! 4 [240] 4.3 " 10! 5 3.5 " 10! 4 1.0 " 10! 5 Ð
x sin$ from D 0 ! K + &! 13" 10! 4 [228] 3.2 " 10! 4 4.6 " 10! 4 8.0 " 10! 5 Ð
x sin$ from multibody decays Ð (K 3&) 4.0 " 10! 5 (K 0

S &&) 1.2 " 10! 4 (K 3&) 8.0 " 10! 6 Ð

112

                                                                                                                                                                          End of HL-LHC (2039) 
  Observable                                          LHCb 2018            LHCb 2025             Belle II 2030                     LHCb           ATLAS/CMS



Not only beauty and charm

• LHCb has already a strong program beyond heavy flavors:


• Rare kaons and light-flavor 
decays


• Exotic hadrons and QCD in the 
forward region


• Electroweak, top, Higgs 
physics in the forward region


• Dark sector


• Heavy ions and fixed-target


• Flexible trigger was key in making LHCb a general-purpose detector in the forward 
region. Upgrade II should preserve enough head room for innovative/unplanned 
techniques/developments

16

Most-cited LHCb papers:



Upgrade I model for offline data processing

17

Data Processing and Analysis
builds on [LHCb-TDR-017; LHCb-TDR-018]

! Large increase in data volume wrt. Run I and II
! Coordinated e! ort to address Run IIIo" ine data processing and

analysis software challenges

! centralised skimming and trimming, and analysis productions for WGs
and users

! Formally approved since last LHCC

Victor Coco (CERN) LHCb Status November 18th, 2020 10 / 20
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Belle II prospects
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LHCb schedule (in comparison w/ Belle II)
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LHCb
phase-2
Upgrade
(Proposed)

LHCb Upgrades

01/12/2020 36

�‡ �7�6 �?�6 �?�5

�‡ 9 �?�5integrated luminosity

Run 5 and 
beyond

�‡ �7�7 �?�6 �?�5

�‡ 50 �?�5integrated luminosity

�‡ Introducing software-only 
trigger

�‡ Replacing tracking detectors 
and detector electronics

�‡ �7�8 �?�6 �?�5

�‡ 300 �?�5integrated luminosity

�‡ Adding fast timing

�‡ Replacing VELO, calorimeter

�‡ Still in development, 
many possible upgrades

Run 4Run 3Run 2 LS2 LS3 LS2

20312028202520222019

LHCb phase-1 Upgrade
HL-LHC

LS4

2032

N.B.: Belle ~1 ab–1


             BaBar ~0.5 ab–1

50 ab–1

20 ab–1

10 ab–1

<5 ab–1

<0.5 ab–1Belle II RM2020

Re-estimated 
w/o LS2

9 fb–1 23 fb–1 50 fb–1 300 fb–1

Rule of thumb for B production: 1 fb–1 @ LHCb ≈ 1 ab–1 @ Belle II

(invalid for prompt charm production)


